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REPORT SUMMARY

This report presents screening criteria for evaluating the potential significance of
thermal aging embrittlement effects for LWR reactor coolant system and primary
pressure boundary cast austenitic stainless steel (CASS) components for the license
renewal term. For those situations where the effects are found to be potentially
significant, evaluation criteria for both detected and postulated flaws are recommended
for the demonstration that aging effects are adequately managed. | '

Background

Prolonged exposure of CASS components to reactor coolant operating temperatures has
been shown to lead to some degree of thermal aging embrittlement. The relevant aging
effect is a reduction in the fracture toughness of the material as a function of time. The
magnitude of the reduction depends upon the casting method (statically or
centrifugally cast), material chemistry (e.g., delta ferrite and molybdenum content), and
the duration of exposure at coolant operating temperature. The extensive amount of
fracture toughness data available for thermally-aged CASS materials enables delta
ferrite content, molybdenum content, casting method, and service temperature history
to be used as the basis for screening, and the comparison of the fracture toughness data
to those for austenitic weldments provides the basis for flaw evaluation.

Objective
To develop screening criteria for potential significance of CASS component thermal
aging embrittlement and to justify the application of austenitic weldment flaw
acceptance criteria to thermally-aged LWR reactor coolant system and primary pressure
boundary CASS components '

Approach
This study examined the extensive set of fracture toughness data in the literature for

thermally-aged CASS materials, and the categorization of these data as a function of
delta ferrite and molybdenum content, casting method, and duration of aging.
Screening criteria were developed for determining the potential significance of thermal
aging embrittlement effects by comparing these fracture toughness data with the results
of flaw tolerance and elastic-plastic fracture toughness evaluations for typical CASS
components and loadings. The fracture toughness data for the most severely aged
CASS materials were then compared to crack growth resistance curves for some
austenitic stainless steel weld metal, in particular weld metal for submerged arc welds
(SAW), in order to justify the use of existing SAW flaw acceptance criteria for CASS
component inservice inspections. '



Results

The screening criteria illustrate the importance of delta ferrite and molybdenum
content, and that centrifugally-cast components are more resistant to thermal aging
effects than statically-cast components. The similarity of crack growth resistance for
severely-aged CASS material and SAW offers the possibility of applying ASME Code
Section XI inservice inspection flaw acceptance criteria for SAW and shielded-metal-arc
weldments (SMAW) to CASS component inspection results. This report provides the
screening criteria and the justification for the application of SAW and SMAW flaw
acceptance criteria to CASS component inservice inspection evaluations. ‘

EPRI Perspectlve .

The approach documented in this report provides the basis for resolution of one of the
important license renewal technical issues, namely, the adequacy of current programs
of inspection and evaluation to manage the effects of thermal aging embrittlement for
LWR reactor coolant system and primary pressure boundary CASS components. A part
of this basis has been demonstrated successfully in a license renewal topical report
submitted by a utility owners group and accepted by the NRC staff. Itis anticipated
that this approach will be utilized in other license renewal topical reports submitted to
the NRC by owners groups and individual utilities.

TR-‘I 06092

Interest Categories
Plant Life Cycle Management (N3505)

Licensing and Safety Assessment (N3403)
Keywords

LWR

License renewal
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Abstract

Prolonged exposure of cast austenitic stainless steels (CASS) to reactor coolant operating
temperatures has been shown to lead to some degree of thermal aging embrittlement. The
relevant aging effect is a reduction in the fracture toughness of the material as a function’
of time. The magnitude of the reduction depends upon the type of casting method, the
material chemistry, and the duration of exposure at operating temperatures conducive to
the embrittlement process. Static castings are more susceptible than centrifugal castings,
high-molybdenum-content castings are more susceptible than low-molybdenum-content
castings, high-delta-ferrite castings are more susceptible than low-delta-ferrite castings,
and operating temperatures of the order of 320°C (610°F) increase the embrittlement rate
relative to the rate at operating temperatures of the order of 285°C (550°F). The extensive
amount of fracture toughness data available for thermally-aged CASS materials enables
delta ferrite, molybdenum content, casting type, and service temperature history to be
used as the bases for screening and evaluating components for continued operation during
the license renewal term.

In addition, the fracture toughness data for the most severely aged CASS materials were
found to be similar to those reported for some austenitic stainless steel weld metal, in
particular weld metal from submerged arc welds (SAW). Such similarity offers the
possibility for applying periodic inservice inspection flaw acceptance criteria, currently
referenced in the ASME Code Section XI, Subsection IWB, for SAW and shielded metal
arc weld (SMAW), to CASS pump casings and valve body inservice inspection results,
and to the inservice inspection results for other CASS components subject to primary or
augmented volumetric, surface, and visual examinations.

This report presents data to support both the proposed screening criteria for evaluation of
the potential significance of the effects of thermal aging embrittlement for Class 1 reactor
coolant system and primary pressure boundary CASS components and, for those
situations where the effects of thermal aging embrittlement are found to be potentially
significant, evaluation criteria to determine fitness for continued service. The screening
criteria are based on extensive fracture toughness (e.g., J-R crack growth resistance)
testing of various CASS materials comprising 2 wide range of component types,
manufacturing methods, and material chemistries, and the comparison of these test data
with flaw tolerance calculations. A crack growth resistance of 255 kJ/m? (1450 in-Ib/in’)
at a crack extension of 2.5 mm (0.1 in) was determined to be a reasonable threshold for
defining the screening criteria. -

The fitness for continued service evaluation is based on the comparison of the limiting
fracture toughness data for Type 316 SAW welds and the lower-bound fracture toughness
data reported for high-molybdenum, high-delta-ferrite, statically-cast and centrifugally-
cast CASS materials. The most limiting lower-bound fracture toughness, using the J-R
crack growth resistance curve for statically-cast SA 351, Grade CF-8M with a delta ferrite
number greater than 15, is slightly below but essentially equivalent to the J -R data for
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Type 316 SAW used to generate the flaw acceptance criteria for SAW and SMAW in the
ASME Code Section XI. While the upper end of the range of delta ferrite from which
-these data were drawn is limited to about 28 %, saturation effect data can be used to
extend the comparison to delta ferrite contents that extend up to 40 %. This favorable
comparison permits the flaw evaluation procedures specified in IWB-3640 to be applied
to CASS pump casings and valve bodies, and to other Class 1 LWR reactor coolant
system CASS components. Furthermore, these comparisons and the associated flaw
acceptance criteria could be used to justify exemptions from current ASME Code Section
X1 inservice inspection requirements through flaw tolerance evaluation (e.g., see ASME
Nuclear Code Case N-481).

iv
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1. Introduction

Test data obtained by Fracture Control Corporation [1,2], under contract to the Electric
Power Research Institute (EPRI), and Argonne National Laboratory (ANL) [3], under
contract to the U. S. Nuclear Regulatory Commission (NRC), indicate that prolonged
exposure of cast austenitic stainless steels (CASS) to reactor coolant operating
temperatures can lead to thermal aging embrittlement. The relevant aging effect is a
reduction in the fracture toughness of the material as a function of time. The magnitude
of the reduction depends upon the type of casting method, the material chemistry, and the
duration of exposure at operating temperatures conducive to the embrittlement process.
Static castings are more susceptible than centrifugal castings, high-molybdenum-content
castings are more susceptible than low-molybdenum-content castings, high-delta-ferrite
castings are more susceptible than low-delta-ferrite castings, and operating temperatures
of the order of 320°C (610°F) increase the embrittlement rate relative to the rate at
operating temperatures of the order of 285°C (550°F). From the data presented in
References 1 and 2, and elsewhere, thermal aging embrittlement effects may be of
concern for any period of operation beyond 40 years, and could possibly be of concern
during the current license term. ' '

The potential significance and management of the effects of thermal aging embrittiement
for CASS components was one of the open technical issues for a number of the License
Renewal Industry Reports (IRs) that were submitted by the Nuclear Management and
Resources Council NUMARC), now the Nuclear Energy Institute (NEI), to the NRC for
review and comment during the period 1989-1992. In particular, the issue was addressed
in the PWR Reactor Coolant System IR [4] and the BWR Primary Coolant Pressure
Boundary IR [5] for Class 1 components that are required to behave in a non-brittle
manner, with a correspondingly low probability of abnormal leakage, rapidly propagating
fracture, and gross rupture. The industry has continued to evaluate the available technical
information, in order to develop 2 comprehensive and cost-effective strategy for
managing the significant effects of thermal aging embrittlement for CASS components
through the license renewal term. This strategy is based upon two elements: (1) criteria
for screening CASS components to determine whether the reduction of fracture toughness
is potentially significant, and (2) for those CASS components for which a significant
reduction of fracture toughness is predicted for a license renewal term, methods for
evaluating flaws that are either detected during periodic inservice examination or
postulated for determining fitness for continued service.

The screening criteria for the determination of potentially significant thermal aging
embrittlement effects are based upon measured or calculated delta ferrite content,
molybdenum content and casting method-- either static or centrifugal casting methods. If
the delta ferrite information is not available, or if available information is not used for
justification, then further evaluation of the effects of potentially significant thermal aging
embrittlement may be required. These screening criteria listed below were determined to
be applicable to all CASS nuclear power plant components manufactured from Grade
CF3, CF3A, CF8, CF8A, CF3M, CF3MA, and CF8M material. The flaw evaluation

1-1
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methods are based upon existing ASME Code Section XI, Subsection IWB methods for
evaluating flaws detected in submerged-arc welds (SAW) and shielded-metal-arc welds
(SMAW) [6]). The sequence of steps involved in applying the screening criteria and the
flaw evaluation methods is outlined below.

For screening purposes, the first parameter to be evaluated is molybdenum (Mo)
content, as obtained from the component certified material test reports. CF-3 and CF-
8 grades with Mo limited to 0.50 wt % should be evaluated separately from the CF-
3M and CF-8M grades that may contain Mo up to 3.0 wt %. _

For screening purposes, the second ' parameter to be evaluated is the casting procedure
for the component product form. Centrifugally-cast matenal should be evaluated
separately from statically-cast material.

For screening purposes, another parameter that may be used, provided that the
required material property information is available or can be measured, is the
calculated or measured delta ferrite.

Low-molybdenum (e.g., SA 351 Grade CF-3 and CF-8) material that has been cast
centnfuga]ly is not subject to s1gmficant thermal aging embrittlement during exposure
to service temperatures less than 320°C (610°F) for 525,000 hours (60 years). Low-
molybdenum material that has been cast statically is not subject to potentially
significant loss of fracture toughness after exposure to service temperatures less than
320°C (610°F) for 525,000 hours (60 years), provided that the delta ferrite content of -
the material can be shown by either calculation or measurement to be 20 %, or less.
Management of potential loss of fracture toughness for low-molybdenum, statically-.

- cast components is required, in terms of inservice examination and flaw evaluation

program elements, if the delta fernte content of the material cannot be shown to be 20
%, or less.

High-molybdenum (e.g., SA 351 Grade CF-3M and CF-8M) material that has been
cast centrifugally is not subject to potentially significant loss of fracture toughness
after exposures to temperatures less than 320°C (610°F) for 525,000 hours (60 years),
provided that the delta ferrite content of the material can be shown by either '
calculation or measurement to be 20 %, or less. Management of potential reduction
of fracture toughness for hxgh-molybdenum, centrifugally-cast components is
required, in terms of inservice examination and flaw evaluation program elements, if
the delta ferrite content of the material cannot be shown to be 20 %, or less.
Management of potential reduction of fracture toughness for high-molybdenum,
statically-cast components is required, in terms of inservice examination and flaw
evaluation program elements, irrespective of the calculated or measured delta ferrite
content of the material. ,

Management of potential reduction of fracture toughness for Class 1 reactor coolant
system and primary pressure boundary CASS components should be based upon a
combination of periodic inservice examination and flaw evaluation, in accordance with
the provisions of the ASME Code Section XI, IWB-3640 [6], or through the use of
justified alternatives, such as the ASME Nuclear Code Case N-431 [7]. Flaw acceptance
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criteria can be justified by the license renewal applicant, based upon the arguments
contained in this report. Flaw tolerance procedures that use reference flaw sizes, crack
growth rates, and elastic-plastic fracture toughness (J-R values) justified by the license
renewal applicant may be used to validate the frequency of such periodic examinations,
and to define appropriate locations for the examinations. The evaluations should be
based on a general, but flexible, procedure that does not impose the use of saturated
elastic-plastic fracture toughness data.

The B&W Owners Group Generic License Renewal Program (GLRP) Reactor Coolant
System Piping Report [8] identified reduction of fracture toughness as an applicable
aging effect for SA 351 Grade CF-8M materials used for the manufacture of valve bodies
and bonnets in B&W plants. The components evaluated in Reference 8 were all
manufactured from high-molybdenum grade material and were cast statically. Therefore,
the screening criteria listed here did not apply. Instead, Reference 8 provided an adapted
ASME Code Section XI inservice examination program as the means for managing the
effects of thermal aging embrittlement for the CASS components that were evaluated.
This program contains inservice examination and flaw evaluation elements that are
essentially equivalent with the second portion of the approach outlined above for
managing thermal aging embrittlement effects for CASS components.

Both the approach cited in the B&W Owners Group GLRP and the approach presented in

this report are based upon the observation that the fracture toughness of some austenitic
stainless steel welds, especially those for Type 316 submerged-arc weld (SAW) metal, is

comparable to the lower-bound fracture toughness for aged SA 351 CF-8M castings.

This comparison is helpful, since Type 316 SAW metal fracture toughness properties

were used to help develop the evaluation procedures and acceptance criteria for austenitic

stainless steel piping contained in the ASME Code Section XI, IWB-3640 [9].

This report has two purposes. One is to provide the technical justification for the CASS
thermal aging embrittlement screening criteria proposed above for simplifying the aging
management review for Class 1 reactor coolant system and primary pressure boundary
CASS components for which the effects of embrittlement may be potentially significant.
These screening criteria are based on molybdenum content, casting type, and delta ferrite
content. In addition, a more conservative approach is provided for those license renewal
applicants for whom measurement or calculation of delta ferrite content is not feasible,
either because of the lack of measurements or the lack of appropriate material chemistry
data. The screening criteria will permit scarce industry resources to be concentrated on
those components that truly require further evaluation of potentially significant thermal
aging embrittlement effects. The other purpose is to document the comparison of the
limiting fracture toughness data for Type 316 SAW welds and the lower-bound fracture
toughness data reported for high-molybdenum, high-delta-ferrite, statically-cast CASS
materials in References 3 and 11. The successful comparison of fracture toughness data
for SAW/SMAW welds and high-molybdenum, statically-cast, high-delta-ferrite CASS
material would provide the justification for applying the evaluation procedures and end-
of-life flaw acceptance standards for austenitic stainless steel piping and fitting
weldments contained in IWB-3640 to CASS components.
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2. Material Considerations

2.1 Importance of Delta Ferrite and Casting Method

Thermal aging embrittlement in duplex stainless steels manifests itself microstructurally as a
combination of precipitation/growth of carbides and nitrides in the boundaries between the ferrite
and austenite phases, and by deleterious changes in the cleavage fracture resistance of the ferrite
phase itself [3]. Therefore, the time-temperature dependency of the reduction of fracture
toughness is associated with the kinetics of phase boundary precipitation and ferrite phase
transformation, and with those material constituents (e.g., ferrite formers) that promote these
processes. In particular, if the amount of delta ferrite and brittle phase boundary portion of the
material matrix is sufficient, 2 continuous microstructural fracture path can develop that leads to
reduced fracture toughness. These effects eventually saturate when the driving potential falls
below the threshold for diffusion-controlled precipitation and growth of brittle phase.
Microstructural studies of thermally-embrittled CASS materials have enhanced understanding of
the processes involved.

Reference 3 provides an excellent review of the available data on the issue. Although the
discussion is inconclusive about the engineering significance of these data, Figure 1 (Figure 2
from Reference 3) is instructive. This figure shows the effect of delta ferrite content, and aging
temperature and time, on a crude measure of fracture toughness, the impact energy at room
temperature. The 6 percent delta ferrite impact energy after aging for 560,000 hours (60 years) is
between 60 and 220 J (45 and 160 ft-Ib), depending upon aging temperature, while the 14 percent
delta ferrite impact energy after aging for 560,000 hours is between 20 and 200 J (15 and 150 ft-
1b). The 40 percent delta ferrite values are well below the 6 and 14 percent values. Data at
intermediate delta ferrite levels are not shown. The inference to be drawn is that, for an assumed
significance threshold of 50 ft-Ib at around 500,000 hours of service at temperature, an impact
energy for 6 % delta ferrite material is acceptable; however, a relatively small number of 14 %o
delta ferrite components may be affected and components with 40 % delta ferrite require some
form of evaluation.

The data summarized in Reference 3 were based on 10 heats of SA 351 material: (1) Heat P1, a
centrifugally-cast pipe of Grade CF-8; (2) Heat 68, a statically-cast slab of Grade CF-8; (3) Heat
P2, a centrifugally-cast pipe of Grade CF-3; (4) Heat I, a statically-cast pump impeller of Grade
CF-3; (5) Heat 69, a statically-cast slab of Grade CF-3; (6) EPRI Heat, a statically-cast plate of
Grade CF-3; (7) Heat 75, a statically-cast slab of Grade CF-8M; (8) Heat 205, a centrifugally-cast
pipe of Grade CF-8M; (9) Heat 758, a statically-cast elbow of Grade CF-8M; and (10) HeatL, a
statically-cast plate of Grade CF-8M. The calculated delta ferrite levels for these heats were 18
%, 15 %, 12 %, 20 %, 21 %, 36 %, 25 %, 21 %, 24 %, and 19 %, respectively. Therefore, the
detailed evaluation included three centrifugally-cast and seven statically-cast heats with a wide
range of delta ferrite levels. The data are characterized here and in Table 1.

This characterization is based on a comparison between the predicted and measured unaged and
fully-aged (saturated) crack growth resistance (J-R) curves as shown in Figures 2 through 11
(Figures 8 through 17 of Reference 11). For comparison purposes, the threshold level of
marginal crack growth resistance is chosen to be about 255 kJ/m2 (1450 in-Ib/in2) at a crack
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Material Considerations

extension of 2.5 mm (0.1 in). This threshold is based on flaw tolerance calculations described in

Appendices A and B, as supplemented by Appendices 9 and 10, plus Attachments E, F and G of
the EPRI Cast Austenitic Stainless Steel Sourcebook [12].
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Figure 1. Influence of Ferrite Content on the Embrittlement of Cast Austenitic Stainless Steel as-
a Function of the Aging Parameter P (Figure 2 from Reference 3).
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Charactenzatlon of Predicted and Measured Unaged and Fully-Aged Fracture

Toughness Data

Heat ID

Grade

Delta Ferrite

Casting Type

Discussion

P1

CF-8

18% | Centrifugally-
Cast

Fully-aged data in good agreement
with saturation curve at RT, very
conservative at 290°C. Saturation
curve represents good toughness

68

15% - | Statically-Cast

No fully-aged data at 290°C.
Saturation curve very conservative
with respect to fully-aged data at
RT. Good saturation toughness.

12% Centrifugally-
' Cast

Saturation curves extremely

conservative with respect to all -
fully-aged data. Even saturation
curves have good toughness.

20% Statically-Cast

No fully-aged data. Saturation
curves represent good toughness.

69

21 % Statically-Cast

No fully-aged data at 200°C. Fully-
aged data 2t RT in good agreement
with saturation curve. Good
toughness.

EPRI

36% ’ Statically-Cast

Fully-aged datz at RT in good
agreement with saturation curve.
Saturation curve too conservative at
300°C. Toughness marginal.

75

CF-8M

25% Statically-Cast

No fully-aged data at 290°C. Fully-
aged data at RT is a factor of 2
higher than saturation curve. -

205

- CF-8M

21% | - Centrifugally-
Cast .

Actual toughness marginal.
Saturation curves extremely -
conservative relative to fully-aged
data at RT and 290°C— 2 factor of
almost 3 and 2, respectively. Actual

toughness is good.

758

CF-8M’

2% Statically-Cast

Excellent agreement between
fully-aged data at RT and 290°C,
and saturation curves. Toughness is

CF-8M

19% Statically-Cast

Excellent agreement between fully-
aged data at RT and 320°C, and ‘
saturation curves. Toughness is

marginal.
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Based upon this crack growth resistance threshold and the subsequent characterizations presented
in Table 1, the predicted saturation toughness (or the actual toughness, as denoted by the data
points in Figures 2 through 11, if the prediction is inaccurate) is marginal only for two situations-
- statically-cast CF-8M with delta ferrite of at least 19 % and statically-cast CF-3 with delta
ferrite of 36 %. Therefore, it would appear to be conservative to use 20 % delta ferrite as the
screening value for significance for all cases except for high-molybdenum, statically-cast CF-8M,
where a lower value is appropriate. This conclusion is confirmed by Hedgecock [10] who, after
reviewing the data and analyses, found that a reasonable threshold value for potentially '
significant thermal aging embrittlement effects for CASS components was a measured delta
ferrite value of 20 percent, by weight. Figure 12 (Figure 3-4 from Reference 10) 1llustrates some
of the data upon which this judgment was based. :

From these observations, a delta ferrite screening threshold for all materials would appeartobe
about 30 % or greater, with the exception of statically-cast CF-8M. For statically-cast CF-8M,
the screening threshold would appear to be 25 % or somewhat less. Therefore, a conservative
approach would be to use a 20 % delta ferrite screening threshold for all materials except
statically-cast CF-8M, for which a 14-15 % delta ferrite threshold would apply. This
conservatism would account for any high-side material chemistry of nitrogen and carbon
(potential precipitation agents).

2.2 lmportance of Material Chemistry

" Further confirmation of the importance of delta ferrite and the additional role of matena.l

chemistry is provided by Figure 12 (Figure 46 from Reference 3), which shows the minimum
impact energy at room temperature as a function of an aging parameter, ®. @ is defined by the
product of the ferrite spacing, material chemistry, and the square of the measured or calculated
ferrite content. The authors of Reference 3 recognized that ferrite spacing would not be a

: Vreadi]y-measured parameter, thereby limiting the role of @ as a useful evaluation measure.
However, the remainder of the definition of ®, including the squared dependency on delta ferrite,

seemed to confirm the choice of delta ferrite as a measure for screening, and introduces some
elements of material chemistry to the screening criteria, as well.

In later work [11b], ANL prdvxded two new definitions of the aging parameter @, one for the

_ higher molybdenum (Mo) bearing grades of CASS material (e.g., SA 351 Grade CF-8M) and

another for SA 351 Grades CF-3 and CF-8. The former is given by
O=8(C+ O.4N) Ni + Si + Mn)¥/5,
and the latter is given by

® = & (Cr + Si) (C + 0.4N),

‘where & is the calculated delta ferrite, and Cr, C, N, Ni, Mn, and Si are the weight percentages of

chrormum, carbon, nitrogen, nickel, mangarnese, and silicon, respectively, from the material
chemistry records

24
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Figure 2. Experimental and Estimated J-R Curves for Unaged and Fully-Aged
Centrifugally-Cast Pipe of CF-8 Steel (Figure 8 from Reference 11).
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Figure 4. Experimental and Estimated J-R Curves for Unaged and Fully-Aged
Centrifugally-Cast Pipe of CF-3 Steel (Figure 10 from Reference
11). ~
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The intent of the factors modifying the delta ferrite content is to further emphasize the ferrite
"formers", such as Cr and Si, in the expressions (even though they are already implicitly included
in the calculated delta ferrite value), and to explicitly account for nitride/carbide precipitation
agents in the correlations. From these expressions, the major items to consider are delta ferrite
content and Mo content, with secondary consideration of ferrite formers and precipitation
agents. : ' ,

The conservatism in these expréssions for an aging parameter is exposed when they are used for
estimating the saturation values of elastic-plastic fracture toughness at room temperature and at

service temperatures (290°C - 320°C), in terms of measured saturated impact energies, as shown
in Figures 2 through 11. These figures illustrate that the correlations and their predictive
capability are extremely conservative and are accurate only for the worst-case situations (e.g.,
statically-cast CF-8M material with delta ferrite greater than 20 %--see Figure 10). For
centrifugally-cast product forms, the saturation toughness is very conservative even for CF-8M
with delta ferrite of 21 % (see Figure 9). ‘ ' :
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Figure 13.  Observed Upper Shelf Energy Level asa Function of Delta Ferrite Level
(Figure 3-4 from Reference 10)

2.3 Estimation of Fracture Toughness -

The estimations contained in Reference 11a reinforce observations denved in Reference 3. The
earlier report attempted to calculate intermediate, or partially-aged, fracture toughness data
through the use of a chemistry-dependent activation energy, with interpolation between the initial
(unaged) and saturation values. Some of the measured data obtained on the heats discussed .
previously (P1, 68, P2,1, 69, EPRI, and 75) were compared to these interpolated values, along
with measured data for two other heats-- a CF-8 pump cover plate with a calculated delta ferrite
of 28 % and Heat C1488, a centrifugally-cast CF-8M pipe with 21 % calculated delta ferrite.

In order to provide a basis for the evaluation of a reduction of fracture toughness, a screening
crack growth resistance (J-R) value of 255 kJ/m? (1,450 in- -1b/in?) at a crack extension of 2.5 mm
(0.1 in) was determined, in accordance with the flaw tolerance calculations in Appendix A,
Appendix B, and Reference 12. Using this criterion, the results and comparisons from Figures
14 through 22'(Figures 22 through 30 of Reference 11) are characterized below.

e HeatPl of centnfugally—cast CF—S (18 % delta fernte) has more than adequate toughness, v
even for the conservative predictions. The conservatively icted saturation toughness at a
crack extension of 2.5 mm (0.1 in) is well above 255 kJ/m” (1,450 in- -Ib/in®) at both room
temperature and 290°C (550°F). The actual toughness data are extremely good. Therefore,
18 % delta ferrite is acceptable for centrifugally-cast CF-8 material, even with the higher
carbon (only 0.036 for this heat). '
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Heat 68 of statxcally—cast CF-8 (15 % delta femte) has more than adequate toughness, and the
comparison between actual and predicted data is excellent. The predicted saturation
toughness at both room temperature and 290°C (550°F) is well above the threshold value.
Clearly, 15 % delta ferrite is below the level of concern, and the carbon in this case (0.063
%) puts any additional concern about excess carbide preczpztatwn torest.

The KRB pump cover (CF-8 with 28 % delta ferrite) data show a reasonable companson
between predicted and actual toughness, but the aging time is too short to draw a definitive
conclusion. If saturation levels are reached, the crack growth resistance at both room
temperature and 290°C (550°F) is very close to 350 kJ/m? (2,000 in-Ib/in®) at a crack
extension of 2.5 mm (0.1 in), marginal but above the threshold value. Therefore, even at28
% delta ferrite, low-molybdenum CASS has adequate toughness. ' ‘

Heat P2 of centrifugally-cast CF-3 (12 % delta ferrite) has excellent toughness, but the ‘
predicted service toughness is extremely conservative. Low-molybdenum, centrifugally-cast -
material should not need evaluation.

Heat I of statically-cast CF-3 (20 % delta ferrite) has excellent toughncss, and the predictions
are in reasonable agreement with actual data. Such material should not require any further -
evaluation, even with the 20 % delta ferrite. This provides a measure of demonstration that -
statically-cast, low-molybdenum material with relatively high delta fernte content (220 %)
could be screened out from further evaluation. ‘

Heat 69 of statically-cast CF-3 (21 % delta ferrite) has excellent toughness, and the
predictions are in good agreement with actual data. Such material should not require
evaluation, even with the 21 % delta ferrite. These data provide an additional measure of
demonstration that statically-cast, low-molybdenum material with relatively high delta
ferrite content (220 %) could be screened out from further evaluation.

The EPRI heat of statically-cast CF-3 (36 % delta ferrite) has moderately good toughness at
both room temperature and 290°C (550°F), although the conservatively predxcted saturated
crack growth resistance curves indicate marginal toughness, about 420 kJ/m? (2,400 in-1bfin%)
at a crack extension of 2.5 mm (0.1 in). This is still well above the screening threshold value.

At operating temperatures of 290°C to 300°C for 56 effective full power years, the actual
toughness data are much higher and even more acceptable. Further evaluation should not be
required, even with the 36 % delta ferrite. These data provide a strong argument that, even
for high delta ferrite content, low-molybdenum, statically-cast material is more than
adequate.

The predicted saturation toughness of Heat 75 (statically-cast CF-8M with 25 % delta fernte)
is marginal at both room temperature and 290°C (550°F), with a value of about 230 k¥/m®
(1,300 in-Ib/in®) at a crack extension of 2.5 mm (0.1 in). The actual toughness is somewhat
higher, even in the excessively-aged condition, and can probably be shown by evaluation to
be fit for continued service unless large flaws exist. Evaluation should be required, but the
results of any evaluation should be favorable.

Heat C1488 of centrifugally-cast CF-8M (21 % delta ferrite) has marginal predicted
toughness at both room temgerature and 290°C (550°F), but excellent actual toughness. The
predicted value of 200 kJ/m” (1,150 in- -1b/in? ) at a crack extension of 2.5 mm (0.1 in) is less
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than one-half of the measured values at 66 effective full power years (EFPY) of aging. The
predictions of saturated behavior seem to have major difficulties with centnfuga]ly—cast
material, even with high molybdenum and high delta ferrite. This material should require no
further evaluation. The actual performance of this material provides strong evidence that
high-molybdenum, centrifugally-cast material with relatively high delta femte content
(220 %) could be screened out from further evaluation.

In summary, both the saturated and partially-aged predlctxons of fracture toughness are very
conservative for all but the most extreme cases. The best agreement between prediction and
measurement can be found for the statically-cast product forms with high molybdenum content.
The comparison also shows that, for statically-cast CF-3 and CF-8 material, the predicted elastic-
plastic fracture toughness is in moderate agreement and very conservative relative to saturation
toughness, except for very high delta ferrite (36 %). Statically-cast material with delta ferrite
levels of 15 %, 20 % and 21 % (at 290 °C) show little aging out to eqmvalent service times of 44
EFPY, 43 EFPY and 21 EFPY, respectively.

Collectively, these comparisons show that, when compared to flaw tolerance elastxc-plastxc
fracture toughness thresholds of real concern, which are of the order of 255 kJ/m?® (1,450 in-
1b/in?), the fracture toughness of CASS materials operating under typical service conditions for
both the current and the license renewal terms is more than adequate. The only exceptions are
those extreme combinations of high-molybdenum and high delta ferrite material, or moderately
high delta ferrite, statically-cast material that the screening criteria are intended to identify.

It should be noted that, based upon a review of the literature, including data from Reference 2,
the effects of high loading rate are not significant, and therefore do not affect these conclusions.
In Reference 2, fracture toughness results were presented for both as-cast and aged CF-3 and CF-
8 material with between 30 and 40 % delta ferrite content. The data are obtained at three
different loading rates, termed “quasi-static”, “intermediate”, and “impact.” No significant
difference in fracture toughness as a function of loading rate was observed.
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Figure 14. Experimental and Estimated J-R Curves for Partially-Aged
Centrifugally-Cast Pipe of CF-8 Steel (Figure 22 from Reference
11).
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Figure 17, Experimental and Estimated J-R Curves for Partially-Aged
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24  Comparisons to Fracture Toughness of Weldments

A comparison of fracture toughnesses for aged CASS material and those for austenitic stainless
steel weld metal is instructive. Mills [13] has offered a microstructural explanation for the lower
toughness of submerged-arc welds (SAW) and shielded-metal-arc welds (SMAW), relative to
gas-tungsten-arc welds (GTAW), that explains the microstructural changes in CASS materials
during thermal aging embrittlement, as well. He observed that the failure modes for all of the
welds was a dimple rupture mechanism, but that the SAW and SMAW failures were initiated by
a combination of decohesion of second-phase particles of manganese silicide and local
rupture/decohesxon of delta ferrite particles. Using a composite plot of fracture toughness data,
as shown in Figure 23 (Figure 11 from Reference 13), he suggested lower-bound J, values for
SAW, SMAW and GTAW at 427°C (800°F) to 538°C (1000°F) of 40, 70, and 230 kJ/m? (228,
400, and 1300 m-lblm2 . respecuvely At 24°C (75°F) the recommended lower-bound values of
J. were 100 KI/m? (571 in- -Ib/in) for SAW and SMAW, and 350 K)/m?® (2000 in-Ib/in®) for
GTAW.

Jaske and Shah [14], in their review of available fracture toughness data for aged CASS
materials, point out that very few of the data fall below the very conservanve component end-of-
life lower-bound limit recommended by Framatome of 100 kJ/m? (571 in-Ib/in?), even for fully-
aged conditions. A more direct comparison can be obtained by plotting the lower-bound J-R
curve data for statically-cast and centrifugally-cast CF-8M material with delta ferrite ranging
from 15 % to about 28 %, as tabulated by Chopra and Shack [15], against J-R curve data for
Type 316 SAW metal, as given in Reference 16. Figure 24 shows that statically-cast CF-8M
material with delta ferrite less than 10 % has considerably greater crack growth resistance at
reactor operating temperature than does SAW metal, while statically-cast CF-8M material with
delta ferrite levels between 10 and 15 % has a resistance to crack growth that is quite similar, but
slightly greater, to that of SAW metal at reactor operating temperature.

Only statically-cast CF-8M material with delta ferrite greater than 15 % displays a crack growth
resistance below that for SAW metal, and then only for very large crack extensions. Figure 25
shows that, even for centrifugally-cast CF-8M material with delta ferrite greater than 15 %, the
crack growth resistance is similar, but slightly greater, than that for SAW metal at reactor
operating temperature. Even though the fracture toughness data for CF-8M material is limited to
a delta ferrite content of about 28 %, these comparisons are likely to be valid for materials with
higher delta ferrite content, based upon fracture toughness trend curves as a function of delta
ferrite content for low-molybdenum material. The latter data extends out to the 40 % delta ferrite
range. This extrapolation is also supported by Figure 12, which illustrates the saturation effect of
an aging parameter that includes delta ferrite content. Such favorable comparisons justify the use
of existing weld metal acceptance criteria for flaws detected and sized during the inservice
inspection of CASS components, as discussed in Section 3.
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3. Inservice Examination And Flaw Evaluation

3.1 Inservice Examlnatlon Elements

The effects of thermal aging embrittlement on CASS piping, pump, and valve components of the
reactor coolant system and the primary pressure boundary are managed, both dunng the current
license term and in any license renewal period, by elements of the plant inservice inspection
program, which includes the applicable requirements of the ASME Code Section XI, Subsection
IWB. For example, the welds in reactor coolant pump casings are examined periodically in
accordance with Examination Category B-L-1, which calls for either an ultrasonic (UT) or
radiographic (RT) volumetric examination of 100 % of the length of all welds in at least one
pump in each group of pumps that perform a similar function in the reactor coolant system.

Also, Examination Category B-L-2 requires the visual (VT-3) examination of the internal,
pressure-retaining surfaces of these selected pumps during disassembly for maintenance, repair,
or volumetric examination. ‘ '

Similar requirements apply to valve body welds and internal, pressure-retaining surfaces of these
valves under the provisions of Examination Categories B-M-1 and B-M-2, respectively, provided
that the valves are at least nominal pipe size (NPS) four inches or greater. For these NPS 4 or
larger valves, Examination Category B-M-1 requires the volumetric (UT or RT) inspection of

100 % of the weld length in at least one valve within each group of valves that are of the same -
size, constructional design (e.g., globe, gate, or check valves), and manufacturing method, and
that perform similar functions within the system (e.g., containment isolation or system
overpressure protection). Examination Category B-M-2 requires the visual (VT-3) inspection of ..
the internal surfaces when the valve is disassembled for maintenance, repair, or volumetric -
examination. For valves of size less than four inches NPS, Examination Category B-M-1 calls

for a periodic surface (e.g., dye penetrant, or PT) examination of the welds for the selected
valves, with no visual examination of the internal surfaces. The pumps and valves should be
selected for examination based, at least in part, on their susceptibility to thermal embrittlement,
using material specifications, type of casting method, and operahng temperature as elements of
the screening process. -

In addition, Examination Category B-P requires the visual (VT-2) examination of the pressure-
retaining boundaries of piping, pumps, and valves during the system leakage tests that are
conducted prior to plant startup following each refueling outage, and Examination Categories
B-N-2 and B-N-3 require the visual (VI-3) mspectlon of accessible surfaces of BWR and PWR
core support structures, respectively. - :

Acceptance criteria for any indications detected during these volumetric, surface, or visual
examinations are given in IWB-3518, with the allowable planar flaws given in Table IWB-3518-
2. Allowable planar flaw dimensions are given for both surface and subsurface flaws, and for
flaws detected by UT, RT, and by a combination of RT and supplementary surface examination,
and are based on acceptance standards for austenitic stainless steel piping [9]. The relevant
conditions for the visual examination of the internal, pressure-retammg surfaces of the pump
casings and valve bodies include “crack-like surface flaws developed in service or grown in size
beyond that recorded during preservice visual examination,” for VT-1 mspectlons and “loose,
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missing, cracked, or fractured parts, bolting, or fasteners,” for VT-3 inspections. The relevant
conditions for the visual (VT-2) examinations of the pressure-retaining boundaries during system
leakage tests include “through-wall leakage that penetrates the pressure retaining membrane.”
When relevant conditions are detected during visual examinations, corrective actions are
required, in the form of supplemental volumetnc or surface exammatxon, analytical evaluation,
repair, or replacement of the component. -

An alternative to Examination Category B-L-l is available in the form of ASME Nuclear Code
Case N-481, which permits the volumetric examination of pump casing welds to be replaced by a
combination of visual (VT-1) examination of the external surfaces of one (the most susceptible
to thermal aging embrittlement) pump casing and a flaw tolerance evaluation of the most critical
locations in that pump casing. The VT-2 examination of the exterior of all pumps during
hydrostahc pressure testing and the VT-3 examination of the internal surfaces whenever a pump
is disassembled for maintenance are still required. The flaw tolerance evaluation includes the
explicit consideration of thermal aging embrittlement and any other processes that may degrade
the properties of the pump casing during service.

32 Flaw Evaluation Procedures ,

‘When flaws are detected and sized that are in excess of the allowable limits of Table IWB-3518-
2, corrective actions are required, either in the form of supplementary examinations, repair,
replacement, or engineering evaluation. For example, an alternative to Examination Category B-
M-1 is available in the form of ASME Nuclear Code Case N-481, which calls for a combination
of visual (VT-1) examination of the external surfaces of reactor coolant pump casings and a flaw
- tolerance evaluation of an assumed, or postulated, flaw at the most hlghly-stressed location and
in the most damaging orientation in the pump casing. Although this code case is strictly
applicable only to pump casings. the alternative applies in principle to valve bodies. Another
alternative is to perform an engineering evaluation in accordance with Article IWB-3640
(Evaluation Procedures and Acceptance Criteria for Austenitic Piping). These rules are formally
intended for austenitic stainless steel piping components containing a flaw exceeding the .
allowable flaw standards of IWB-3514.3, but do contain provisions for dealing with cast
austenitic stainless steel piping components, With slight modification, these rules can be applied
to CASS pump casings and valve bodies.

The evaluation procedures specified in IWB-3640 formally apply to austenitic piping and
adjoining pipe fittings that are four inches nominal pipe size or greater, per IWB-3641(a); are
fabricated from wrought austenitic stainless steel, Ni-Cr-Fe alloy, or CASS with a ferrite number
less than 20, per IWB-3641(b)(1); and, for CASS piping materials, adequate fracture toughness
to permit the pipe cross section to reach limit load after aging must be demonstrated per IWB-
3641(c). However, the flaw evaluation procedures specified in IWB-3640 also may be applied to
CASS pump casings and valve bodies, since the most limiting lower-bound fracture toughness
reported in Reference 13, using the J-R crack growth resistance curve data for stamally—cast SA
351 Grade CF-8M with ferrite number greater than 15, is slightly below but essentially -
equivalent to the Type 316 SAW fracture toughness (J-R) data used to generate the end-of-
evaluation-period acceptance standards for SAW and shielded-metal-arc welds (SMAW), as
specified in Tables IWB-3641-5 and IWB-3641-6. Crack growth resistance for Grade CF-8M
materials that are cast centrifugally, regardless of ferrite number, or for statically-cast material
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with delta ferrite less than 15 %, is greater than that for Type 316 SAW metal. The comparisons
are shown graphically in Figures 24 and 25.

Therefore, the use of the flaw acceptance criteria for SAW and SMAW contained in IWB-3640
for evaluating detected and sized flaws found during inservice inspection, or for flaws assumed
in a flaw tolerance evaluation of high-molybdenum, statically-cast CASS components has been

-justified. These flaw acceptance criteria are conservative for evaluating inservice inspection or

fiaw tolerance results for low-molybdenum or centrifugally-cast CASS components.

Flaw evaluations of CASS components documented in Appendix A, Appendix B, and the EPRI
Cast Austenitic Stainless Steel Sourcebook [12] support this type of evaluation, and demonstrate
the tolerance of CASS components to very large flaws, even under extreme loading conditions.
These critical flaw size calculations show that elastic-plastic fracture toughness at saturation

levels of thermal aging (for example, 60 years at 320°C, leading to an impact energy of 40 ft-Ib

and an elastic-plastic fracture toughness of 255 kJ/m? or 1450 in-lbfmz) provides more than
adequate structural integrity for components of interest.
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4. Proposed Evaluation Procedure

The proposed procedure for evaluating the effects of thermal aging embrittlement effects (e.g.,
reduction of fracture toughness) in Class 1 reactor coolant system and primary pressure boundary
cast austenitic stainless steel components is composed of two parts: (1) screening to determine
whether or not the effects of thermal aging embrittlement are potentially significant to the
continued function of a particular CASS component during the license renewal term; and (2)
when the effects of thermal aging embrittlement are found to be potentially significant for CASS
components, an aging management program based upon periodic inservice inspection and flaw
evaluation criteria that provides the basis for demonstrating aging management during the license
renewal term. ‘

The recommended screening criteria are listed in Section 1 of this report, and are repeated here
for completeness.

) -molybdenum (e.g., SA 351 Grade CF-3 and Grade CF-8) material that has been
cast centrifugally is not subject to potentially significant reduction of fracture toughness
after exposure to service temperatures less than 320°C (610°F) for 525,000 hours (60
years). Low-molybdenum material that has been cast statically is not subject to potentially
significant loss of fracture toughness after exposure to service temperatures less than
320°C (610°F) for 525,000 hours (60 years), provided that the delta ferrite content of the
material can be shown by calculation or measurement to be 20 % or less. Further
evaluation of low-molybdenum, statically-cast components is required, in terms of
inservice examination and flaw evaluation program elements, if the delta ferrite content
of the material cannot be shown to be 20 % or less.

o High-molybdenum (e.g., SA 351 Grade CF-3M and Grade CF-8M) material that has
been cast centrifugally is not subject to potentially significant reduction of fracture
toughness afier exposure to temperatures less than 320°C (610°F) for 525,000 hours

(60 years), provided that the delta ferrite content of the material can be shown by either
calculation or measurement to be 20 % or less. Further evaluation of high-
molybdenum, centrifugally-cast components is required, in terms of inservice
examination and flaw evaluation program elements, if the delta ferrite content of the
material cannot be shown to be 20 % or less. Further evaluation of high-molybdenum,
statically-cast components is required, in terms of inservice examination and flaw
evaluation program elements, irrespective of the calculated or measured delta ferrite
content of the material.

The application of these screening criteria is illustrated by the flow chart shown in Figure 26.

This flow chart is intended to depict the steps in screening CASS material and method of casting
only, using information on molybdenum content, delta ferrite content, and casting method.
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Figure 26. Flow Chart Illustrating Screening Criteria for Potential Significance .
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Proposed Evaluation Procedure

When the material and casting process screening steps lead to a requirement for aging effects
management, the recommended aging effects management program elements are based upon the
successful comparison of fracture toughness data for SAW/SMAW welds and high-molybdenum,
statically-cast, high-delta-ferrite CASS material, as described in Section 2.4. This comparison
permits any detected and sized flaws from the periodic inservice inspections of Class 1 reactor
coolant system and primary pressure boundary CASS components, such as CASS pump casings
and valve bodies, to be evaluated in one of three ways: :

e When adequate fracture toughness can be demonstrated such that the component can achieve
limit load prior to unstable crack extension, in accordance with IWB-3641(c), using J-R data
in Reference 9, the end-of-evaluation-period acceptance standards to be applied to detected
and sized flaws are those for wrought stainless steel base metal, gas-metal-arc weld (GMAW)
metal, and gas-tungsten-arc weld (GTAW) metal; or

o ' When adequate fracture toughness cannot be demonstrated such that the component cannot
be shown to achieve limit load prior to unstable crack extension, in accordance with IWB-
3641(c), or for conservatism, the end-of-evaluation-period acceptance standards to be applied
are those for SAW and SMAW metal. ' |

e Otherwise, case;by-,casc evaluation using répresenfative material toughness properties in
accordance with References 11a, 11b, and 15 can be justified.

In the first option, acceptable circumferential flaw size limits are prescribed in Tables IWB-3641-
1 (Service Level A and B Loadings) and IWB-3641-2 (Service Level C and D Loadings). Inthe
second option, acceptable circumferential flaw size limits are prescribed in Tables IWB-3641-5
(Service Level A and B Loadings) and IWB-3641-6 (Service Level C and D Loadings). The
axial flaw size acceptance criteria for the two material categories do not differ, and are given in
Tables IWB-3641-3 (Service Level A and B Loadings) and IWB-3641-4 (Service Level C and D
Loadings).

The differences in acceptable circumferential flaw sizes are substantial, reflecting the reduced
fracture toughness in the SAW and SMAW properties. For example, for comparable flaws and
applied loadings, the SAW/SMAW end-of-evaluation-period flaw depth limit may be less than
half the depth of the limiting circumferential flaw for wrought base metal or GMAW/GTAW
metal.

These evaluation requirements can be used directly for all CASS Class 1 reactor coolant system
and primary pressure boundary components. Even when the alternative rules of ASME Nuclear
Code Case N-481 are shown to apply, the flaw growth procedures of the non-mandatory
Appendix C can be used in conjunction with the end-of-evaluation-period flaw acceptance
criteria of IWB-3640 for the flaw tolerance evaluation. If it can be determined that a particular
casting is relatively unaffected by the effects of thermal aging embrittlement, a more favorable
crack growth resistance (J-R) curve can be determined on a case-by-case basis. Such a case-by-
case justification will ensure that the GMAW/GTAW material properties and procedures of
Appendix C can be applied, and will then guarantee the satisfaction of IWB-3641(c), since the

" Appendix C “methodology is based on 2 limit load evaluation of the pipe section reduced by the
flaw area for flaws in ductile material when the ability to reach limit load is assured, and on
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Proposed Evaluation Procedure

elastic-plastic fracture mechanics evaluations for flaws in or near less ductile material where
limit load action is not assur

The screening criteria for potennal s1gmﬁcance of CASS thermal aging embrittlement effects
outlined above apply to all CASS Class 1 reactor coolant system and primary pressure boundary
components manufactured from Grade CF3, CF3A, CF8, CF8A, CF3M, CF3MA, and CF8M
material. The flaw evaluation criteria outlined above apply to Class 1 components only.
However, the inservice examination requirements for Class 2, Class 3, and Class CS
components, which emphasize surface and visual examination methods, and the associated
evaluation of indications and relevant conditions can use similar techniques. For example, flaw
tolerance evaluations of Class 2 components can be used to determine the necessity for
augmented examinations, with the results of Appendix A, Appendix B, and Reference 12 used as
guidance.

In summary, the effects of thermal aging embrittlement on Class 1 CASS reactor coolant system
and primary pressure boundary components are found to be either not significant for the license
renewal term, based upon material chemistry and casting type screening criteria, or, if the effects
are potentially significant, can be managed adequately through the license renewal term by the
periodic volumetric, surface, and visual inservice inspection program elements specified in the
ASME Code Section X1, Subsection IWB, or the alternative inservice examination and flaw
tolerance evaluation procedures of ASME Nuclear Code Case N-481. When conditions are
detected during these inservice inspections that exceed the allowable limits given in Table IWB-
3518-2, engineering evaluations of either detected or postulated flaws shall be carried out using
material properties and acceptance criteria applicable to SAW and SMAW metal per the
evaluation procedures presented in IWB-3640. More favorable material properties and
acceptance criteria may be justified, on a case-by-case basis, using the fracture toughness data in
Reference 15.
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APPENDIX A
ELASTIC-PLASTIC FRACTURE TOUGHNESS EVALUATION

Introduction

Previous evaluations of cast austenitic stainless steel (CASS) nuclear components, such
as that described in Reference Al (see Appendix B), have shown that severe thermal
aging embrittlement does not compromise structural integrity. These evaluations have
used both naturally-aged and artificially-aged material property data from the open
literature, including crack growth rates and saturated elastic-plastic fracture toughness
values, to demonstrate that extremely large flaws, well above the size that would be
detected readily during inservice examination, are needed in order to threaten structural
integrity. Reference A1 provides calculations to support the continued operation of a cast
CF-8 elbow with an end-of-life elastic-plastic fracture toughness that has been reduced to
255 kJ/m? (1450 in-1b/in?) through exposure to service temperatures for periods of 40
years or longer. The stresses used for the evaluation were obtained from plant component
stress reports. '

In this appendix, a similar but more elementary set of calculatxons is used to also justify
an elastic-plastic fracture toughness of 255 kJ/m? (1450 in-Ibfin?) as a screening criterion
for license renewal thermal aging embrittlement evaluation of CASS components, in
essential agreement with the findings in Reference Al. In this case, the elastic-plastic
crack driving force for a postulated reference flaw is calculated for a simple, but typical
component geometry, a thick-walled cylinder with a hypothetical internal, circumferential
crack.

Application of Elastic-Plastic J -Estimation

Elastic-plastic J-estimation methods {A2] show that the applied crack driving force, Jappl,
is given by the sum of an elastic term, Jg, and a plastic term, Jp, so that

Jappt = Je+ Ip.
The elastic term for the geometry under consideration is given by

Je=na(0)*F (&, R.Ro) /Ey,

where a is the effective crack depth, including any correction for plasticity at the crack
tip; © is the remote axial tensile stress acting across the cylinder wall; F is a shape
function that depends on a and the cylmdcr inner and outer radii, R; and R, respecuvely,
and E, is the reduced elastic modulus, given by

=E/(1-vY),

where E is the elastic modulus of the material and v is Poisson’s ratio. For simplicity, the
equivalent crack depth will be chosen to be one-quarter of the wall thickness. The shape
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function F can be found from tables in Reference A2,asa functlon ofa /bandR;/R,,
where b=R; - R;. .

The plasue term is given by
Jp= acoeoc(a/b) h. (alb n; R./Ro)(P/Po)""'

Here the plastic material parameters ¢, 1, Go, and €, are denved from a Ramberg-Osgood
deformation theory plasticity model for the material (see Referenee A2), .

elg= c/o°+a(oloo)

The function ¢ (a/b) is the remaining hgament, SO that c= b a; the shape function h;
can be found from charts i in Reference A2 and the limit load P, is glven by

P¢—2c5<,1t:(Ro2 Rc)/~l3

where Rc R. +a.

These expressions can be used to derive a crack dnvmg force fora thlck-walled cylinder
with inner radius, R; = 25 inches; an outer radius, Ro = 30 inches; thickness b = 5 inches;
crack depth a=1.25 inches; R, = 26.25 inches; R./Ro 0.833;b/R;=0.2;a/b=0.25;
and ¢ = 3.75 inches. For austenitic stainless steel, E=28 x 106 psi, v = 0.3, 05 = 30 x 10°
psi, ¢ = 1.63, and n =5.42.

Then

P, =27 (30,000) (900 - 689.1)/¥3=22.96 x 10°Ib
and |

P=27510=286390,

_ where the effective axial stress ¢ will be estimated from existing component stress
reports. F is found from Reference A2 to be F (0.25,0.833) = 1.26, so that

Je=2.03x 107 (0)%

Also, hy is found from Reference A2 to be h. (0 25 n; 0. 833) 6 58. Therefore Jp is E
found to be

Jp=1291 P/ P42,
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Deterrmnmg the crack driving force has then been reduced to an assumption on effective
axial stress. For example, if the remote axial membrane stress is assumed to be 20, 000

psi (about 2/3 of the yield strength and approximately equal to Sp,), then

Jg = 81.2 in-Ibfin?,
and :

Jp=208.1 in-Ibfin?,

for a total crack driving force of 289 in-Ib/in®. This force is consxderably less than the
value of 100 kJ/m? (570 in-1b/in’) that is recommended by Framatome (see Reference A3)
as a lower bound Jic for component assessment, illustrating the conservatism of the
Framatome criterion. '

Applied -In Methods (Appendix

This simple estimate of the crack driving force can be confirmed by using the procedures
of the non-mandatory Appendix K to Section XI of the ASME Code. Although
Appendix K is provided for the assessment of reactor pressure vessels with low upper
shelf Charpy impact energies, the acceptance criteria are useful for other applications.

For example, one of the methodologies available in the Appendix K calls for the
calculation of the applied J-integral from the combination of Mode 1 pressure and
thermal stress intensity factors, with appropriate safety factors and plastic zone size
corrections. This applied J-integral must be less than the J-integral fracture resistance for
the material at a ductile flaw extension of 2.5 mm (0.1 inch).

" This applied J-integral approach was examined relative to a set of PWR reactor coolant
pumps, with potential crack-driving stresses for the pump casings obtained from certified
* stress reports. The critical locations for primary membrane stress, or primary membrane
plus bending stress, were found to be the diffuser vanes, a section of the volute wall, the
junction of the suction nozzle and the lower flange, and the junction of the discharge
nozzle with the volute/flange (crotch region). The critical locations for the combination
of primary and secondary stress are the upper flange and the Junctlon of the volute with
the upper/lower flanges.

For Design Conditions, a combmatmn of internal (Deagn) pressure (2485 psi) and
mechanieal load resultants causes a stress intensity for the suction nozzle to vary from
about 17,800 to 20,300 psi in the worst locations. The stress intensities for the junction
of the volute and lower flange, due to dlscontmuxty stresses and internal pressure, range
from about 11,500 to 19,200 psi in the worst locations. The j Juncuon of the upper flange
with the pump casing causes (discontinuity) stresses that vary from about 3,000 to 19,000
psi. Primary plus secondary stress intensities, which include substantial thermal bending
stresses, met the 3 S, limit of 58,050 psi at almost all locations, except for the upper
flange and crotch areas where elastic-plastic analysis was required to satisfy stress limits.
~ The worst-case location had a stress intensity of 63,420 psi.

The 1.25-inch deep flaw was analyzed with two sets of worst-case stresses. In one case,
the inner surface stress intensity of about 63,000 psi was converted into an axial stress
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distribution, including thermal bending stresses, through the 5-inch thick wall and fitted
to a quadratic distribution. The procedures of Reference A5 were used to compute a
linear elastic fracture mechanics stress intensity factor of about 89 ksivVin, which was
converted to an applied J-integral of 257 in-Ib/in’. This value is in reasonable agreement
with the 289 in-Ib/in’calculated by simple elastic-plastic J-estimation methods. :

The other worst-case calculation was extremely and unrealistically conservative, using
the stress intensity of 63,420 psi as the axial stress for the linear elastic fracture
mechanics calculation. In this case, K,c was calculated to be 125 ksivin and the applied
J-integral became 509 in-Ib/in’. Even in this very conservative case, the applied J-
integral turned out to be less than the lower bound value of 570 in-Ib/ in? recommended
for component evaluation by Framatome. Again, this result confirms the conservatism
of the Framatome criterion. : - '

Fully-Plastic Cohdiﬁons

When the remote axial stress is assumed to approach the limit load itself, the elastic-
plastic crack driving force from the J-estimation method becomes 183 + 1291 = 1474 in-
Ib/in?. This value is well above the lower-bound limit of 570 in-Ib/in’ given by
Framatome, and this calculated crack driving force is not realistic, since the axial stress
would be at yield strength levels over the complete cross section. However, this
calculation provides an extremely conservative basis for an elastic-plastic fracture
toughness screening threshold, above which the resistance to crack growth is such that
loss of structural integrity from thermal again embrittlement should not be a concern.-
For purposes of screening existing crack growth resistance curves for naturally-aged or
artificially-aged CASS materials, a threshold value of 1450 in-Ib/ in’ at a crack extension
of 2.5 mm (0.1 inch), essentially in agreement with the results in Appendix B, has been
selected. : :
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- APPENDIX B |
FLAW TOLERANCE EVALUATION

OF CAST AUSTENITIC STAINLESS STEEL COMPONENTS
Introduction

This appendix briefly describes a generic worst case flaw tolerance
‘evaluation for statically-cast austenitic .stainless ‘steel elbows for both
PWR reactor coolant system piping and BWR reactor. recirculation
_system piping. This case study is intended to represent the upper
bound case using typical elbow geometries, design and operation
-conditions, piping -stresses, material fatigue crack growth and
fracture toughness data. Conservative assumptions are used
throughout as appropriate and described in the corresponding
sections. For example, all defects are considered to be 360-degree
crack-like flaws located in regions of maximum stress intensity. Each
defect is considered to open to the inside surface and exposed to the
process fluid environment. The loss of fracture toughness due to
thermal aging embrittlement is predicted using conservative
estimates based on current research results. The assumed flaw is
grown analytically using env1ronmentally-ass1sted fatigue crack
growth data from the literature.

alvsis nput

Typical geometries for PWR and BWR elbows are used in this “worst
case” generic evaluation. The dimensions of the analyzed elbows are
as shown in Table B-1.

Table B-1
Elbow Geometries
PWR BWR
oD 36.2 in (919.48 mm) 28.363 in (720.42 mm)
D 31.0 in (787.40 mm) 25.867 in (657.02 mm)
Thickness 2.6 in ( 66.04 mm) 1.248 in ( 31.70 mm)

The operating conditions used in the analyses for the PWR and BWR
elbows are described in Table B-2.

Table B-2
B-1




Operating Conditions

‘PWR BWR
Design Pressure 2485 psig 1148 psig
Oper. Pressure 2235 psig 1050 psig
Design Temp. 650°F- 562°F
Peak Pressure -—-- 1361 psig




Represeritative loadings at the elbow location are used in the fatigue
The loadings were obtained from

crack growth evaluation.
References B1 and B2 and are shown in Table B-3.

Table B-3
Elbow Loadings

BWR
F, My M. Stress (psi)
DW 3.1 -344.8 -257.7 29.0 620.0
Thermal -0.5 -310.8 -305.9 -4.7 630.0
OBE; 10.0 511.0 245.0 15.0 820.0
OBE, 14.8 481.6 413.3‘ 21.4 920.0
PWR
Loadings tress i
DW 127.0
Thermal 3569.0
SSE 6600.0

For the BWR case, the force and moments were obtained at the mid-
point of the elbow element in the piping model.
and the two bending moments were used because these were the
pertinent driving forces for the analytical crack model used in the
For the BWR elbow, the appropriate stress
intensification factors were included in the stress calculation from
the forces and moments to account for the elbow geometry effects.

crack growth analyses.

Only the axial force

For the PWR elbow, bounding stresses for the entire reactor coolant
piping system were taken from Reference B3, which were assumed
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to apply to the elbow location. These stress values were also
assumed to include the appropriate stress intensification factors.
Therefore, no adjustment to these stress value was made in the
fatigue crack growth calculation.

The pressure stresses were computed for both PWR and BWR elbows
using the equation for thin wall cylinder under internal pressure.
These pressure stresses were also multiplied by- stress intensification
factors for use in the crack growth evaluation.

Two residual stress cases were con51dered in the faugue crack

growth evaluation. The first residual stress case is a linear through-
wall bending stress distribution, denoted as the “worst case” residual
stress. The second case is a stress distribution fitted to a third order
polynomial and is called the “best estimate™ residual stress. These
stress distributions are shown in Figure B-1.

 INSIDE WALL o ' . .oursip®R WALL
50 L ,
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Figure B-1 . Distribution of Axial Residual S_ti*ess
Fatigue Crack Growth Evaluat_ign
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Fatigue crack growth data, Figure B-2, for the CF8M cast austenitic
stainless steel, are taken from Reference B4. The data presented are
for the PWR primary water environment air tests at 320°C (608°F).
The upper bound curve for all the crack growth data is represented
by the followmg equation:

da/dN = 5.1465 x 10-11 (K .0 (1-R)0-3 )4,

-where - a = crack depth (in),
N = number of cycles,
R = Knmin / Kmax, and
Kmax » Kmin = maximum and minimum stress
intensity factor in units of ksinfin

The above fatigue crack growth equation includes the R ratio effect
in the crack growth calculation, and has been converted to English
units.

Typical design transients for both PWR and BWR piping systems are
shown in Tables B-4 and B-5, taken from a number of references
identified in the tables.
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TABLE B-4
PWR Tfansients

Number of Cycles / 40 years

Transients Ref. B5S | Ref.B2 | Ref.B6

Heat Up/Cool Down 200 500 200

Unit Loading/Unloading , -
“at 5% of full power/min 18400 -- 18300

Step Load increase/
- decrease of 10%

full power 2000 -- 2000
Large Step Load decrease

with steam dump 200 -- 200
Reactor Trip 400 480 400
Loss of Load (without/

turbine/reactor trip) 80 -- 80

Loss of Flow 80 -- 80
Turbine Roll Test | 10 -- 10
Cold Hydro Test 5 --
Hot Hydro Test 40 Coa
Upset -- 210 --
OBE -- 200 --
Loss of Power -- -- 40
Accident (Pipe Break) -- -- 21




TABLE B-5
BWR Transients

Number of Cycles / 40 years -

Transients - : - Ref. B7
Start Up/Shut Dowa - ; 130

Scram to Low Pressure 3 ~

Hot Standby 349

Scram to High Pressure : —
Hot Standby : 62
Hydro Test , 130




A semi-elliptical defect in the crotch area of an elbow presents a
three-dimensional crack problem whose solution is not readily .
available and which would be too expensive to analyze. Thus, a full
circomferential crack in a cylinder with /R ratio of 0.1 was selected
to conservatively model the semi-elliptical defect and should
conservatively represent the defect, in the piping elbow. Stress
intensity factors were calculated for all the loading cases for both
PWR and BWR elbows. The results are shown in Figure B-3 and B-4. -
In general, the worst case residual stress produces the highest stress
intensity factor among all the loading cases.

1: PWRPRESS 2: DV 8r THERMAL 4 1/2SSE = 52 WORST RS
6: BEST RS

K (KSI~IN"D, 5

CRACK DEPTH (<IN
PWR REACTOR COOLANT LOOP ELBOW

Figure B-3. PWR Reactor Coolant Loop Elbow

The design transients for both the PWR and BWR cases were
assumed to be evenly distributed over the 40 years design period.
Due to the large number of transient types for the PWR case, the
transients were further reduced to four major types of tramsients as
shown in Table B-6. Also if the number of transients was not be
evenly divisible by 40 (design life) as in the BWR case, the number
of cycles for each type of transient was rounded up to the nearest
integer per year. Also for each type of tramsient, the corresponding
change in pressure and temperature were determined so that the
appropriate scale factor could be applied, to the base stress intensity
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factor cases of Figures B-3 and B-4. The number of cycles for each

design transient, and the corresponding pressure and temperature -

changes ((p and (T) are also shown in Table B-6.
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Figure B-4.
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Table B-6

PWR Case
. Number of
Transients es per vear | Ap(psig) | AT(°F)
Hydro Test 4 3107 300
Heat Up/Cool Down
& other significant ~
transients 24 2235 580
Unit Loading (5% power) 460 150 70
Step Loading (10% power) 50 150 16
BWR Case
Number of
rapsien cycles per year | Ap(psig) | AT(°F)
Hydro Test 4 1361 0
Start Up/Shut Down 4 1045 480
Scram to LP Hot -
Standby 9 1080 480
Scram to HP Hot
Standby 2 270 480
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This input data was used to perform fatigue crack growth

evaluations for both the PWR and the BWR elbows. Three
hypothetical initial crack sizes of 0.2362 in (6 mm), 0.4724 in (12
mm) and 1.1811 in (30 mm) were used. The 1.1811 in (30 mm)
crack size was not used for the BWR elbows since it would be
essentially through-wall at the start. For each of these initial crack -
sizes, three evaluation cases were performed: no residual stress, best
estimate residual stress, and worst case residual stress, in addition to
the other loadings as specified in Tables B-4 and B-5.

The fatigue crack growth results are presented in Figures B-5 to B-9.
In all but one of the cases (30 mm initial flaw depth), the fatigue
crack growth is minimal over the 40 years design life, even using the
worst case residual stress distribution.
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BER Recirdation Loop Elbow
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These generic evaluation cases incorporated a number of
conservative assumptions, including the upper bound crack growth
data for the CF8M cast austenitic steel in the PWR environment,
highest stress value for the PWR elbow, and full circumferential
crack model. The analysis indicate that if a fabrication defect of
substantial depth were located in a high stress location, e.g.
combination of worst residual stress and high applied load, with aged
material; it may warrant an inservice inspection during the latter
part of the plant life.

itica law__Si Evaluat

Thermal aging of cast austenitic stainless steel has been identified as
resulting in a decrease in the ductility of the material. This decrease
in ductility has a direct effect on the fracture toughness of the
material and thus the critical flaw size. The critical flaw size
decreases as the fracture toughness of the material decreases.

Figure B-10 presents the effect of thermal aging at 280°C and 320°C
on cast CF-8 stainless steel [B8]. These aging temperatures
approximately correspond to the operating temperature of a BWR
and a PWR, respectively. Upper shelf Charpy impact energies (Cy)

are shown in this figure for aging at 70,000 hours (8 years) and at
300,000 hours (34 years). Figure B-11 presents a correlation
between the material fracture toughnmess, Jjc, and upper shelf Charpy

impact energy for cast duplex stainless steel. This correlation is

presented as impact energy per unit area, while the results in Figure
B-10 are in total energy (Joules or ft-Ib). No description was given in
[B9] as to whether the impact energy was presented per unit area or
as total impact energy. One reference was made that the test results
were obtained from Charpy V-notch test specimens. Using the ASTM
E24 testing standard, the fracture area of a Charpy V-notch test

specimen is 8§ mm x 10 mm (0.8 cm2).
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In calculating the fracture toughness, the impact energy presented in

Figure B-11 was assumed to be per unit area (cm?). This gives a
conservative fracture toughness estimation (25% lower) compared to

if the results were meant to be per 0.8 cm2. Table B-7 presents the
corresponding Jjc values and conversions to Kyc in English units.

B-21



, Table B-7 ,
Fracture Toughness Property Correlations

(hrs) at Energy

Time aged , Impact hic Kic

70000 |320°C | (608°F) | 951 | (70 ft-Ib) | 500 xI/m2 | 270 ksivfin

280°C | (536°F) | 140 J | (103 ft-lb) 900 kJ/m2

300000| 320°C | (608°F) | 65 1] (48 ft-1b) | 350 kxI/m2 | 226 ksi-\/i-n-

280°C | (536°F) | 90 J | (66 ft-1b) | o0 \y/02

extrapolated to

362 ksivin

270 ksinfin

60 yrs | 320°C | (608°F) | 54 7 | (40 ft-Ib) | 250 xy/m2 | 191 ksifin

280°C | (536°F) | 54 ] (40 ft-1b) 250 kJ/m2

191 ksiAfin

Figures B-12 and B-13 present the resulting critical flaw size
evaluation of the PWR and BWR elbows based on these toughness
data. The total stress intensity factor curve is the worst combination
among all the fatigue crack growth loading cases, with the addition of
the seismic loading which was not included in the fatigue crack
growth evaluation. In both the PWR and BWR cases, the total stress
intensity factor curve is well below the Kjc curve at the end of

300,000 hours. Using the extrapolated Kjc value at 60 years, the
BWR elbow still shows a comfortable margin below Kjc while the

critical crack depth in the PWR elbow would be about 2 inches. Thus,
B-22




for a typical plant life of 40 years, the aliaiyses indicate that the
component would exhibit leak-before-break behavior in the event
that the semi-elliptical defect grows through the pipe wall by fatigue.
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A generic “worst case” analysis was performed to study the fatigue
crack growth of a defect in a cast austenitic stainless steel pipe |
component. The components chosen were a reactor coolant loop
piping elbow for a PWR and a recirculation loop elbow for a BWR.
The stresses used in this generic evaluation were the maximum
stress value reported for a typical PWR reactor coolant loop piping
system, and a value calculated from the reported forces and
moments from a plant specific BWR recirculation system stress
report. An upper bound fatigue crack growth law was used. A full
circumferential crack model was chosen although the defect would
most likely be semi-elliptical.

Conservative fracture toughness estimates were obtalned considering
recent test data on thermal aging of these materials at PWR and BWR
temperatures [B8, B9 and B10). No safety factors were applied to
these toughness estimates. ' '

In summary, the analyses show that the predicted fatigue crack
growth is small for both initial crack depths of 6 mm (0.24 in) and 12
mm (0.47 in) for all the anticipated residual stress patterns.. For an
initial crack depth of 30 mm (1.18 in) in the PWR case, the crack
growth is also small for the no. residual stress and the best estimate
residual stress. For the worst residual stress case, the crack would
grow through-wall in less than 14 years. The case with initial crack
depth of 30 mm was not performed for the BWR elbow since the
nominal pipe wall is only 1.24 inch.

In both cases, the predicted critical flaw size for a typical plant life of
40 years indicate that the component would exhibit leak-before-
break behavior in the event that the semi-elliptical defect grew
through the pipe wall by fatigue. Even extrapolating the thermal )
aging to 60 years, the BWR elbow shows considerable margin to leak-
before-break, while the PWR would require a flaw almost 80%
through the pipe wall before fracture would be predicted.
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