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ABSTRACT. The technical decision to thermally anneal a nuclear reactor pressure vessel (RPV)
depends upon the level of embrittlement in the RPV steels, the amount of recovery of fracture
toughness properties expected from the anneal, and the rate of re-embrittlement after the vessel is
placed back into service. The recovery of Charpy impact toughness properties after annealing can
be estimated initially by using a recovery model developed using experimental measurements of
recovery (such as that developed by Eason et al. for U.S. vessel materials). However, actual
validation measurements on plant-specific archived vessel materials (hopefully in the existing
surveillance program) are needed; otherwise, irradiated surrogate materials, essentially the same
as the RPV steels or bounding in expected behavior, must be utilized.

The efficient use of any of these materials requires a supplemental surveillance program focused
at both recovery and reirradiation embrittlement. Reconstituted Charpy specimens and new
surveillance capsules will most likely be needed as part of this supplemental surveillance
program. A new version of ASTM E 509 has recently been approved which provides guidance
on thermal annealing in general and specifically for the development of an annealing
supplemental surveillance program. The post-anneal re-embrittlement properties are crucial for
continued plant operation, and the use of a re-embrittlement model, such as the lateral shift
approach, may be overly conservative.

This paper illustrates the new ASTM E 509 Standard Guide methodology for an annealing
supplemental surveillance program. As an example, the proposed program for the Palisades
RPV beltline steels is presented which covers the time from annealing to the end of operating
license and beyond, if license renewal is pursued. The Palisades nuclear power plant RPV was
planned to be annealed in 1998, but that plan is currently being re-evaluated. The proposed
anneal was planned to be conducted at a nominal temperature of 454°C (850°F) for one week
(168 hours) to meet the requirements of ASME Section XI Code Case N-557. The decision to
anneal was based upon existing data supporting a large amount of recovery in Charpy shift
properties, plus the use of prior tested surveillance materials reconstituted to allow direct
measurement of recovery. The amount of re-embrittlement will be measured in the supplemental
surveillance program after a few cycles of operation.

Keywords: Thermal annealing, radiation embrittlement, toughness properties, Charpy V-notch
properties, re-embrittlement, surveillance program
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INTRODUCTION

At the time in 1995 that Consumers Power Company (CPCo) made the decision to initiate a
program for thermal annealing of the Palisades reactor pressure vessel, activities were underway
within an American Society for Testing and Materials (ASTM) Task Group* to revise the ASTM
Standard Guide for In-Service Annealing of Light-Water Cooled Nuclear Reactor Vessels (E
509-86).' In concert with this activity and the urgency to respond to utility needs for further
guidance, the U.S. Nuclear Regulatory Commission (NRC) added new paragraph 50.66 to Title
10 of the Code of Federal Regulations (CFR) Part 502 concerning annealing and developed
Format and Content of Report for Thermal Annealing of Reactor Pressure Vessels, Regulatory
Guide 1.162.3 Additionally, the American Society of Mechanical Engineers (ASME) Boiler and
Pressure Vessel Code, Section XI responded to the utility need for Code guidance and developed
In-Place Dry Annealing of a PWR Nuclear Reactor Vessel (Section XI, Division 1), Code Case
N-557.4'5

The revision to ASTM E 509, which was just recently approved, references the latest guidance
provided by the ASME Section XI Code Case and the Nuclear Regulatory Commission
Regulatory Guide, plus includes the experience gained in developing the supplemental
surveillance program for Pacific Gas and Electric, Diablo Canyon Nuclear Power Plant Unit 1
back in the early 1990s6 and the supplemental surveillance program for Palisades which has been
described elsewhere7'8 and will be summarized later in this paper.

REVISED ASTM E 509 METHODOLOGY

The general methodology developed in the revision to ASTM E 509 is shown in Figure 1. The
philosophy was to allow for vessel pre-anneal recovery evaluation using actual irradiated
materials if available or through the use of accepted recovery correlations.9 This information
plus the use of the lateral shift method for projecting re-embrittlement (see Figure 2) allows a
utility the opportunity to assess the long-term value (cost-benefit) to be gained from annealing.
This process allows the utility to make an informed decision whether to proceed with a vessel
annealing program.

Assuming that a decision to consider annealing is made, the new surveillance program that is
needed for vessel post-anneal monitoring is termed a supplemental surveillance program since
additional capsules and/or materials may be needed to adequately ascertain the plant-specific
material property recovery and the rate of re-embrittlement. This supplemental program relies
upon a comparison of recovery results with those that would be expected based upon existing
correlations (e.g., Reference 9), and allows for adjustments if the measured recovery results do
not lie within statistical bounds of the correlation predictions. The most important issue for
future and current life attainment is that of the re-embrittlement rate. Reirradiation embrittlement
data from the supplemental program will provide insight into the real trend after annealing,
which is felt to be conservatively bounded using the lateral shift method as illustrated in

* ASTM Task Group El0.02.07, Vessel Thermal Annealing (ASTM E 509), W. L. Server, Chairman.
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Figure 1. Revised ASTM E 509 procedure for evaluating annealing feasibility, recovery, and re-
embrittlement trend.
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Figure 2. Lateral shift method for estimating reirradiation embrittlement.

Figure 2; the RPV surveillance program must develop appropriate data for irradiated (I),
irradiated and annealed (IA) and irradiated/annealed/ reirradiated (IAR) conditions. Another re-
embrittlement trending method is the vertical shift approach in which the initial irradiation curve
is shifted vertically rather than horizontally. Post-anneal reirradiation results for U.S. RPV steels
suggest a trend curve that lies between the lateral shift and vertical shift methods.10 The EPRI
IAR database/computer code allows the user to select a percentage of lateral and vertical shift
projections to best match any of the reirradiation embrittlement trend for IAR data contained in
the database; this EPRI computer database is discussed in another paper at this meeting."

The ASTM E 509 guidance can be divided into three phases:

Phase A: Evaluation of Annealing Feasibility
Phase B: Verification of Annealing Recovery
Phase C: Monitoring of Post-Anneal Re-embrittlement

The steps included in each phase are as indicated in Figure 1. The process of revising the
material testing and surveillance plan for Palisades followed this basic three phase process and
will be discussed later.

Evaluation of annealing feasibility in Phase A immediately requires determination of the
availability of adequate vessel and/or representative materials. The primary limitations on the
availability of surveillance materials is the small volume in the existing surveillance capsules and
the possible lack of or limited amount of archive material. The reactor pressure vessel
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surveillance program must contain sufficient materials to address the need for I, IA, and IAR
data. The inclusion of supplemental materials will require that new surveillance capsule(s) be
installed inside the reactor vessel. The plans for the surveillance program may call for the
addition of supplemental surveillance capsule(s) installed in normal lead factor locations (i.e., <
3) near the vessel wall, in "accelerated" locations (i.e., on the outside of the core support barrel),
and/or in a material test reactor (MTR). The neutron fluence rate (flux) levels for these latter
irradiations are substantially higher than that at the actual vessel wall (i.e., the lead factor may be
greater than 5 for the vessel accelerated position and may be as high as 100 in the MTR). The
advantage of the higher fluence rate is that the fluence of the supplemental surveillance material
can quickly catch up with that of the actual reactor vessel, but the effects of accelerated
irradiations must be carefully evaluated for both material property recovery and re-embrittlement.

If the combination of supplemental materials from possible new surveillance capsules and the
original surveillance materials provides an adequate supply of representative materials for a
revised surveillance program, then an annealing supplemental surveillance program can be
developed. Thus, a positive response to the first question posed in Phase A of the proposed
ASTM E 509 guidance leads directly to the consideration of materials for pre-vessel anneal
feasibility testing. The initial pre-anneal (Phase A) testing program is best if based on testing of
materials from the original surveillance program, since irradiated supplemental materials are not
available at this stage of the testing program. This portion of Phase A can employ broken Charpy
specimens from the original surveillance program that have been annealed and reconstituted12 to
evaluate the IA response of the vessel materials.

Verification of annealing effectiveness under Phase B of the procedure for evaluating annealing
requires additional testing of irradiated and annealed specimens by duplicating the actual
annealing time and temperature history seen by the reactor vessel. Specimens should be tested in
both the irradiated (I) and the irradiated and annealed (IA) conditions using previously tested
surveillance specimens when available.

The Phase B plan provides a preliminary evaluation of annealing effectiveness in parallel with
the anneal and a completed evaluation after the vessel is put back in service. The data from the
supplemental capsules will be combined with data from Phase A to verify the predictions of the
generic annealing recovery, such as the Eason et al. model.9 It is anticipated that the data will
justify the use of the generic model for all future evaluations of annealing response. If
statistically significant differences between the generic models and the measurements are
detected, the projected Charpy values will be adjusted accordingly. The generic annealing
recovery model is the preferred method for determining the post-anneal properties because it
represents a full body of information regarding annealing and is therefore less subject to
measurement uncertainties associated with a limited number of measurements. The use of a
model also facilitates the application of the measured surveillance data to the determination of
recovery in actual pressure vessel materials, where slightly different values for the composition
and exposure variables invariably exist.

Statistical analysis methods can be used to compare the surveillance program data to the model
predictions of recovery. In any predictive model, variance between the measurement and the
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prediction is expected. This variance is due to normal data scatter expected when measured
values are plotted as a function of predicted values. To verify the model, statistical methods can
be applied to test whether or not the surveillance data falls within the expected scatter. If the data
falls within normal scatter, there is no reason to believe that the model is in error. In statistical
terms, this procedure tests the "null hypothesis" that the model is applicable (i.e. there is no
compelling reason to reject the model). The width of the scatter band can be expressed in terms
of confidence limits. The confidence limits are directly related to the standard error associated
with the model, which are stated in Reference 9 as 9.6°F (17.2°C). For repeated measurements of
the post-anneal property of any single material, the average prediction error has a 95%
probability (approximately two standard deviations) of falling within:

±1.96-4- W
Vn

where, S is the estimated standard deviation, and n is the number of measurements.
To verify the model, the mean prediction error for any material should fall within this confidence
interval. If the data meets this test, the Reference 9 model can be used for all future evaluations
of annealing recovery.

Monitoring of post-anneal re-embrittlement is covered by Phase C of the program. The
completion of the post-anneal irradiation program will require several operating cycles beyond
the anneal. As indicated in Figure 1, the goal of the Phase C re-embrittlement monitoring
program is to provide realistic IAR trend curves. This approach differs from the annealing
verification program because the projection procedures for predicting re-embrittlement rates are
not as well developed. It is possible to conduct a verification program for the annealing recovery
predictions because the projection procedures are statistically based and well documented. In
contrast, the "lateral shift" approach was chosen for re-embrittlement trending, because it is
believed to consistently overestimate the amount of re-embrittlement. Initially, IAR surveillance
data are not available, and the lateral shift is a conservative approach to predict the post-anneal
vessel embrittlement. However, as data from the supplemental IAR capsule and the other
annealed surveillance capsules become available, it is anticipated that it will be possible to
develop a more realistic IAR trend curve.

PALISADES SUPPLEMENTAL SURVEILLANCE PROGRAM

The Palisades RPV was constructed by Combustion Engineering in the late 1960's. The
surveillance program was designed to meet, at a minimum, the requirements of the 1966 edition
of ASTM E 185.13 At that time, the Palisades surveillance program was quite comprehensive.
Unfortunately, the surveillance weld, fabricated a few years after the vessel, was made using a
weld wire heat number that did not match any of the welds in the reactor vessel. Eventually the
1991 requirements of 10 CFR Part 50, paragraph 50.61, would identify this difference as an
essential element for use of surveillance results to determine the status of the reactor vessel with
respect to pressurized thermal shock (PTS). Also note that 10 CFR Part 50 Appendix H (1972)
and later versions of ASTM E 185 (1973 and later) also would require matching weld wire heats
for new surveillance programs.
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The beltline region of the Palisades nuclear pressure vessel encompasses portions of the
intermediate and lower shell courses. Each shell course consists of three plates (A302 Grade B,
nickel-modified) joined by axial welds. The circumferential weld joining the intermediate and
lower shell courses is also part of the RPV beltline. Three heats of weld wire were used in the
fabrication of the beltline welds as indicated in Table 1. Due to the mismatch in weld wire heat
number of the surveillance weld and the reactor vessel beltline welds, the chemical content
(copper and nickel) of the beltline welds was initially estimated using an average for welds
fabricated with RAC03 weld wire and Linde 1092 flux using a cold nickel feed. The chemical
content reported for each of the Palisades RPV beltline welds was eventually modified to directly
comply with the definition of best estimate copper and nickel concentrations found in the PTS
Rule, paragraph 50.61 of 10 CFR Part 50. Table 1 lists the vessel beltline welds and the
surveillance weld with their best estimate chemistries and associated chemistry factors from the
Tables in Regulatory Guide 1.99, Revision 2.14

In response to questions raised by NRC, two chemistry measurements were identified from welds
in other RPV surveillance programs that appeared to meet the criteria for inclusion in the data
representing the Palisades reactor vessel beltline limiting weld. Also, review of fabrication
records identified welds in the Palisades retired steam generators as fabricated with the same
procedures and consumables as were the limiting welds in the reactor vessel. Consumers Power
Company elected to remove weld material from these steam generators to substantiate the
reported best estimate copper and nickel concentrations and variability of these elements in the
beltline welds and to supplement the 10 CFR Part 50, Appendix H surveillance program.

Chemical analysis of the two weld materials yielded somewhat surprising results. One weld
(34B009) exhibited the chemical range and variability expected for welds of this type. The other
weld (W5214), the reactor vessel beltline limiting material, exhibited substantially higher levels
and variability of copper than had been anticipated. When this information was included in the
10 CFR 50.61 assessment of the reactor vessel in 1995, it was projected that the vessel would
exceed the pressurized thermal shock screening criteria in 1999, well short of the current licensed
end of plant life in 2007. Due to the limited remaining operating life as projected to the year
1999, CPCo decided to plan for a thermal anneal of the reactor vessel in 1998 to restore the
toughness properties of the beltline materials. Annealing conditions of nominally 454°C (850 °F)
for a one week (168 hour) hold time for the entire beltline region were selected based upon the
best known set of annealing recovery and re-embrittlement data for materials similar to those in
the Palisades RPV. Subsequent to the decision in 1995 to plan for a thermal anneal, further
analytical work focused on reduction of uncertainties in fluence estimates; these studies resulted
in a reduction in the values of fluence near end-of-operating-life for the Palisades RPV. These
reductions in fluence allow the Palisades vessel to be operated beyond 1999 and closer to the
year 2007. The decision to move forward with the actual RPV anneal in 1998 has been put on
hold.
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TABLE 1. PALISADES VESSEL AND SURVEILLANCE PROGRAM WELDS

LOCATION WELD
WIRE
HEAT

WELD
FLUX
TYPE

Steam Generator
Weld(SSP=)

Steam Generator
Weld (SSI*)

W5214 Linde 1092

34B009 Linde 1092

Cu Ni REG. GUIDE
(wt%) (wt%) 1.99, REV. 21S

CHEMISTRY
FACTOR

0.307" 1.045 267

0.185° 1.121

Nozzle Dropout
(SSI*)

Original $..%'„- 327?: _£indelO92 \
Surveillpvcc \ \ ; __ : , „; I •

227

; 22s -;•

268".

Notes: * RPV best estimate values based upon weighted coil average of all measurements for that heat of
weld wire

b Simple average of measurements for weld region selected
c Supplemental surveillance program (SSP) weld materials
d Based upon surveillance Charpy shift data from capsules A-240, W-290 and W-l 10; the high

nickel content is outside the range from 10 CFR 50.61, Table 1

The sampling of the steam generator weld made it possible to supplement the original 10 CFR
Part 50, Appendix H surveillance program with specimens of welds believed to be more
representative of the RPV than the existing surveillance weld. Representative materials and one
reference material not in the original surveillance program were set aside for the supplemental
capsules. Two of these materials are welds removed from the retired steam generators fabricated
with weld wire of the same heat numbers, the same flux type, and a cold nickel feed, as were the
reactor vessel beltline axial welds (see Table 1). The weld material from the retired steam
generators exhibited distinct layers with substantially different chemical properties. The
specimens for each of these weld materials were removed from the same weld depth,
representing the highest copper and nickel concentrations, to minimize the variability in test
results in the supplemental surveillance program due to chemical composition. Another weld
from a reactor vessel nozzle dropout was included. As also listed in Table 1, this weld was
fabricated using the same weld wire heat number as the reactor vessel beltline circumferential
weld (27204), however a different flux type was used during welding. The standard reference
material from HSST Plate 02 was also made available for a supplemental surveillance program.
The purpose of standard reference materials is to determine if a known material irradiated in an
accelerated location at Palisades will yield comparable results to those developed from standard
irradiation capsules from other plants.
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The implementation of the Palisades annealing program required extensive revisions to the
materials testing and surveillance programs. The guidance in revised ASTM E 509 was used to
develop the supplemental annealing surveillance program for the Palisades RPV. Evaluation of
annealing feasibility in Phase A of the process described earlier and shown in Figure 1 first
requires determination on the availability of adequate vessel and/or representative materials. The
objective of the Palisades anneal is to recover the toughness of the limiting axial welds and other
materials in the reactor beltline. In the Palisades program, the original surveillance materials are
augmented by the supplemental surveillance materials contained in the supplemental surveillance
capsules installed in "accelerated" locations on the outside of the core support barrel. The
neutron fluence rate at these locations is substantially higher than that at the vessel wall (i.e., the
lead factor is greater than 10). This high fluence rate allows the fluence of the surveillance
material to quickly catch up with that of the RPV, but the effects of this fluence rate will be
factored into the overall evaluation of the supplemental surveillance program results.

The Palisades supplemental surveillance program optimizes the use of the limited available
surveillance capsule space by substituting each 55mm x 10mm x 10mm Charpy specimen with
three 18mm x 10mm x 10mm Charpy inserts. This size was selected, because three 18mm
specimens could fit in the space designed for 55mm specimens, and the inserts were large
enough that they could be confidently reconstituted in accordance with ASTM E 1253-88.l3 The
two supplemental surveillance capsules to be installed in the Palisades reactor vessel will contain
36 modified (18mm long) Charpy specimens for each of the three weld materials (12 each for I,
IA, and IAR evaluation) and 12 standard Type A (55mm long) Charpy specimens of the standard
reference material. Three tensile specimens from the nozzle dropout weld (27204) were included
in each capsule. The use of two capsules will allow monitoring at two fluence levels, one below
and one above the targeted fluence at the end of vessel license.

The combination of supplemental materials from the new accelerated surveillance capsules and
the original surveillance materials provides an adequate supply of representative materials for the
revised surveillance program. This positive response to the first question posed in Phase A of the
new ASTM E 509 guidance leads directly to the consideration of materials for pre-vessel anneal
feasibility testing. The initial pre-anneal (Phase A) testing program will be based on testing of
materials from the original surveillance program, since irradiated supplemental weld materials
are not available at this stage of the testing program. This portion of Phase A employs broken
Charpy specimens from the original surveillance program that have been annealed and
reconstituted to evaluate the IA response of the vessel materials. The integration of the Phase A
testing into the overall test program is illustrated in Figure 3. Initial results from this portion of
the test program have been reported.8 Although annealing of these materials at nominally 454°C
(850°F) for 168 hours produced less recovery in the upper shelf of the plate material than
originally projected, extensive recovery of the Charpy transition temperature was observed.
Evaluation of these initial test results indicate that even with the application of the relatively
conservative "lateral shift" re-embrittlement model as shown in Figure 2, annealing would extend
the operating life of the reactor vessel well beyond the current end of license date.

Verification of annealing effectiveness under Phase B in Figure 1 requires additional testing of
irradiated (I) and annealed (IA) specimens by duplicating the actual time and temperature history
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seen by the reactor vessel. As indicated in the surveillance schedule shown in Figure 3,
accelerated surveillance capsules were inserted into the reactor one fuel cycle before the planned
anneal (i.e., before the start of fuel cycle 13). The first capsule (SA60-1) will be withdrawn and
tested after one cycle of irradiation (0.86 x 1019 n/cm2, E > 1 MeV), and the second capsule
(SA240-1) will be withdrawn and tested after two cycles of irradiation (1.78 x 1019 n/cm2, E > 1
MeV). Capsule SA60-1 specimens are planned to be annealed and evaluated prior to the actual
vessel anneal, so that this testing and evaluation falls under Phase A. The second, higher
exposure capsule (S A240-1) materials will be annealed using the actual vessel annealing
conditions providing input for Phase B and specimens for Phase C. Note that some of the future
fuel cycles are being lengthened for better efficiency. Base metal annealing recovery properties
are being addressed by annealing, reconstitution, and testing of previously tested surveillance
specimens. These specimens represent the base metal at fluence levels above and below that
expected for the reactor vessel at the time of the anneal. An additional original surveillance
capsule (W-100) will be removed from the reactor vessel just prior to the anneal. The materials
in this capsule will be tested for the change in properties due to irradiation (I). One half of the
capsule W-100 broken Charpy specimens from the transverse plate material will then be
reconstituted and annealed to determine the irradiated and annealed (IA) properties.

Phase C of the program covers the monitoring of post-anneal re-embrittlement. The primary
reirradiation capsule will contain irradiated and annealed specimens of the supplemental
materials from the Phase B program and plate materials from the original surveillance program.
Annealed specimens will be selected from the surveillance plate and from each of the
supplemental welds (W5214, 34B009, and 27204) and installed in an accelerated surveillance
capsule (SA-60-2) for determination of the re-embrittlement rate (IAR). The possibility of
achieving two fluence levels for the weld material from the same capsule is being considered to
aid in the development of an IAR trend curve. All of the specimens in this accelerated capsule
will be in the form of blanks suitable for reconstitution. The three remaining wall capsules from
the original surveillance program will be annealed by duplicating the actual time and temperature
history experienced by the reactor vessel and, if feasible, reinserted prior to restart. These
capsules will remain in the reactor vessel as part of the new supplemental surveillance program
for additional fluence accumulation prior to testing (IAR). One of these capsules is scheduled for
removal and testing at the end of cycle 17 to provide additional data on the surveillance plate at a
reirradiation fluence of 3.6xl018 n/cm2. The remaining capsules will be held in reserve or used
for appropriate research programs. With the recent decision to put the vessel annealing on hold,
there will be some future changes to the program in Figure 3 since the anneal will not take place
at the end of cycle 13.

The goal of the Phase C re-embrittlement monitoring program is to provide realistic irradiation-
anneal-reirradiation (IAR) trend curves as compared to conservative lateral shift predictions. As
data from the supplemental IAR capsules become available, it will be possible to develop IAR
trend curves which should fall between the lateral and vertical shift model predictions.
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CONCLUSIONS

The guidance in the revised ASTM E 509 provides a general framework which can be
followed by a utility when developing a supplemental surveillance program in
conjunction with thermal annealing. Such a supplemental surveillance program was
developed by CPCo for the Palisades RPV using the new ASTM E 509 to monitor the
actual degree of surveillance material recovery and re-embrittlement trending. The
decision to pursue thermal annealing of the Palisades RPV was based upon existing data
supporting a large amount of recovery in Charpy shift properties, plus the use of prior
tested surveillance materials reconstituted to allow direct measurement of recovery. The
rate of re-embrittlement will be determined from materials irradiated, annealed, and
reirradiated and compared to the lateral shift model of re-embrittlement.

REFERENCES

[ 1 ] "Standard Guide for In-Service Annealing of Light-Water Cooled Nuclear
Reactor Vessels," ASTM Standard E 509, Annual Book of ASTM Standards,
American Society for Testing and Materials, Easton, MD, current published
version approved in 1986 and reapproved in 1991.

[2] "Domestic Licensing of Production and Utilization Facilities," Code of Federal
Regulations, Title 10 CFR Part 50, U.S. Office of the Federal Register,
Washington, DC.

[3] "Format and Content of Report for Thermal Annealing of Reactor Pressure
Vessels," Regulatory Guide 1.162, U.S. Nuclear Regulatory Commission,
Washington, DC, 1995.

[4] "In-Place Dry Annealing of a PWR Nuclear Reactor Vessel," ASME Section XI
Code Case N-557, American Society of Mechanical Engineers Boiler and
Pressure Vessel Code, approved 1996.

[5] Technical Basis for ASME Code Case N-557: In-Place Dry Annealing of a PWR
Nuclear Reactor Vessel, EPRI TR-106967, Electric Power Research Institute,
Palo Alto, CA, November 1996.

[6] Server, W. L., Sullivan, M. D., and Brashear, P. F., "Development of a
Supplemental Surveillance Program for Diablo Canyon Nuclear Power Plant, Unit
1." Service Experience and Life Management: Nuclear, Fossil, and Petrochemical
Plants. PVP-Vol. 261, American Society of Mechanical Engineers, New York,
1993, pp. 51-59.

[7] Server, W. L. et al., "Design of an Annealing Supplemental Surveillance Program
for the Palisades Reactor Pressure Vessel," Effects of Radiation on Materials:
18th International Symposium. ASTM STP 1325. Randy K. Nanstad, M. L.
Hamilton, and A. S. Kumar, Eds., American Society for Testing and Materials,
1997.

[8] Williams, J. F. et al., "The Annealing Recovery of the Palisades Nuclear Power
Plant Surveillance Material Using Weld Reconstitution," Effects of Radiation on
Materials: 18th International Symposium. ASTM STP 1325. Randy K. Nanstad,

202



M. L. Hamilton, and A. S. Kumar, Eds., American Society for Testing and
Materials, 1997.

[9] Eason, E. D. et al., Models for Embrittlement Recovery Due to Annealing of
Reactor Pressure Vessel Steels. NUREG/CR-6327, MCS 950302, U.S. Nuclear
Regulatory Commission, Washington, May 1995.

[10] Server, W. L. and Taboada, A., "An Approach for Estimating Post-Anneal
Reirradiation Embrittlement of Reactor Vessel Steels," in Proceedings of the
Second International Conference on Environmental Degradation of Materials in
Nuclear Power Systems—Water Reactors, Americana Nuclear Society, Monterey,
CA, September 1985, pp. 496-501.

[11] Rosinski, S. T., Server, W. L., and Griesbach, T. J., "Reactor Pressure Vessel
Embrittlement Management Through EPRI-Developed Material Property
Databases," presented at this IAEA Specialists Meeting on Irradiation Effects and
Mitigation, Vladimir, Russia, September 1997.

[ 12] "Standard Guide for Reconstitution of Irradiated Charpy Specimens," ASTM E
1253, Annual Book of ASTM Standards, American Society for Testing and
Materials, Easton, MD, current published version approved in 1988 and
reapproved in 1993.

[13] "Standard Practice for Conducting Surveillance Tests for Light-Water Cooled
Nuclear Power Reactor Vessels, E 706 (IF)," ASTM E 185, Annual Book of
ASTM Standards, American Society for Testing and Materials, Easton, MD,
current published version approved in 1994 and previous versions published in
1961, 1966, 1970, 1973, 1979, and 1982.

[ 14] "Radiation Embrittlement of Reactor Vessel Materials," Regulatory Guide 1.99,
Revision 2, U.S. Nuclear Regulatory Commission, Washington, DC, 1988.

203


