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mendation, or favoring by the United States Government or any agency thereof.
The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.
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ABSTRACT

The objective of this program is to develop, maintain, and upgrade computerized data
bases, calculational procedures, and standards relating to reactor pressure vessel fluence
spectra determinations and embrittlement assessments. As part of this program, the
information from radiation embrittlement research on nuclear reactor pressure vessel
steels and from power reactor surveillance reports is maintained in a data base
published on a periodic basis. The Embrittlement Data Base (EDB) effort consists of
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verifying the quality of the EDB, providing user-friendly software to access and process
the data, and exploring and assessing embrittlement prediction models. The Dosimetry
Evaluation effort consists of maintaining and upgrading validated neutron and gamma
radiation transport procedures, maintaining cross-section libraries with the latest
evaluated nuclear data, and maintaining and updating validated dosimetry procedures
and data bases. The information available from this program provides data for assisting
the Office of Nuclear Reactor Regulation, with support from the Office of Nuclear
Regulatory Research, to effectively monitor current procedures and data bases used by
vendors, utilities, and service laboratories in the pressure vessel irradiation surveillance
program.

1. Introduction

The objective of this program is to develop, maintain, and upgrade computerized data
bases, calculational procedures, and standards relating to reactor pressure vessel (RPV)
fluence spectra determinations and embrittlement assessments. Uncertainties associated
with the predictive methods and data bases are determined. The program is divided into
two major tasks areas: Embrittlement Data Base and Dosimetry Evaluation. Under these
are several subtasks, which address assistance to the Nuclear Regulatory Commission
(NRC) in the area of RPV dosimetry.

2. Embrittlement Data Base

The Embrittlement Data Base (EDB) is a comprehensive collection of data from
surveillance capsules of U.S. commercial nuclear power reactors and from experiments in
material test reactors. The collected data are contained in the Power Reactor
Embrittlement Data Base1 (PR-EDB) and the Test Reactor Embrittlement Data Base2

(TR-EDB). The EDB work includes verification of the quality of the EDB, provision for
user-friendly software to access and process the data, exploration and/or confirmation of
embrittlement prediction models, provision for rapid investigation of regulatory issues,
and provision for the technical bases for voluntary consensus standards or regulatory
guides.

The EDB is designed for use with a personal computer. The data are collected (as
reported) into "raw data files." Traceability of all data is maintained by including complete
references along with the page numbers. External data verification of the PR-EDB is the
responsibility of the vendors, who were responsible for the insertion and testing of the
materials in the surveillance capsules. Internal verification is accomplished by checking
against references and checking for any inconsistencies.

Some of the information contained in the EDBs are Charpy data, tensile data, reactor
type, irradiation environments, fracture toughness data, instrumented Charpy data,



pressure-temperature (P-T) data, chemistry data, and material history. The TR-EDB
additionally has annealing Charpy data.

The current version of the PR-EDB contains the test results from 269 Charpy capsules
irradiated in 101 reactors. These results include 320 plate data points, 123 forging data
points, 113 standard reference materials (SRMs) or correlation monitor (CM) points, 244
weld material data points, and 220 heat-affected-zone (HAZ) material data points.
Similarly, the TR-EDB contains information for 290 SRM or CM points, 342 plate data
points, 165 forging data points, 378 welds, and 55 HAZ materials.

The EDB-Utility, a computer code that contains user-friendly, menu-driven formats
with help screens, provides the capability to access, process, and analyze the data. The
EDB is in relational data files format instead of one single table format, thus saving time
and space. The PR-EDB has been recognized as the basis for the industry-wide data base.

The analysis of the data can include model fittings, tables, and graphs. Applications3

in evaluating radiation embrittlement of reactor vessels include:
1) validation of embrittlement-prediction models,
2) chemistry composition parameter studies,
3) irradiation temperature effects,
4) studies in reactor pressure vessel thermal annealing,
5) investigations of spectrum effects, rate effects, and residual defects modeling,
6) characterization of heat treatment effect on embrittlement,
7) correlation between Charpy test data and tensile test and/or fracture toughness data,
8) comparison of Charpy data-fitting procedures, and
9) statistical characterization of radiation embrittlement.

The data in the EDB has been used in many research analyses3, to include
1) analysis of SRM (CM) A302B and A533B,
2) phosphorus effect in low-copper materials,
3) evaluation of irradiation temperature effects,
4) determination of P-T limit curves,
5) residual study on the impact of improvement of fluence evaluation to U.S. NRC Reg.

Guide 1.99, Rev.2,
6) High Flux Isotope Reactor accelerated embrittlement study, and
7) sensitivity of specimen orientation to radiation embrittlement.

These are a few of the many ways in which the EDB data can be used to help resolve
many of the embrittlement issues.

Current tasks have included the updating of the SRM or CM data, release of update 7
of the PR-EDB, completion of a version of the Fracture Toughness EDB (FT-EDB), and
consolidation of the EDBs. The dosimetry, neutron spectrum, power-time history and
microstructure data are targeted for inclusion in the EDB. Additional future effort in this
area will include the creation of the Analytic Program Library (APL) which will contain
a graphical user-friendly interface. It will provide for the direct interface of the EDB data
with formulas and graphs.



3. Dosimetry Evaluation

The Dosimetry Evaluation (DE) work supports NRC through the radiation transport
and fluence determination in the area of the reactor pressure vessel. This consists of
maintaining and upgrading validated neutron and photon radiation transport procedures,
providing calculational support for NRC-sponsored LWR dosimetry benchmarks,
developing and maintaining multigroup cross-section data libraries using the latest
available evaluated nuclear data, and maintaining and updating validated dosimetry
procedures and data bases.

With release six of the recommended Evaluated Nuclear Data File (ENDF/B-VI), the
cross-section library used in the discrete-ordinates and Monte Carlo multigroup radiation
transport codes had to be updated. The initial fine-energy-group (199 neutron, 42 photon)
library was designated as VTTAMIN-B64 and the broad-energy-group (47 neutron, 20
photon) was designated as BUGLE-934. This year's effort has concentrated on producing
1) a revised version of VTTAMIN-B6, based on ENDF/B-VI, Release 3, and 2) an improved
broad-group data library named BUGLE-96. To accomplish this effort, the SCAMPI5

(SCale and AMpx Processing Interface) code system was created from modules of the
SCALE6 and AMPX7 code systems.

Testing of the LWR BUGLE-93 multigroup cross-section library indicated that
improvements were needed. There were two noteworthy enhancements over the
previously released data:

1) replacement of seven evaluations with improved data and
2) use of an improved procedure to self-shield the constituents of steel in the reactor

pressure vessel.
The revised library, BUGLE-96, was released in March 1996, and this data library
replaced the earlier BUGLE-93 data. The current version has multiple-thermal energy
groups with upscatter, and should provide the user with capabilities to calculate better
thermal fluences and responses. However, the upscatter groups will require longer
running times for the discrete ordinates codes.

This year's effort in supporting NRC-sponsored light-water-reactor (LWR) dosimetry
benchmarks (BMs) has included two calculational efforts. The H.B. Robinson reactor and
the PCA were calculated using the latest update of the ENDF/B-VI cross sections. Draft
Regulatory Guide DG-1053, "Calculational and Dosimetry Methods for Determining
Pressure Vessel Neutron Fluence", requires that calculational methods be benchmarked
against an operating reactor BM and a PV simulator BM. These two BMs meet those
requirements.

One of the key tasks under the Dosimetry Evaluation work is the update and
maintenance of the dosimetry cross-section data base for spectrum adjustment codes, such
as the LSL-M28. The LSL-M2 code performs a logarithmic least-squares adjustment
procedure to determine the neutron spectra from a combination of neutron physics
calculations and foil-activation measurements. It also determines the uncertainties for the



Currently the dosimetry cross-section data base9 has been updated based on data from
the IRDF 90/G-V2 library10, the SNLRML-V1 library11 , and private information3. The
update contains 65 cross sections and covariances, 6 cross sections without covariances,
and 6 fission-foil contaminants with no covariances. It contains responses for determining
the fluence above 0.1 MeV and 1 MeV, displacement-per-atom (dpa) for Fe, Cr, and Ni, Si
displacement kerma factors, and the GaAs 1 MeV equivalent damage function.
Additionally, it contains the atomic weight, decay constants, and abundance for each
reaction.

Future work in this area will include three-dimensional discrete-ordinates and Monte
Carlo standard analyses techniques and BM results using the three-dimensional codes.

4. CONCLUSIONS

With the aging of power reactors, the embrittlement of the PVs is becoming extremely
important. The collection of data related to PV embrittlement into a high-quality well-
referenced database, and the work in the dosimetry evaluation program will aid in
predicting future embrittlement problems and possibly contribute in determining what
mitigating courses of action to take.

The information available from this program provides data for assisting the Office of
Nuclear Reactor Regulation, with support from the Office of Nuclear Regulatory Research,
to effectively monitor current procedures and data bases used by vendors, utilities, and
service laboratories in the pressure vessel irradiation surveillance programs.
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