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MEETING SUMMARY
NRC Embrittlement Workshop
The Legacy Hotel and Meeting Centre
Rockville, Maryland
September 14-15, 2010

MEETING SUMMARY

On September 14 and 15, 2010, staff from the NRC'’s Office of Nuclear Regulatory
Research hosted a meeting concerning the development of a database on the irradiation
embrittlement of reactor vessel steels. Over 50 persons attended (list is attached),
including representatives from Japan, Hungary, Canada, and Switzerland. Also
represented were the US nuclear power industry, government, academia, and the NRC
Offices of Nuclear Reactor Regulation (NRR) and New Reactors (NRO). The meeting
featured discussions on the fundamental physics of irradiation damage in RPV steels,
and detailed discussions on RES staff efforts to build a comprehensive web-based
database of information pertinent to the monitoring and prediction of irradiation
embrittlement trends in RPV steels (this database will be incorporated into the data.gov
framework in 2011). Valuable insights were obtained from industry representatives
regarding the type of information such a database should include, and sources of this
information. A follow-on meeting will be held in approximately January 2011. Itis
anticipated that at this follow-on meeting the database will be populated by well over
90% of the information that has ever been docketed with the NRC as part of 10 CFR 50
Appendix H-mandated surveillance programs.

Following this document you will find the following information:
e The agenda used for the meeting. This agenda provides an index to the slides
used by all of the presenters. These slides are also attached.

e Alist of persons who attended the meeting.

If you require additional information regarding this meeting please contact Mark Kirk at
mark.kirk@nrc.gov.






AGENDA
NRC Embrittlement Workshop
The Legacy Hotel and Meeting Centre
Rockville, Maryland
September 14-15, 2010

Day 1 — Tuesday September 14, 2010

0830 — 0900 Breakfast/Badge Distribution
0900 — 0915 Welcome and Introductions
0915 - 1135 Mechanical and microstructural data, regulatory needs and industrial
needs
File ID Topic Speaker
A-1-Hardies NRC Perspective Bob Hardies, NRC
A-2-Kirk NRC Perspective Mark Kirk, NRC
A-3-Carter The BWRVIP Integrated Surveillance Program and Bob Carter, EPRI
Industry Database Needs
A-4-Kirk Mechanical property data Mark Kirk, NRC
A-5-Burke Microstructural data Gracie Burke, Bettis
A-6-Soneda Physics of irradiation damage Naoki Soneda, CRIEPI
1135 -1300 Lunch (on your own)
1300 — 1450 Current NRC Embrittlement Database Efforts
File ID Topic Speaker

. . N Mark Kirk,
B-1-Kirk Database aims and objectives, and database structure NRC
B-2-Stevens | Database source material ﬁ;r():/ Stevens,
B-3-Klask Database hardware and software structure, and demonstration Hilda Klasky,

y of alpha version of database software ORNL

1450 — 1510 Refreshment Break
1510 — 1640 Presentations from Participants

File ID Topic Speaker

C-1-Mastsuzawa

JNES “PRE” project

Hiroshi Mastsuzawa,

JNES
CRIEPI test reactor irradiation and plans Naoki Soneda
C-2-Soneda for future characterization of surveillance material in CRIEPI '
Japan
C-3-Hosler Data Base Offered by A_REVA NP GmbH for Ryan Hosler, AREVA
Development of Predictive Models
1640 — 1700 Closing discussions for the day
1700 Adjourn






Day 2 — Wednesday September 15, 2010

0830 — 0900 Breakfast

0900 — 1000 Presentations from Participants, Continued

File ID Topic Speaker
C-4-Nanstad ATR irradiations Randy Nanstad, ORNL
C-5-Byrne US-PWROG coordinated surveillance Steve Byrne, Westinghouse

Program

1000 — 1020 Refreshment Break

1020 — 1130 Presentations from Participants, Continued

File ID Topic Speaker
Different approaches to verify the consistency and reliability of | Enrico
C-6-Lucon )
surveillance test results Lucon, NIST
. Susan
C-7-Ortner Comments on database analysis Ortner, NNL
C-8-Watkins Surveillance specimen fluence evaluations Ken Watkins,
Transware
Analysis and Fitting Protocols for CVN vs. Temperature Data: Bill Server,
C-9-Server

Some Thoughts Based on Prior History

ATI

1130 — 1300 Lunch (on your own)

1300 — 1530 Open discussions on the following topics (File ID: D-Closing Discussion)
e Best targets for future data entry
o Power reactors
o Testreactors
e QA protocols
e Analysis protocols
e Roles for other organizations in the project, and interest of other organizations in

1530 — 1545 Wrap up, actions items, and meeting closure







LIST OF ATTENDEES

NRC Public Meeting
14-15 September 2010
Rockville Maryland

# Last Name First Name Affiliation Country Email Address
1 |Wright Mike Atomic Energy Canada Limited Canada wrightmd@aecl.ca

2 |King Peter Nuclear Engineering, Babcock & Wilcox Canada Ltd. Canada piking@babcock.com

3 |Vaucher Rachel NRC/DLR France nrcoipb@earthlink.net

4 |Tatar Levante Budapest Atomic Energy Research Institute Hungary tatar@aeki.kfki.hu

5 |Nomoto Akiyoshi CRIEPI, Japan Japan a-nomoto@criepi.denken.or.jp
6 |Soneda Naoki CRIEPI, Japan Japan soneda@criepi.denken.or.jp

7 |Matsuzawa |Hiroshi Japan Nuclear Energy Safety Organization (JNES) Japan matsuzawa-hiroshi@jnes.go.jp
8 |Kenjiro Aono JNES Japan aono-kenjiro@jnes-usa.org

9 |Lee Bong-Sang Korea Atomic Energy Research Institut (KAERI) South Korea |bongsl@kaeri.re.kr

10 |Efsing Pal Royal Institute of Technology, KTH Sweden pal.efsing@vattenfall.com, efsing@kth.se
11 |Niffenegger |Markus Paul Scherer Institut Switzerland [markus.niffenegger@psi.ch

12 |Ortner Susan NNL, UK, Harwell United Kingdom |susan.r.ortner@nnl.co.uk

13 |Hosler Ryan AREVA USA ryan.hosler@areva.com

14 |Burke Gracie Bettis Laboratory, Bechtel Marine Propulsion Corp. USA m.g.burke@att.net

15 [Resnik Mary DoE USA mary.resnik@navy.mil

16 |Ruggiero Ed DoE USA ed.ruggiero@navy.mil

17 |Sridharan Kumar Engineering @ Univ. of Wisconsin USA kumar@engr.wisc.edu

18 |Carter Bob EPRI USA bcarter@epri.com

19 |Boggs Scott Florida Power & Light Co. USA scott.boggs@fpl.com

20 |Frew Brian GE Hitachi Nuclear Energy USA brian.frew@ge.com

21 |Meyer Mitch INL USA mitchell.meyer@inl.gov

22 |Server William Ironwood Consulting, LLC USA williamser@aol.com

23 |Weakland Denny Ironwood Consulting, LLC USA weaklandd@gmail.com

24 |(Lucon Enrico NIST USA enrico.lucon@nist.gov

25 |Carpenter Gene NRC USA gene.carpenter@nrc.gov

26 |Fairbanks Carolyn NRC USA carolyn.fairbanks@nrc.gov

27 |Focht Eric NRC USA eric.focht@nrc.gov

28 |Hiser Al NRC USA allen.hiser@nrc.gov

29 |lyengar Raj NRC USA raj.iyengar@nrc.gov

30 |Kirk Mark NRC USA mark.kirk@nrc.gv

31 |Poehler Jeffrey NRC USA jeffrey.pohler@nrc.gov

32 |Purtscher Patrick NRC USA patrick.purtscher@nrc.gov

33 |[Stevens Gary NRC USA gary.stevens@nrc.gov

34 |Tregoning Robert NRC USA robert.tregoning@nrc.gov

35 [Min Seung NRC/DCI USA seung.ming@nrc.gov

36 |Hardies Bob NRC/NRR/DCI USA robert.hardies@nrc.gov

37 |Moyer Carol NRC/RES/DE USA carol.moyer@nrc.gov

38 |Cumblidge Stephen NRC/RES/DE/CIB USA stephen.cumblidge@nrc.gov
39 |Reister Richard Nuclear Energy, US DOE USA richard.reister@nuclear.energy.gov
40 |Bass Richard Oak Ridge National Laboratory USA bassbr@ornl.gov

41 |Klasky Hilda Oak Ridge National Laboratory USA klaskyhb@ornl.gov

42 |Nanstad Randy Oak Ridge National Laboratory USA nanstadrk@ornl.gov

43 |Stringfield Julie Oak Ridge National Laboratory USA stringfieldjj@ornl.gov

44 |Holthaus Kevin Omaha Public Power District (OPPD) USA kholthaus@oppd.com

45 |Erickson Marjorie Phoenix Engineering Associates, Inc. USA erickson@peaiconsulting.com
46 |Marthandam |Vikram Structural Integrity Associates, Inc. USA vmarthandam@structint.com
47 |Gladden Jordan Transware USA jordan.gladden@transware.net
48 |Jones Dean Transware USA dean.jones@transware.net

49 |Jones Eric Transware USA eric.jones@transware.net

50 |Watkins Kenneth Transware USA kenneth.watkins@transware.net
51 |Morgan Dane Univ. of Wisconsin USA ddmorgan@wisc.edu

52 |Byrne Steve Westinghouse Electric Co. USA byrnest@westinghouse.com
53 |Hall Brian Westinghouse Electric Co. USA halljp@westinghouse.com

54 |Kim Charles Westinghouse Electric Co. USA kimcc@westinghouse.com
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Plant-Specific
Decisions

AnaIyS|s
Trend Curve Surveillance Protocols
Development Assessment (averaging, what @,
what T, tanh?)

US Plant Data Non US Plant Data Research Info
Charpy, tensile, Charpy, tensile, Theory, test reactor

Data We Have Heard
About (or Have!)

chemistry, fluence, chemistry, fluence, data, pstructure data,
temperature, ... temperature, ...
US Power Rx Data Non-US Power Rx Data Research Info

Existing and future surveillance  Japan, Belgium, France — as Nanstad — ATR Irradiations.

reports published in open literature Available in 2012+

PWR.OG SO German surveillance NRC - IVAR

surveillance program

Other documents ... list New Japan surveillance SCK — RADAMO

Hein - CARINA/CARISMA
Other published research studies
EC - FRAME

NRC — HSSI irradiations

EC — LONGLIFE

Key: Available Now  Available in Future Availability Sought  Availability Now Restricted

MA Al






Value of Linking Licensing < USNRC

United Srates Nuclear Regulatory Commisslon

Layer to this Database? e

e As-reported layer: REPOSITORY OF RAW INFORMATION
¢ \erbatim echo of information in source documents
e No interpretation

We are here

Processed 1 layer
Units made consistent
Multiple values of fluence, chemistry, etc. reconciled into single values

Processed 2 layer
e Transition temperatures, athermal yield strengths, upper shelf energies
e TT shifts, YS increases, and USE drops

/\/\

e VALUES FOR USE IN-REGULATORY REVIEWS
Should we go here? e Regulatory layer

e Regulatory values






Proposed Task Groups R LUSNRG

Name Remit

Identify and collect source documents relevant to USLWR
embrittlement assessment

Modify database structure as needed to accommodate needs
identified by other groups

Identify and recommend coding protocols for data analysis
techniques

Develop protocols to validate correct entry of information
Data Checking from source documents. Document and correct obvious
errors.

Make recommendations on how the information in the
Licensing database can be used to update RVID. Recommend what
additional information is needed for this purpose

Grner dkiz Investigate possibility of addition to database test reactor data,
non-US data, and micro-structural data. Collect such data.

meeenlRND, <
A 4

Documents
Database Structure

Analysis






Other Sources of Power <®USNRC

United Srates Nuclear Regulatory Commisslon

Reactor Data oot gl s e Bortommens

 Fluence reports

* Owners’ Group Reports

* Fabricator Reports

+ 50.61 submittals

« Up-rate or license renewal report

« EMAS

« WCAP-14044 or 14040 (fluence re-eval)
+ BAW-2305 ANP-2650 (GL-92-01)

* Chemistry CE/NPSD-1198

* GL-92-01 (NRC Side) — il

» GE EMA report N | 7'
AA -






Other Notes & Actions %UEERQ

« Aim to have meeting in January 2011, coincident with
the ASTM E10.02 meeting that will be held In
Baltimore at that time

— Permits NRC time to complete development of the database
so that > 90% of the surveillance data will be entered

— Permits EPRI time to secure funding
At that venue and time it will be appropriate to begin
discussions on
— Data analysis protocols
— Procedures to validate data entry

4-
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DEVELOPMENT OF PREDICTIVE MODELS
OF NEUTRON IRRADIATION EMBRITTLEMENT
IN REACTOR PRESSURE VESSEL STEELS TO SUPPORT
EFFORTS ON NUCLEAR
POWER PLANT LIFE EXTENSION

LSl\RC

UNITED STATES NUCLEAR REGULATORY COMMISSION

Protecting People and the Environment

Bob Hardies
September 14, 2010










{) US NRC Plans for R. G. 1.99 and

| e Appendix G

e Concurrent Revisions to Regulatory Guide 1.99 and
10 CFR 50, Appendix G

10 CFR 50.61(a) correlation in Regulatory Guide
1.99, Rev 3 will tend to increase BWR hydrostatic
pressure test temperature.

— New correlation predicts effect in a region of
sparse data (high fluence, low flux)

* Risk informing Appendix G tend to decrease
hydrostatic test temperature

U.S. Nuclear Regulatory Commission





{) U S NRC Long Term Plans

Ptig'Ppl dﬂE

e Correlations in 10 CFR 50.61 and 50.61(a) were
developed with available very high fluence data.

* Aging plants may accumulate high enough fluence
that operation would occur where correlations are
less rigorously anchored by data.

* Very high fluence effects addressed in current
regulations by credibility criteria (data checks).

* Need high fluence data.

U.S. Nuclear Regulatory Commission
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Data Infuses Into HUSNRC

United Srates Nuclear Regulatory Commisslon

Regulatory Decisions e e

Plant-Specific
Decisions

: Analysis
Trend Curve Surveillance Protocols
Development Assessment (averaging, what @,
what T, tanh?)

Processes Outcomes

US Plant Data Non US Plant Data Research Info
Charpy, tensile, Charpy, tensile, Theory, test reactor
chemistry, fluence, chemistry, fluence, data, ustructure data,
temperature, ... temperature, ...

Info






Database Provide a HUSNRC

United Srates Nuclear Regulatory Commisslon

Means to ... oot gl s e Bortommens

» Systematically
— Manage knowledge,
— Retain knowledge, and
— Keep knowledge current.

 Streamline efforts to modernize predictive equations

* Improve NRC efficiency in reviewing plant-specific
submittals related to RPV integrity

* Improved efficiency in assessing impact of updated
requirements on the fleet

— Regulatory Guide 1.99 Revision 3 <l

— 10 CFR 50 Appendix G ‘ "

A 4
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The BWRVIP Integrated
Surveillance Program and
Industry Database Needs

Bob Carter, EPRI

Development of Predictive Models of
Neutron Irradiation Embrittlement in
Reactor Pressure Vessel Steels to
Support Efforts on Nuclear Power Plant
Life Extension

September 14-15, 2010
Rockville, Maryland





Introduction

e In 1997, NRC requested BWRVIP assistance in
resolving issues associated with missing or incomplete
unirradiated baseline properties for 14 BWR survelllance
welds and 7 BWR surveillance plates

o After considerable study, the BWRVIP Initiated a project
In 1999 to develop an BWR integrated surveillance
program (ISP)

* The ISP was patterned after other integrated programs

using host reactors to gather surveillance data for the
fleet of BWR vessels

BWR Vessel & Internals Project (BWRVIP)
© 2010 Electric Po search Insti ved.
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Surveillance Program Criteria

e Requirements specified in 10CFR50, Appendix H

* No surveillance program required for materials with peak
EOL fluence levels < 1017 n/cm? (E > 1 MeV)

e For all other “beltline” materials:

— a plant-specific surveillance monitoring program must
be in place meeting the requirements of ASTM E-185,
or

— the plant must be part of an approved integrated
surveillance program using representative materials
and host reactors of sufficiently similar design and
operating features

BWR Vessel & Internals Project (BWRVIP)
© 2010 Electric Po search Insti ved.
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l Background and History of BWR
Surveillance Capsule Design

 Early versions of ASTM E185 (prior to 1979) specified
that selected capsule materials should represent one
base, one weld, and one HAZ material from the vessel
beltline region

 Many BWR surveillance capsules were designed prior to
Reg. Guide 1.99, Revision 1 (1975) when the
embrittlement effects of copper were not yet known

* As a result, many BWR capsules do not have the limiting
vessel materials that are now predicted by improved
embrittlement correlations

BWR Vessel & Internals Project (BWRVIP)
© 2010 Electric Po search Insti ved.
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. Problem Areas in Monitoring Vessel
Embrittlement

« Materials in surveillance programs often do not match
limiting vessel beltline materials

 Specific identity of surveillance materials (e.g., heat
number) is not known in some cases, so the surveillance
data can not be used directly

e Unirradiated (baseline) data for some BWR survelllance
capsule materials is lacking

 Limited remaining archival materials representing the
limiting BWR vessel beltline materials

BWR Vessel & Internals Project (BWRVIP) (o =] | AT e

© 2010 Electric Power Researc h Institute, Inc. All rights reserve 5





Objectives of the ISP

» Address regulatory concerns regarding inadeguate or
missing unirradiated baseline data

e Improve overall evaluation of RPV embrittlement by
selecting the best representative material for each vessel
limiting material

 Improve overall quality of surveillance data by including
the BWRVIP SSP capsule data

* Make optimal use of a BWR Supplemental Surveillance
Program (SSP)

* Reduce the cost of surveillance monitoring to the BWR
fleet by indefinitely deferring the testing of capsules
whose data would not be valuable to the fleet

BWR Vessel & Internals Project (BWRVIP)
© 2010 Electric Po search Insti ved.
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Supplemental Surveillance Program (SSP)

e Began in late 1980s by the BWR Owners Group to
supplement BWR embrittlement data

* 9 capsules inserted into host reactors Cooper (Capsules
A, B, C) and Oyster Creek (Capsules D, E, F, G, H, I)

« 25 materials (13 plate and 12 weld); 84 sets of weld and
plate Charpy specimens, including EPRI-contributed
materials

* Material chemistries and target fluences chosen to span
the range of BWR vessel beltline materials

e Excellent characterization of baseline data

BWR Vessel & Internals Project (BWRVIP)
© 2010 Electric Po search Insti ved.
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Development of the ISP

* Development of the ISP consisted of the following
general activities:

— ldentifying the limiting materials in each reactor vessel
that the program would be designed to monitor

— Selecting the best surveillance material from all
available candidates to represent each limiting
material

— Developing a schedule for withdrawing and testing the
ISP capsules; and,

— Developing a program management plan that defines
responsibilities, provides for timely reporting and data
sharing, and ensures periodic program reevaluation
and update

BWR Vessel & Internals Project (BWRVIP) (o =] | AT e
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Identification of Limiting Materials

e [dentify the limiting vessel beltline materials (plate and
weld) for each BWR vessel

e Basis:

— unirradiated material properties (initial reference
temperature),

— chemical composition (weight percent copper and
nickel), and

— projected neutron fluence at the 1/4-T depth for the
highest fluence location for that material

 EOL ¥-T Adjusted Reference Temperature was
calculated using the correlations in NRC Regulatory
Guide 1.99, Revision 2

BWR Vessel & Internals Project (BWRVIP)
© 2010 Electric Po search Insti ved.
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Selecting Best Representative (1 of 2)

e [dentify all available BWR surveillance materials

— Plant survelllance capsules (vessel wall capsules

only)
— Supplemental Surveillance Program (SSP) capsules

e [dentify up to 6 candidate materials

* Document the final selection of best representative in an
Individual Vessel Evaluation (IVE)

— The IVE’s list of candidate materials serves as the
contingency plan required by 10CFR50 Appendix H in
case the selected material is affected by future plant
shutdown, etc.

BWR Vessel & Internals Project (BWRVIP)
© 2010 Electric Po search Insti ved.
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Selecting Best Representative (2 of 2)

» Selection of the final best representative was an iterative
process

— find best solution that optimizes overall number of
surveillance materials in ISP

— consider NRC Staff recommendations (e.g., match
fabricator)

 The final pairing of representative material to target
material for all RPVs constitutes the ISP Test Matrix

BWR Vessel & Internals Project (BWRVIP) (o =] | AT e

© 2010 Electric Power Researc h Institute, Inc. All rights reserve 11





ISP Test Matrix - Example

Plant 1 Limiting Weld
Plant 1 Limiting Plate
Plant 2 Limiting Weld
Plant 2 Limiting Plate

Plant 3 Limiting Weld

Plant 3 Limiting Plate

Plant 4 Limiting Weld

Plant 4 Limiting Plate

Plant 1 Capsules

Plant 2 Capsules

Plant 3 Capsules

Plant 4 Capsules

Plant 5 Capsules

sSSP Capsule

BWR Vessel & Internals Project (BWRVIP)

© 2010 Electric Power Research Institute, Inc. All rights reserved.

12

ErrRl|

ELECTRIC POWER
RESEARCH INSTITUTE





ISP Test Matrix - Data

At least two capsules will be tested for each
representative surveillance material

e Data from two irradiated capsules, together with the
baseline data, provide the representative data set for the
surveillance material, from which a surveillance-based
Chemistry Factor (CF) for the material can be calculated

 In many cases, three or four irradiated data points will be
available, because representative materials are often in
more than two capsules and also in the SSP

ISP capsule test schedule established to obtain data
near the target material’'s ¥s-T fluence (for 40 and 60
year operation)

BWR Vessel & Internals Project (BWRVIP) (o =] | AT e
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ISP Test Matrix - Results

13 host plants and 9 SSP capsules constitute the ISP

e Original plant license period

— 14 plant capsules to be withdrawn and tested
 License Renewal period

— 13 plant capsules to be withdrawn and tested
» Testing of 66 capsules will be deferred indefinitely

BWR Vessel & Internals Project (BWRVIP)
© 2010 Electric Po search Insti ved.
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BWRVIP ISP Documents

Program Plan Implementation
Guidance and Data

Source Book

BWRVIP-135, Revision 2

BWRVIP-86, Revision 1

BWR Vessel & Internals Project (BWRVIP) [ o =] ||
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Summary of BWRVIP ISP Data

* There are 15 plate heats and 14 weld heats designated as ISP
representative materials. The data is organized as follows:

— Summary of available Charpy test data
— Best estimate chemistry
— Effects of irradiation (AT;,, A Tgy, and T4, lateral expansion)

— Comparison of actual vs. predicted embrittlement and upper
shelf energy

— Crediblility of surveillance data

— Tables of Charpy test results

— Tanh curve fits of Charpy test data
— References

BWR Vessel & Internals Project (BWRVIP) ErPr2l | ELECTRIC POWER

. _ . RESEARCH INSTITUTE
© 2010 Electric Power Research Institute, Inc. All rights reserved. 16





Status of BWRVIP ISP

 NRC has approved the BWRVIP ISP

e Each U.S. plant has modified their licensing basis to
Incorporate the ISP in their design basis

* The ISP is now being implemented by all U.S. BWR
utilities

BWR Vessel & Internals Project (BWRVIP) [ o =] ||
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Industry RPV Databases

 Various RPV material databases have been developed
for U.S. LWRs dating back to the late 1970’s

— Industry and NRC have developed separate
databases
 NRC - MATSURYV, PR-EDB, RVID2
 EPRI - PREP4, RPVDATA
« NSSS Owners Groups — chemistry databases
« ASTM E10.02 - TTSDatabase8-04R1.xls

— Content, evaluation methods and applications of the
Information have varied

* The databases have not been updated since ~2002
although a considerable amount of surveillance data has
been generated

BWR Vessel & Internals Project (BWRVIP) (o =] | e o, T

© 2010 Electric Power Research Institute, Inc. All rights reserved. 18





Industry Needs

» Current industry focus is on extending the life of nuclear plants well
beyond 60 years

 RPV embrittlement predictions beyond the current limits of the
surveillance database (i.e., flux and fluence) will be necessary to
estimate vessel lifetimes

* A single, consolidated, verified and living database of (U.S.)
surveillance materials is required for evaluation of RPV
embrittlement trends and correlations

— Additional data from other (international) sources might be
necessary to fill in gaps but needs to be handled with care

 Significant coordination and collaboration between industry and
NRC will be required to ensure accuracy of the database

RESEARCH INSTITUTE

BWR Vessel & Internals Project (BWRVIP) (= =lr=l] | ELECTRIC
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Analysis/Data Issues Needing Attention

» Determination of best estimate chemistry for RPV materials and
surveillance materials

— The best estimate chemistry of the material in the vessel
considers all industry-wide data and thus may differ from the best

estimate chemistry of the surveillance heat of the same heat
number

* Methods are different for plate and weld

— Many best estimate chemistry values are out of date, for
example

» Additional surveillance material tests from the ISP or SSP

* In many cases, bounding chemistries were reported instead of best
estimate chemistries

« Data search conducted by BWRVIP for CB&I welds

— Compilation and best-estimate values for other elements such as
P, Mn, and Si has not been conducted for most materials

BWR Vessel & Internals Project (BWRVIP) ErPr2l | ELECTRIC POWER

© 2010 Electric Power Research Institute, Inc. All rights reserved. 20
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Analysis/Data Issues Needing Attention

* Determination of capsule fluence

— Surveillance capsule fluence values change over time

» Methodologies have changed either due to technical
advances or for regulatory reasons (Reg Guide 1.190)

» Typical practice has been to reanalyze all previous capsules
as part of each fluence evaluation

— Some capsules have not been reanalyzed

RESEARCH INSTITUTE
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Analysis/Data Issues Needing Attention

« Charpy data is generally fit using a symmetric hyperbolic
tangent (Tanh) function but approaches can vary

— Some applications allowed the upper and lower shelf
to vary independently (chooses best fit)

— BWRVIP method is to fix the upper and lower shelf
values
* Lower shelf = 2.5 ft-Ibs
« Upper shelf = average of data exhibiting 100% shear
 The ASTM database was refit using both symmetric and
asymmetric Tanh functions (refer to ORNL-TM-2006-

530, "A Physically Based Correlation of Irradiation-
Induced Transition Temperature Shifts for RPV Steels”)

BWR Vessel & Internals Project (BWRVIP)
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Areas for Collaboration

» Several opportunities exist for industry collaboration to ensure
accuracy of an NRC surveillance capsule database

— EPRI databases (RPVDATA and PREP4) and ASTM database
should be used to assist with data pedigree

— EPRI and NSSS vendors should act as independent checkers of
the data. Reliance on utilities would be sought where necessary
to resolve questions on data

— ldentification of relevant data not published in capsule reports

— ldentify anticipated withdrawal dates for future capsules

— Agreement on data fields and entry procedures

— Agreement on data evaluation methods

— Compare or separate “licensing” data from actual measured data

RESEARCH INSTITUTE

BWR Vessel & Internals Project (BWRVIP) ErPr2l | ELECTRIC POWER

© 2010 Electric Power Research Institute, Inc. All rights reserved. 23






Meechanical.Preperty Data

Mark Kirk

USNRC/RES/DE/CIB
mark.kirk@nrg.gov

Presented at:

Development of Predictive Models of Neutron Irradiation Embrittlement
In Reaetor Pressure \essel Steeli to Support Efforts in Nuclear Power
P Plant Life nsion Worksho&

September 14-15, 2010
Thed_egacy Hotel and Meeting Centre
Rockville, Maryland

United Srates Nuclear Regularory Commission
Pmtecng People and tbe En vironment






Data Avallable HUSNRC

United Srates Nuclear Regulatory Commisslon

US Survelillance Protecting People end she Evironment
Mechanical Property Other
» Charpy :
— Temperature, energy, % : Chem'Stry
shear, MLE - Fluence
— Instrumented tup (force vs.
T “mle) » Flux
° 1enslie i
_ Yield » Temperature (melt wire)
— Ultimate

— Stress strain curve

* Fracture toughness
— Upper shelfor T,
— Specimens usually stored
» Hardness
— Not common
\

mennesith W,






Data Available ®USNRC

United Srates Nuclear Regulatory Commisslon

Other Sources Protecting People and the Environment

* Non-US surveillance

» Research studies (test reactor studies)






Some Uncommon FKUSNRC

United Srates Nuclear Regulatory Commisslon

Viewpoints Prociog P nd e Eromer

« Including all of the data Is important so that we do not
throw away information. The job of a database is:

— To make information available to users, and
— To accurately and without judgment characterize the data, but

— NOT to make judgments about what data is acceptable, or
unacceptable, for use

 Best determined by the user
» The determination is probably application specific

 Data pedigree Is not as important as you may believe
« Large data sets reveal trends otherwise obscured

4-
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Large Data Set

Example 1
0.8
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0.4 -
=
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S 0.2 -
5 01974 Data
‘3 0 - Current Data
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United Srates Nuclear Regulatory Commisslon

1974 data
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data from

surveillance
through 2002

Trend Evident €
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sSummary FUSNRG

» All data is valuable

* The job of databases Is to record data and make it
accessible, not to judge what may be needed In
particular applications

— Applications specific judgments on
* data acceptability, and
 analysis protocols
can be made later

« Large data sets reveal trends otherwise obscured
— New knowledge can be gained from inclusive database
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Why Microstructure?

* Microstructure controls material properties

« Thermomechanical processing affects
microstructure

« Composition affects microstructure (phase
transformations/phase stability/segregation
phenomena)

By understanding microstructural development
during neutron irradiation, it is possible to
avoid/mitigate/alter/model material degradation

BECHTEL MARINE PROPULSION CORP. ;





What Controls Microstructure?

Heat Treatment/
Service Exposure

Alloy Composition/
Chemistry

MICROSTRUCTURE

Fabrication/ Processing
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Major Variables in Microstructural Development Include

Alloy Composition
(Cu, Ni, Mn, Si)

Irradiation-Induced
Microstructure

Neutron Neutron
Fluence Flux

BECHTEL MARINE PROPULSION CORP. ‘ 2
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Microstructure Developed During Irradiation
Affects Material Properties

Irradiation-Induced
Microstructure

Total Embrittlement = Hardening + Non-hardening

ﬂ\
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How to Evaluate Microstructure?

« Basic characterization
— Optical metallography

* General structure at the “meso-scale” (Grain size,
microconstituents, coarse phases, inclusions, carbides)
— Scanning electron microscopy/X-ray Spectroscopy

* “Meso-scale” microstructural analysis (size, morphology,
& distribution of carbides, inclusions; qualitative
microanalysis)

* Fractographic analysis (fracture mode)

BECHTEL MARINE PROPULSION CORP.





How to Evaluate Microstructure?

 Advanced Characterization
— Small Angle Neutron Scattering (SANS)

» Detect “scattering centers” (average size, number density; infer
“average composition”)
— Positron Annihilation Spectroscopy (PAS)

* Presence of “open volume™ defects in a “bulk” sample

— 3D-Atom Probe Analysis (Tomography)
 Ultrafine-scale compositional analysis/reconstruction

— Analytical/Transmission Electron Microscopy (AEM/TEM)

* Precipitates, dislocations, nanocavities, segregation, semi-
quantitative microanalysis

— Aberration-Corrected Transmission Electron Microscopy

« “Lattice images” coupled with qualitative/semi-quantitative
microanalysis

BECHTEL MARINE PROPULSION CORP. (





Different Instruments are Required to Resolve
Fine and Coarse Microstructural Features

‘» Grain size (clusters of crystals)
L 10°m Alignment of grains
) (mm) o _
& 2nd phase distribution
) 106 2nd phase identification, size and distribution
I - m e
8 (um) Crystal defect distribution
((,__) Alloy and impurity chemistry distribution
o Crystal structure
% Atom spacings
— 10° m . s
(nm) Atom identification

—
Volume or Area of Material Analyzed

BECHTEL MARINE PROPULSION CORP.





Different Instruments are Required to Resolve
Fine and Coarse Microstructural Features

103 m

(mm) . : 2
Scanning Electron Microscope
(imaging, qualitative-analysis, orientation)

10°%m : ..

(um) Analytical Transmission

Electron Microscope (imaging,
diffraction, microanalysis)

Length Scale (meters)

109 m Ad‘ffﬁ‘i‘%ﬂ%‘”fefffbe

(nm)

—
Volume or Area of Material Analyzed

& A
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Irradiation Embrittlement of RPV Steels:
=P ldentifying the Physical Changes

Defects, Presence of

Precipitates Vacancy-
Related Defects
(>~3 nm)

Irradiation-
Damage
Behavior
Composition,
Morphology,

‘Mechanical
Properties

Size of Features

BECHTEL MARINE PROPULSION CORP. ;





Irradiation Damage Mechanism Investigation
Technical Approach

3D-AP:

Composition, Size, &

Number Density

©
o

Consistent
Interpretation

of AP & SANS

Data for Feature
Composition, Size, V;
& Number Density

SANS:

Scattering Data

(magnetic & non-magnetic)

Evidence for
Irradiation-induced
Hardening Features

Correlate Hardening
Features with Ao, ,

Fluence &
Composition
(Ni, Mn, etc.)

PALA/PIA: Evidence of

Vacancy-Defect Component;
Recovery Behavior during
“annealing” (via Hv)

12
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“Conventional” Characterization of Low Alloy Steels

BECHTEL MARINE PROPULSION CORP.
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A508 Gr2i Ferrite + Bainite

IR

A508 GraN Tempered Martensﬂ_e + Bal

-&It"_‘-.. T ‘., N .'\..‘rﬁ A ‘)j;!"”
- Py o

{“.'
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SEM Characterization of Lower Shelf Fracture Morphology

archive 18 mdpa

Comparison with Archive is Essential

oy

15
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Relationship between AT,,; and AVHN

4 for IDM Steels and Welds

irra
250
¢ High Flux-Forging
B Low Flux-Forging 0.0935CudWe|d
_ - . mdpa
200 High Flux-Weld y = 1.74x X
¥ high flux-all R2 = 0.91
Linear (High Flux-Forging)
—— Linear (high flux-all) ® y=-160x
D 150 - R?=0.98
9 150
3
e 0.22 Cu Weld
- 17 mdpa
> 100 X X
<7 | 0.03 Cu Weld
15 mdpa
50 -
&
0 . I I I I I
0 20 40 60 80 100 120
A VHN

~.
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Advances in understanding irradiation embrittlement
through microstructural characterization using:

 APFIM (conventional & 3D AP): Composition, approx. size, approx.
number density, evidence of segregation; dependent on sampling volume
(limited).

 SANS (coupled with AP): Average size, number density, inferred
composition; “bulk” sample

* PAS (coupled with PIA): Presence of “open volume” (vacancy-related)
defects; change in vacancy-related defects as (T, ,ca1 & tinneal)

« FEG-STEM EDXS Microanalysis: Ultrafine nano-scale features
containing Cu, Ni, Mn, Si and Fe.

Special
TEM (for annealed Fe) — Jenkins & (Marquis) Kirk
TEM: In situ ion irradiation damage — Kirk & Jenkins
TEM: Electron irradiation — Barbu et al.

17 BECHTEL MARINE PROPULSION CORP.





APFIM/ 3D-AP Characterization of Irradiated RPV Materials

A302B — Miller & Brenner: identified carbides and ~10 nm Cu-enriched regions

HB Robinson Il Weld - Burke & Brenner: identified ultra-fine (~2-3 nm) Cu-Mn-Ni-Si
enriched solute clusters

Gundremmigen Forging Steel — Burke & Miller: identified non-random distributions
of solutes

High Ni — high Mn Weld Alloys — Williams et al.; Worral & Smith; Burke & Brenner;
Hyde et al.. Cu-Mn-Ni-Si enriched solute clusters

French RPV Steels and Welds — Pariege et al.: Identified Cu-enriched solute
clusters

German RPV Steels and Welds — Kampmann et al.

EPRI-CRIEPI PWR Welds and Plates — Hyde et al.: Identified Cu-enriched solute
clusters;

Belgian/European Steels and Welds — Pariege et al.: Solute clustering
CRIEPI PWR RPV Steels — Soneda et al.: Solute clustering and nanoprecipitates
VVER Steels — Miller et al.; Solute clustering, nanoprecipitates, segregation

A508 Gr 4N Steels & Welds — Burke et al.: Development of solute “fluctuations” ,
“clusters” and “nano-precipitates” depending on fluence and flux.

18 BECHTEL MARINE PROPULSION CORP.





Utilization of Post-Irradiation Annealing coupled with
Hardness Measurements

D. Pachur (1980’s): Applied PIA to assess hardness change as a

function of T, ., @nd t, eal
- Attributed recovery to various “mechanisms” (Ni, Cu, etc.)

Mader & Odette (1990’s): Used PIA with microhardness and SANS to
study damage and recovery

Burke et al. (2000’s): Used PIA with bulk hardness, SANS, PAS (PALA)
and 3D-AP to study irradiation damage and recovery mechanisms in
A508 Gr4N steels

Soneda et al. (2000’s): Used PIA with microhardness to complement 3D-
AP, SANS and PAS evaluations of irradiation embrittlement

19 BECHTEL MARINE PROPULSION CORP. (





Technique “Raw” Data “Derived” Parameters/Metrics
Optical Images (digital: pixels) - Grain Size (average & distribution)
Microscopy 9 9 P - Inclusion/2nd Phase: size/distribution
- Grain Size (average & distribution)
SEM Images - Inclusion/2nd Phase: size/distribution
(EBSD, Backscatter Diffraction Patterns - Fracture Morphology/Proportions (IG, TG, ductile)
EDXS) X-ray Spectra/Spectrum Images - Crystallographic Texture (EBSD)
- Semi-quantitative microanalysis of features >~1 ym
- Phase Identification (including precipitates)
Images - Size & morphology of phases/precipitates
AEM Electron Diffraction - Extent of deformation; type of deformation
EDX Spectra - Determination of sample (foil) thickness
- Semi-quantitative composition measurement (Z>Na)
- Reconstructed analysis volume
Atom Mass Spectra (via TOF) - Id_entlflcatlon of featur_es via _composmon only
Prob lon Position Dat - Size, morphology & distribution of features
robe ol Heslle ek - Matrix composition measurement
- Segregation/Co-segregation/Non-uniform solute distributions
Scatteringllntengity with/without H: Complex Data Reduction Algorithms
measured differential scattering cross- - Volume-weighted “feature” size distribution
SANS section, corrected for background effects | _ mean feature diameter
SESAL;LFEES MORHIRA RIS ISR SOINIINC: - Number density of irradiation-induced scattering “features”
PAS Measured Positron Lifetime - Size of annihilation site (single vacancy, 60-vac. cluster, etc.)
Intensity vs. Energy for the 511 eV vy _ _
PALA with an electron (valence or conduction) | - Relative “recovery’/"annealing out” of vacancy-related
REQUIRES NON-IRRADIATED CONTROL defects (when measured as a function of temperature)
SAMPLE
FEG-STEM | Images o .
- Quantitative composition measurement (Z>Na
EDXS EDX Spectra & Spectrum Images Q > ( )
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Technique Derived Parameters/Metrics from “Raw” Data
Optical - Grain Size (average & distribution) - Im (X=£y um) (linear)
Microscopy [ - Inclusion/2nd Phase: size/distribution - um? (area) ; etc.
- Grain Size (average & distribution) - um (X=£y um) (linear)
SEM - Inclusion/2nd Phase: size/distribution - umZ (area) ; etc.
(EBSD, - Fracture Morphology/Proportions (IG, TG, ductile) - areal % (IG, TG, ductile)
EDXS) - Crystallographic Texture (EBSD) - Pole Figures; GB Character Distribution
- Semi-quantitative microanalysis of features >~1 ym - Composition (wt. or at.%)
- Phase Identification (including precipitates) - Structure determination
AEM - Size & morphology of phases/precipitates - um (X=£y um) (linear);um? (area); etc.
- Extent & type of deformation (i.e., hot-, cold-worked) - Qualitative Assessment of deformation
- Determination of sample (foil) thickness (for ppt. vol. frac.) - nm; #m3
- Reconstructed analysis volume - nm3
- Identification of precipitates; size; number density - nm; nm? per ppt; #/m3
Atom - Identification of irradiation-induced solute “features”: - isoconcentration surfaces
Probe size, morphology & distribution within analysis volume - composition
- Matrix composition measurement - contingency table analysis-composition
- Segregation to interfaces frequency distributions
Complex Data Reduction Algorithms - nm
SANS - Volume-weighted “feature” size distribution - #/m3
- Mean feature diameter (inferred composition) - A incoherent scattering
- Number density of irradiation-induced scattering “features” - A coherent scattering
PAS - Size of annihilation site (single vacancy, 60-vac. cluster, etc.) | - nm
- Relative “proportion” of vacancy-related defects
PALA - Relative “recovery”/”annealing out” of vacancy-related - AS, AW and as f(T,nnear tannear)
defects (when measured as a function of temperature)
FEG-STEM o . - composition
EDXS - Quantitative composition measurement (Z>Na) - elemental maps
PIA (with - Fractional recovery rates of irradiation damage — AHv
Hv) - Correlations with AT, Ac g - % Recovery as (T, eal) Pv





What techniques are effective for characterization of irradiation damage?

Technique
o AEM
Irradiation SEM (FEG- PAS /
Damage LOM (EBSD/ TEM STEM 3D-AP SANS PALA
EDXS) EDXS)
Depends on Inferred from
Solute- nature of Dependent scattering;
related - - “feature” on size of Yes requires -
“features” (i.e., discrete | feature independent
precipitate) input (AP)
Onlx if Yes
manifested (dependent
Segregation | - by change | _ on extent Yes -~ -~
in brittle
and
fracture
element)
mode
il Yes roauires
draerlnaatgg / -- -- blacgt(s;pots ’ -- -- independent Yes
. " confirmation
features voids 2 1 nm (PAS/PALA)

22
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Schematic of Atom Probe

- —
- -~

e Sa o Position-sensitive
’ N .
,/ N Channel plate ion
)/ I(rplal\t/?tienl]r;tgirr:zl;lﬁ]r/screen \ detector
/ \
Need|e- ! Older APFIMs '
shaped | / |
sample ‘ ,'
\\ ['
\ /
\ /
\ /
\\ //
V+ \\ / //

~50K d (distance) /

m/c = (constant)V(flight time?/distance travelled?)

Samples must be electrically conductive

Cryogenic temperature, ultrahigh vacuum

Rapid Voltage pulsing system

High speed computer timing system _
BECHTEL MARINE PROPULSION CORP.
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Field-lon Micrograph of Irradiated Steel

oy
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3D-AP Optical ECoPoSAP
Analysis of A508 Gr4N
iIrradiated to 68 mpda under
low flux conditions

Irradiation-induced features (fine
clusters and coarser
“nanoprecipitates”)

Recursive search & erosion
algorithm (Hyde) applied to original
dataset for a more accurate
assessment of feature composition
and size

BECHTEL MARINE PROPULSION CORP. “





Detection of Solute-enriched Clusters in 0.22 Cu — 1 Ni —
1.3 Mn Weld irradiated to 17 mdpa (high flux)

Reanalysis of LEAP dataset : 5.4 X 10°%ions — 3.6 X 10° ions

3 nm removed from surface of analyzed volume

“Cluster” artifacts from data acquisition Solute-enriched clusters

o

3 nm removed from surface
of analyzed volume

‘é.
BECHTEL MARINE PROPULSION CORP. 4
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Composition Data derived from 3D-AP Analyses

"cluster"/"precipitate": bulk composition
Enrichment Ratio

100

75

50

25

BFe
B Ni
OMn
BCu
OSi

0.59 wt.%

0.3 wt.%

Mn

0.12 wt.%

Si=0.26 wt.%

Mn

Cu=
-Ni =3.75 wt.%

ZV-806 123P171 207N947
low flux low flux high flux
85 mdpa 68 mdpa 79 mdpa
“clusters” “precipitates” “clusters”

oy
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Solute Cluster Composition (at%)
0.03 Cu Weld - 95 mdpa

100% -

0/ -
S0% mFe
S 80%- @ Cu
o
s 70% o Si
C  60%
o OMn
"i 50% -
S 40%-
g 30% -
© 20% -
10% -
0% T T T T T T T T T T T T T T T T T T T
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Cluster
—> < > < > <+—> < >
0.8 0.9 1 1.1 1.2 15
Note: Mean Cluster Size (nm)

* All solute-enriched clusters contain Ni and Si, all but 1 contain Mn.
* Only ~30% of the clusters contain Cu

No effect of size on composition

P
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Quantification of Fine Scale Clustering
using 3D-AP

* Tools

— Composition frequency distributions to identify
non-random distributions of solute atoms

— Contingency table analyses to identify co-
segregation

— Maximum separation method to identify solute
clusters

« All require user to select appropriate parameters!
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Example of Derived “Metrics” from Atom Probe Data

Does neutron irradiation result in localized compositional
“changes” in steels?

Summary of 3D-AP Contingency Table Analyses (Co-Segregation Assessment)

in A508 Gr4N Forging Steels and Welds

co. 1245285 | 1245285 | 118K001 | 10N AMN 207N947 (18 mpda)
< (17 mdpa) | (11 mdpa) | (18 mdpa) we .
egregants high ¢ low ¢ high ¢ (~6 mdpa) high ¢ 0.5h /350°C | 0.5 h/ 450°C
low ¢
Cu —Mn not significant not not not significant significant at not significant significant at
significant significant 5% level 5% level
Ni — Mn significant at | not not significant at | significant at | significant at significant at
0.1% level significant significant 0.1% level 0.1% level 5% level 5% level
o significant at | not not o significant at | significant at significant at
Mn —Si 1% level significant significant not significant 0.1% level 5% level 1% level
Cu - Ni significantat | not not significant at | significant at | significant at | significant at
5% level significant significant 1% level 0.1% level 0.1% level 10% level
_a significant at | not significant at S significant at | significant at o
Cu-si 5% level significant 5% level not significant 5% level 0.1% level not significant
Ni — Si significant at | not Z;gonfé/cant significant at | significant at | significant at | significant at
0.1% level significant Ievél 0 1% level 0.1% level 0.1% level 10% level
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Effect of PIAon PALA AS and AVHN of A508 Gr 4N
Steel 124S285 Irradiated to 17 mdpa (high ¢)

0.019 { — 60
............... 50
0.015 4 g, )
- 40 hardening due
0 -
o 0.011 4 % o’v?:::::;y
S 30 5 rela mage
< % g
0.007 - E- 20
kS
0.003 - é 10 -
hardening due
-0.001 44— to solute
. | | fluctuations
0 100 200 300 400 500

Postdrradiation Annealing Temperature (°C)

P
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Effect of Flux on Damage Recovery (AVHN)
iIn AS08 Gr 4N Steel 125285 (3.35 Ni- 0.3 Mn)

{;High ¢-17 mdpa

vacancy-
related
hardening

.......................................................... X (o) Iute-
related
¥| hardening

100 200 300 400 500

Post-Irradiation Annealing Temperature (°C)

as-irradiated
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Example of Derived “Metrics” from SANS Data

Non-Magnetic Features

Partially Magnetic Features

33

Steel Vfrelative Dl?r?:’r?)ter
Volume fraction Nd Volume fraction Nd
A5O%§5:n2d 5;’806 0.065 0.00211 2.3 X 10%/m? 0.00554 6 X 1023/m® 26
A508 Gr 4N
207N947 0.049 0.0015 2.1 X 10%*/m?® 0.0061 8.7 X 10**/m?® 1.1
18 mdpa
PIA 0.0067 0.00081 3.8 X 10%®/m?® 1.6
27%7::33; 0.174 0.00508 2.9 X 10%/m? 0.01185 6.7 X 10%/m? 15
PIA 0.030 0.00087 4.9 X 10%°/m?® 0.00202 1.1 X 10%*/m?® 1.5
A508 Gr 4N
1245285 0.0592 0.00214 3.1 X 10%*/m?® 0.0073 1 X 10®/m? 1.1
17 mdpa
118K001 18mdpa 0.0033 0.0004 3 X 10%/m3 1.4
1Ni- } '53n':’g;m\’ve'd 0.158 0.00429 4.7 X 10%/m? 0.01148 1.3 X 10%/m? 1.2
PIA 0.010 0.00026 2 X 10%/m3 0.00069 4 X 10%?/m? 3.2
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SUMMARY OF IDM RESULTS FOR 1 Ni — 1.3 Mn WELDS

< | Irradiation Irradiation-Induced Features
ample :
History 3D-AP SANS AVHN, PIA-AVHN.,
099 C e solute-enriched e ~1.9 nm (average
. u (Ni/Mn/Si/Cu) clusters diameter)
17 mdpa full recove
105S o P (~1.4 nm) o ~0.0446 Vf . _ ~56 | ° 0°C Y
weld Ig (I) e ~2 X 10%3/m?3 e ~8 X 1023/m3 @ 55
¢ no solute “fluctuations” | ¢ ~0.00268 VI solute
e ™Ni “fluctuations” e ~1.2nm
15 mdpa | * Mn “fluctuations” e ~0.158 V{ative
high ¢ :'Il'wo ~1” nm Fe-Ni-Mn e ~1 X 1025/m3
clusters e 0.01148 Vfabsolute o
incomplete
. (?\lg}lﬁe;ggriﬁhed ‘7 ~73 recovery @
15 mdpa i/Mn/Si) clusters e ~1./ nm °
0.03 Cu Fiah P (~1 nm) (few w/Cu) e ~0.0503 Vf 450°C
105S Igh ¢ |, 21 x 10%9/m3 o ~8 X 1023/m?3
weld PIA o Ni “fluctuations e ~0.00206 Vf .0
e Mn “fluctuations”
¢ solute-enriched e ~2nm
95 mdpa | (Ni/Mn/S/Cu) clusters e ~0.1220 Vi g ative 90 |°® full recovery
high ¢ (~1.4 nm) e ~2 X 10%/m3 @ 500°C
e ~3 X 10%%/m3 o ~0.00738 Vf., ..

where Vf , = relative volume fraction of scattering features (based on using a nominal scattering contrast factor)

\i

absolute

= “absolute” volume fraction of scattering features based upon the A-ratio, an assumed feature density, a feature

composition (determined via 3D-AP data), and an assumed magnetic moment of the scattering features
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Hardening due to a dispersion of “obstacles”
(Brown & Ham; Russell & Brown)

. assumes a dispersion of spherical features
average barrier spacing = L

| -1 = V(Vol. fraction)
(1.77 1)

Further Analysis using Russell-Brown Model.
Used Friedel Modulus Data for Fe and Ni

Assumed Ni precipitates in an Fe matrix
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Comparison of Predicted & Measured AVHN for IDM Steels & Weld

A VHN IDM

100

80

60

40

20

/ R ¢ 207N947 18 mdpa
/ R4 ¢ 207N947 18 mdpa PIA
/ R ¢ 207N947 79 mdpa
¢ 207N947 79 mdpa PIA
1 Ni Weld 15 mdpa
® 1N Weld 15 mdpa PIA

R
y K 1245285 17 mdpa
Q’/ A 118K001 18 mdpa
7 o W ZV806 85 mdpa (low flux)
/I "‘
*
*
0““
*
2 ‘,0"
/7 “
/ ()
A
Q“
20 40 60 80 100

A VHN (Russell-Brown)
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IDM Program (High Ni — Low Cu Materials)

AVHN, 124 = AVHN 5 mmn + AVHN e

irrad —

No need to invoke “Late Blooming Phases”/ Ni-Mn precipitates/
phases/etc.)

— Continuum of solute-related hardening
features in contrast to single Cu precipitation
term.

Both “natures” (vacancy-related and solute-related) likely to be
manifested as a single “damage feature”
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Irradiation Damage Characterization

Microstructural Development During Neutron Irradiation
— |ncreasing Neutron Dose =—>

@000 ©Oe 000000 Ee 000G O
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V0V OOUPpU B WO OOPpOHODOWO O
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Solute Atmospheres/  gq|yte-Enriched Clusters Nano-Precipitates
Solute Fluctuations
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Outline ]RCRIEPI
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Irradiation-induced features that cause embrittlement
Effect of solute elements

Effect of temperature

Effect of neutron fluence

Effect of neutron flux

Known unknows and unknow unknows





Embrittlement Mechanism : General Consensqgcmm

\ i,

m Formation of Cu-enriched clusters (CEC)
In Cu-containing materials
Cu core associated with Ni, Mn and Si
2~3 nm in diameter
obstacle to dislocation motion
dose rate effect exists

m Formation of matrix damage (MD)
point defect clusters such as dislocation loops or vacancy
clusters, or point defect — solute atom complexes.
main contributor to the embrittlement of low Cu materials

m Phosphorus segregation on grain boundary
P segregation weakens grain boundaries.
May not be very important for relatively low P materials





Atom Probe Tomography

0.3x0.3x10mm
| I

Electro-polish
— Optical Microscope

A

232nm « Cu

30nm

Needle tip

Detector
Fast = light Y
Time of flight
X
Element
Detection position
Slow = heavy
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Nature of Cu-enriched clusters IR criee

100%

W Cu-Ni-Si-Mn cluster

:\a '.... il fil .ll'u i .u|||' -!'i"""'“I i '|I|.| il Iii,,u'. il -.' ]

<. |||| |||,|||||| I"'||||'| |||!||I |||||;!'|l.|Ill:l'qlllhli'i!iiill!ulllu|| |||||||'||, i ||!|||ii!|!|!|||l'||ll ""'lillll'li"ﬂl.hl'Il"lll|||"|.|ll ”iiil'||'Iliii“lllllllillllh!lﬁ|!|"i||lll il |||"!|i| |I|'i|' "'II'|",Il'll"ﬂllll"llﬂllhl' | llii'”“"IHIil i

é (1l || || Ml || I il 22 %1023 m-3
g ngh Cu steel o Ve 42x109
Sl 0.12Cu, 4x10®°n/cm?, E>1MeV gl 3.1nm

0% 35x 41 x 491 nm3:13.7M atoms

1 11 21 31 41 51 61 71 81 91 101 111 121 131 141 151 161 171 181 191 201 211 221 231 241 251 261 271 281 291 301 311 321 331 341 351 36!
100%

80% l|| lIIIII H I

Eg%‘ -

§' oo II IIIII "" _!r | 1.2 x 102 m-3
s l 2.9x 10°

= vddium cu steel 3.4nm

O

0.07Cu, 6x10*n/cm?, E>1MeV

33 x38x 284 nm3: 8.1M atoms

I II |ll| TR A E ||l| T AT TR TR
'"'"Iill'ull At ';ii"':Ii'iiih!!ilii:inn|Iiin||||i|.nii:i:nu.q..ull..mmi i
§ ||, ii“lfnl.h:l 'i' I|||||i ii"ll||| ||!!!!! |!!|'| ..|||,|||.|||.||I||II|||I|I|-|||||.|||,|.|II|||I||iiI|| .-.|| "!!!ll!' N, 5.6x102mS
= 2V, 11x103 =
2l Low Cu steel | /‘Eﬂ/
@)

0.03Cu, 6x10%*n/cm?2, E>1MeV
" 1 6 11 16 21 26 31 36 41 46 51 56 61 66 71 76 81 86 91 96 101 106 111 116 121 126 131 136 141 Ni-Si-Mn Cluster

Cluster ID

41 x 49 x 264 nm?3: 11.2M atoms





Are Ni-Mn-Si clstrs responsible for embrittlemdRte

280

—e— DWO
—=— DW2

260

240

AHv

220

200

180

Holding time: 30min

400°C

450°C 500°C

600°C

0

Temperature (°C)

e Bulk Cu content : 0.04wt.%

» Recovery of hardness
occurs at 500°C

» Clusters becomes very
diffuse at 500°C

50 100 150 200 250 300 350 400 450 500 550 600 650 . |

s 1rrad.

A

50x60x158 nm3 35x45x300 nm3 31x39x238 nm3 31x42x299 nm¢ 24x33x272 nm3
10.0M atoms 10.4M atoms 6.6M atoms 8.6M atoms

5.1M atoms

2010/09/J>|I-MH-SI clusters are also responsible for embrittlement.





Contribution of SC to embrittlement IR criee

100 200 : —
: ox'/;<
80 e o &
o ® *. 4 i 0 S R GRnOEEEEEES QO 4---mmmmm e meome oo
: A O |
— . ! &
8 60 O | 20
5 .. TE 100 freseenessemseneenenees e
Z e 2 ;e
£ 40 _ S - | Of
< x A o2
e® 4 y QI
(570 N /.‘:'.----: .............................................
20 —® »
. [
//.
0 0 | L
0 0.02 0.04 0.06 0.08 0.00 0.05 0.10 0.15
V{2 VAL
Surveillance data MTR irradiated data
(N. Soneda et al. CRIEPI Q06019, 2007) (JNES PRE Project, N. Soneda et al. JAI 102128, 2009.)

m Transition temperature shift is almost proportional to V2 of
solute atom clusters.

This relationship between ART,prand V2 is independent of chemical
compositions of the clusters.

Slight difference in the slopes is observed between the surveillance data and
MTR data.





TEM Observation IR crier

0.12Cu : 4x10%¥®n/cm? 0.07Cu : 6x10¥®n/cm?

.

e 4
Y = .
i 3 e

B=[011], 3g (g=21-1) =——— B=[133], 3¢ (g=-110) —
Mean size: 2.6 nm Mean size: 2.3 nm
Number density: 1.8x10%2 m-3 Number density: 1.9x10%2 m-3

m Dislocation loops are observed in the RPV materials irradiated
In commercial reactors.

m Number densities of the loops are relatively low.





Can vacancy be matrix damage? IR criee

Low Cu RPV steels irradiated in BWR
EPRI/CRIEPI joint program

25 | | | | | ‘ ‘ ‘ | | | |
1 | | | | | —e—EP2,BWRAA ) 1 N o |
L [ 777777777777 o N o i 0002 7w Ep2 BWRaD |
20 : 1 : r
15 oo e A O N O S - R —— —~
] .. 0.0015 —- " e
= 10 e S e m 7 \x\‘]‘\ ,,,,,,,,,,, _
L om | n i | |
2 5L N N S i;,,L’i ,,,,,,,,,, i < o001
0 Ty o T TR 7 } : : ‘ —
| i 0.0005 = SR e e
S || —m— EP2 BWR4A """"""" """""""""""" N
100 0O 100 200 300 400 500 600 -100 A/oR 100 200 300 400 500 600
AR _
Annealing Temperature (°C) Temperature (°C)

AS : Measure of the amount of
open Volume

m Recoveries occur at different temperatures
Open-space type defect is not a major contributor to hardening.





Embrittlement mechanism: revised IR criee

\ /

m Copper-enriched cluster m Solute atom cluster

m Matrix damage m Dislocation loop
m Phosphorus segregation on

grain boundary





Effect of solute element IR crier

m Copper is the most harmful element.

m Synergetic effect of copper and nickel has been well
recognized since the work by Hawthorne (1982).

m Phosphorus?

m Manganese?





Effect of NI on Hardening

200

100

Delta Sigma (MPa)

0.35

0.0

F=2.6, T=305°C

%0.12

0.16

% O O Cu=028-035

1 6 Cu=012-016

A Cu=0.005
h.o B Adjusted 10 Cu=0.15
0 : ]
0.50 1.00 1.50
Nickel (%)

G.R. Odette, G.E. Lucas, ASTM STP 1046

(1990) 323.

AHYvV
w
o)

200

Hardness, Hv
>
o

120

100

i i L
0 0.1 0.2 0.3
Copper Conc. (wt.9%)

H. Shibamoto, et al., ASTM STP 1405
(2001) 722.

m Increase in nickel content causes hardening even in very low or
no copper materials.

m Number density of dislocation loops increases and loop size
decreases in nickel containing materials.
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Effect of Phosphorus IR crier

m Effect of P has been widely accepted, but the
mechanism has not been identified yet.

m Non hardening embrittlement due to P segregation
on grain boundaries is a possibility, but it seems that
this is not the mechanism of P effect in western-type
RPV materials.

m Thereis adataindicating that P plays arole in low
Cu materials but not in high Cu materials.

P contributes to hardening by forming precipitates.
Recent US correlation method

m P atoms are found mostly on dislocation lines and
solute atom clusters (APT).
They agglomerate to such features very quickly.





Effect of P in low and high Cu materials IR criee

MELT 67" MELT 68"

< .0l % Cu .30 %Cu

wr| " T s m P effectis evident only in

%0- . oh %50 low Cu materials.

o L T w Very little data are
* RRADIATED -'Ij'.'.-' av a| I a.b I e |n th e

288C (550F) =

asotmetoes || L surveillance database for
low Cu & high P materials.

! 025 025 L It is not easy to separate the

A om R effect of P from that of Cu.

il T M
. ?I_5 % & 5 )

Cy 41J (3011~ 1b) TRANSITION TEMPERATURE INCRE ASE

VSO O
003 i k[ gk B

a B8 C 0 A B _C D
MELT CAST

Hawthorne, 1986.





Effect of Mn on Hardening

m Mn effect may exist in RPV
materials.

m Fe-Mn model alloy also shows
larger embrittlement than pure
Fe. (A. Kimura, et al.)

2010/09/14

Mn clusters are also observed in
Fe-Mn model alloy. (Y. Nagai, et al.)

Fe-ion irradiation of Fe-Mn alloy
shows similar results.

]RCRIEPI

Fe-ion irradiation
RT, 0.3dpa, 3.8x10>dpa/s





Effect of temperature

m Low temperature irradiation
causes larger shifts in both
high and low Cu materials.

m Empirical linear correlation
has been proposed by
Jones and Williams for low
Cu materials.

2010/09/14
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Ab33B
Shift at Charpy 41J
Fluence : 1.7x10%°n/cm?, E>1MeV

J. Ahlf, FJ. Schmitt, IAEA
Specialists’ Meeting on “Irradiation
Embrittlement and Surveillance of
Reactor Pressure Vessels,” IAEA,
Vienna, 19-21, Oct. 1981.
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Effect of fluence Rcmm

m The amount of embrittlement is predicted as a power
function of fluece with the exponent of 0.15~0.35 for
the fluences up to 1x10%° n/cm?, E>1MeV.

RG1.99 : 0.28-0.10logf
JEAC4201 : 0.29-0.04logf (base metal), 0.25-0.10logf (weld)

FIS : 0.35
VVER : 0.29-0.04logf (VVER-440), 0.33 (VVER-1100)

m Recent mechanism-guided CRP
correlation equations predict
that different fluence
functions for CRP and MD.

m AT, = A ()05

m AT.pp = B (1+tanh((log f - C)/ID MD
m Late Blooming Phase

m High Ni and high fluence log

AT






Fluence effect on the volume fraction of SC

JNES PRE Project

Volume fraction
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]RCRIEPI

N. Soneda et at., J. of ASTM International,
Vol. 6, No. 7, Paper ID JA1102128

© W1 (0.20/0.88)
0 W2 (0.13/0.86)

W3 (0.10/0.88)

W4 (0.02/0.84)

____________________________________

____________________________________________________________

____________________________________________________________

____________________________________________________________

Fluence (x10%° n/cm?, E>1MeV)

m Volume fractions of solute atom clusters keep increasing with fluence.
This is primarily due to the growth of clusters.
Number density does not increase very much with fluence.
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Recent trend of surveillance data IR criee

Cu < 0.05wt.% Low Cu plate
45 100
g0 | T JEAC4201-2004 Data obtained after publication
80 T JEAC4201-2007+MR+Mc \
70 T ® Surveillance data
;G g 60
5 5 50
~ =
= S a0
30
20
10
0 " 1 1 1 1 1 1 ) 0
0 1 2 3 4 5 6 7 0.00E+00 5.00E+19 1.00E+20
Neutron fluence (x10°n/cm?, E>1MeV) Neutron fluence (n/cm2, E>1MeV)
Data from the ICONE17 meeting paper by N. Soneda, 1SaG2010, Tokyo, May 2010.

N. Yamashita et al.

m Embrittlement increases almost linearly with neutron fluence.





Effect of flux Odette et al., ASTM STP 1325, 1997. IR CRIEP

1026 T T T T T
m Odette model *F""_L—-L_W““'
Fluence to peak hardening decreases 1024 ?‘gi:;;:; surv. i
at low flux conditions due to ‘*‘_EE
contribution of thermal diffusion. =
< 1023 .

At high flux condition, larger fluence is
necessary because of the suppression

. . . . . 22 i i A i
O; dIfTUtSIdor]]‘ dl:e to pair recombination 02 01t 1ol ot
of point defects.

Fisher/Eq. 1 @ 290°C
& 0.4 Cu + GROgm

¢ (Vm2-s)
- Irradiation time (s)
| Soneda CaICUIathn 5&0“’1091081071061051?“1()'3102
At low flux, the number of thermal g L e P |
vacancy jumps becomes comparable & ™, Vams(ne E
to that of irradiation-produced vacancy < *[
JumPS. . g 20:_ \Irradiation—inducedvacancyjurr-1-p-s \
At high flux, thermal vacancy is 5 | NG
.. o ! . ]
_negllglble, and the number _of vacancy g | | memtvnoris -
jumps decreases due to pair Z O 1

recombination of point defects Dose rate (dpa/s)
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Surveillance materials study (2) IR criee

80 Cu: 0.24 wt.% —
SP1 e
70 S~ .
Low flux Irradiation (BWR)

60 o ®
O . SP1
o ®
~ Cu 0.24 wt.%

- SPT2 0 9 17 )
Q 40 - = ot 9x10'" n/cm

= SPT1 . 3 N, 4.32x10%m?3
Dé 30 °< V;  4.39x103
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0 . . .
Neutron fluence (°C) High flux Irradiation (MTR)

30

25 ¢

m Very low flux irradiation causes
larger shifts.

m Lower flux irradiation makes Cu-
enriched clusters much larger.

Cu 0.24wt%

ot 1.3x10*° n/cm?
Ny 2.94x102m3
V, 1.25x10%

ds 1.96 nm
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Unstable matrix feature at high flux IR criee
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300 T T 300 T - L.
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m Unstable matrix feature, UMF, is produced at high flux.

m This may cause larger shifts at high fluences.
There are evidences of UMF in IVAR database.





Recovery after annealing : IVAR LI (0.2wt%Cu)] crie:
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m PIA: 5 hours @ 350°C

m Thereis no recovery in T16. The ratio of recovery increases
with increasing flux except for diameter.
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Known unknows Rcmm

m Unstable matrix feature (UMF)
Does high flux irradiation cause larger shifts at high fluences?
Is UMF a new phase (MD, CEC + UMF) or anything else?

m Late Blooming Phase

Ni-Mn-Si phase are formed in low Cu and medium Ni materials
iIrradiated in both power reactors and MTRSs.

Does LB phase appear at high fluences in high Ni (and maybe
high Cu) materials?

m Material effect (?)
CE effect, Linde80 effect, ...
Product form effect

m Decoration of dislocations by dislocation loops
What is the effect of decoration?





Dislocation loop formation near line dislocatiojfgerier

m Clusters are preferentially formed near one
side of dislocation.

m Some clusters are the rings that lie on the
same plane, suggesting dislocation loops.

m Some of the other clusters may be small
dislocation loops with solute atom
L os segregation.

50'nm

)

®Cu, ®5i, OP

B9-3: R7_02618, 42.9x49.4x265nm, 12.0M

LV
Presented at ASTM Symposium in 2008. B9-3: R7_02571, 35.7x41.6x235nm, 8.05M






Unkown unknows [Rcmm

m Embrittlement only from micro- and macro-scopic
(mechanical property) points of view has been
discussed.






NRC Embrittlement Database
AIms, Objectives, Structure

Mark Kirk

USNRC/RES/DE/CIB
mark.Kirk@nrg.gov

Presented at:

Development of Predictive Models of Neutron Irradiation Embrittlement
In Reaetor Pressure \essel Steeli to Support Efforts in Nuclear Power
P Plant Life nsion Worksho&

September 14-15, 2010
Thed_egacy Hotel and Meeting Centre
Rockville, Maryland

United Srates Nuclea Rgl y Commission
Prote mgPapleandtl E ment






Background FUSNRCG

» The NRC requires licensees to submit considerable
Information on the materials and design of NPPs ...

— ... but this information is not stored in a useful manner

» Previous NRC efforts (PR-EDB for raw data & RVID-2
for licensing data)

— PR-EDB — abandoned for a decade. RVID — in process of
updating

— Were not linked

— Traceability to original source documents was indirect / difficult
 Other database efforts had similar “sustainability” issues

— e.g., data not accessible because of changes in storage media

* Our aim is to address and build on all
lessons learned —

), 4






Motivation FLUSNRC

 Develop comprehensive, continuously updated, repository
for materials property information needed to assess and
predict RPV Integrity, for example

— Surveillance reports

— License renewal applications

— Power updates

— Integrated surveillance programs

— Measurement uncertainty recaptures
— Andsoon...

 Such a repository would support
— Efforts to modernize predictive equations

— Img;o_ved efficiency in reviewing submittals related to
RPV Integrity et

lsl )/

|






Objectives HUSNRE

» Develop a modern, web-based, database of
embrittlement-related data

— Initial focus: information in US surveillance reports
— Later focus: may expand depending upon interest

and need






Current Database HUSNRC

Characteristics P e e e e
B put dorar "
 Continuously maintained
and updateo programs 0
» Includes o oz
— Searchable electronic  surveillance s g

database of information from
surveillance reports

— Scanned pdf copies of all US
surveillance reports

ORNL ensures readability
of data in perpetuity

Surveillance
QA and data entry \ '
procedures available on |

website l s‘





Layered Database HKUSNRC

United Srates Nuclear Regulatory Commisslon

Structure Proeing Pole e Erironmrs

e As-reported layer: REPOSITORY OF RAW INFORMATION

¢ Verbatim echo of information in source documents
(

e No interpretation

Processed 1 layer
Units made consistent
Multiple values of fluence, chemistry, etc. reconciled into single values

\

Processed 2 layer

e Transition temperatures, athermal yield strengths, upper shelf energies
e TT shifts, YS increases, and USE drops )
v e VALUES FOR USE IN REGULATORY REVIEWS A

e Regulatory layer
e Regulatory values

\|





Initial Design for “ar” KUSNRC

United Srates Nuclear Regulatory Commisslon

Laye r Protecting People and the Environmens
[ Tables ] 'j'
Tys} [ Plant ]






Fields In “ar” layer

Table Names

Type Citation Plant Capsule Material Chemistry | Specimen Charpy Tensile
Keys Citation ID Citation ID Citation ID Citation ID Citation ID Citation ID
Plant ID Plant 1D Plant ID Plant ID Plant ID Plant 1D
Capsule ID Capsule ID Capsule ID
Material ID Material ID Material ID Material ID
Tensile ID Tensile ID
Charpy ID Charpy ID
Chemistry ID
Specimen ID Specimen ID Specimen ID
Descriptors Confidential Confidential Confidential Confidential Confidential Confidential Confidential
Location in Report | Locationin Report | Location in Report Location in Report | Location in Report
Citation ID if Chem
from a Reference
Comment Comment Comment Comment Comment Comment Comment Comment
Last Updated Last Updated Last Updated Last Updated Last Updated Last Updated Last Updated Last Updated
Updated by Updated by Updated by Updated by Updated by Updated by Updated by Updated by
Updated because Updated because Updated because Updated because Updated because Updated because Updated because Updated because
Data Authors predb plantid Capsule Name Heat ID Cu specimen type Specimen Name Specimen Name
Title full plant name Entry Date Plate ID Ni D1 Notch Orientation Osr’i)s;i:jcie:n
Date reactor type Withdraw Date Product Form Mn D2 Test Temp Test Temp
Report Number city EFPY Steel Grade D3 Temp Unit Temp Unit
ADAMS # state Lead Factor Weld Flux C D4 CVE 0.2% Yield Strength
Publisher country Fluence D5 CVE Unit UTS
pdf fliename designer Fluence Unit Co D6 Lateral Expansion ENGINEERING FS
vessel mfgr Flux Mo D7 i Ex.pansion TRUE FS
Unit
EOL Date Flux Unit Cr D8 % Shear Strength Units
License Term dpa Vv D9 Spec Fluence % EL
pdf filename for
Docket # dpa/sec Sn D10 instrumented force % RA
time diagram
Max Temp Al dim units Spec Fluence
Min Temp i pdf filename for

Average Temp

Temp Unit

drawing






pl, p2, and rg layers C%iUﬁmNRg

» Benefits for NRC

— Improved efficiency in efforts to modernize predictive
eguations

— Improved efficiency in reviewing submittals related to
RPV Integrity
 Benefits of industry participation

— Help to ensure information we are using is complete and
accurate

— Impact analysis protocols up front, not be forced to react

— Better prepared to address questions if you have been
iInvolved in the development process -l

——, 2






Opportunities for SUSNRC
Collaboration C}Mu%:w
Some ldeas

 Coordinate collection of missing citations

* Determine If we have the most recent version of all
reports

« |dentify anticipated W/D dates for future capsules
« Agreement on data entry procedures

» Data entry

* QA of data

* V&YV of entered data

- ldentification of citations beyond surveillance
reports we should be looking at

. More ??? ——

———), 2
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Objective of Library KUSNRC

United Srates Nuclear Regulatory Commisslon

Protecting People and the Environment
» Objective is to collect ALL surveillance capsule reports
for U.S. LWR fleet

« |nitial Surveillance Program Report
« Surveillance Capsule Report for every capsule tested to-date

e Including reports available from cancelled or shut down

U.S. reactors
* e.g., Millstone-1, Big Rock Point, Haddam Neck, Elk River, etc.

 All reports scanned into searchable PDFs

 Self-evident naming convention:
* e.g.,, BF2 1995 AUG CAP30.pdf
(Browns Ferry 2, 30° capsule, report dated August-199

dA

)

|






Contents of Library HUSNRC

United Srates Nuclear Regulatory Commission
Protecting People and the Environment
» 834 possible documents identified (now and future):
* Initial surveillance program documents
» Tested surveillance capsule reports
« Surveillance capsules remaining to be tested

e 471 documents available now:
* Initial surveillance program documents
» Tested surveillance capsule reports

« 28 reports (6%) “missing”
» Likely available from NRC archives
» Pursuing other retrieval options first for ease and quality






Missing Reports

FUSNRC

United Srates Nuclear Regulatory Commisslon

; Environmen:
No.| PLANTNAME |C%Psule Report ID Report Frotecting People and the
1D Date
1 |[MONTICELLO W BAW-2277 Jun-1996
2 |CALVERT CLIFFS 1 C-E Report CENPD-34 Feb-'1972
3 |CALVERT CLIFFS 2 C-E Report CENPD-48 Aug-1972
4 |FORT CALHOUN C-E Report No. CENPD-33 Nov-1971
5 [WATERFORD 3 C-E Report No. C-NLM-003
6 [PALISADES C-E Report No. P-NLM-019 Apr-1971
7 |PALO VERDE 1 C-E Report No. TR-F-MCM-012 Jan-1987
8 |PALO VERDE 2 C-E Report No. TR-V-MCM-004 May-1983
9 |PALO VERDE 2 C-E Report No. TR-V-MCM-013 Nov-1992
10 |PALO VERDE 3 C-E Report No. TR-V-MCM-014 Nov-1992
11 |MILLSTONE 1 GE Report No. GE VPF 1444-196-1 Dec-1966
12 |HATCH 1 GE Report No. GE VPF 1983-106-1 May-1969
13 [SUSQUEHANNA 1 GE Report No. VPF Number 3269-555-1
14 |COOPER GE VPF 1837-231-2 May-1969
15 [DRESDEN 1 ? GECR-4352 Oct-1963
16 |[ELK RIVER USAEC Report 1228-30 Aug-1964
17 |SEABROOK WCAP- 10110 Mar-1983
18 |MILLSTONE 3 WCAP- 10732 Jun-1985
19 |SEQUOYAH 1 T |WCAP-10340, REVISION 1 (WE HAVE REVISION 0)
20 |GINNA T WCAP-10496 -- Capsule T reconstituted weld metal test | Mar-1984
21 |SHEARON HARRIS WCAP-10502 May-1984
22 [CATAWBA 2 WCAP-10868 Nov-1985
23 [WOLF CREEK \Y WCAP-15078, Revision 1 Sep-1998
24 [BEAVER VALLEY 1 WCAP-8475 Oct-1974
25 [COMANCHE PEAK 1 WCAP-9475 Apr-1979
26 |SOUTH TEXAS 1 WCAP-9492 Jun-1979
27 |BEAVER VALLEY 2 WCAP-9615, Revision 1 Jun-1995
28 |SOUTH TEXAS 2 WCAP-9967 Jan-1982 |






Other Issues FUS. NRC

United Srates Nuclear Regulatory Commisslon

BWMM#W

* We still need to collect Owners’ Group and Integrated

Surveillance Program Documents
« BWRVIP Integrated Surveillance Program (ISP) and
Supplemental Surveillance Program (SSP) documents retrieved
* Others Needed:
 B&W Owners’ Group Program
* PWROG?
e Others?

e Permission to post reports in publicly available on-line

database is needed

 NRC Office of General Counsel (OGC) says OK to post if
currently available publicly in NRC document system

« Some vendors say that permission needs to be grantecss

» Perhaps easiest if vendors give NRC Dblanket appro"

e Suggestions?





Needs FKUSNRC

United Srates Nuclear Regulatory Commisslon

Protecting People and the Environment
* |If you can provide either of the following...

* Missing reports
* |SP details or reports

Please contact me!
o Gary.Stevens@nrc.qov
e 301-251-7569

* Vendors (Westinghouse, GE, B&W):

* | need your help in granting permission to post reports in
database

* Please see me at one of the breaks






Questions? QUS.NRC

United Srates Nuclear Regulatory Commisslon












Outline of this presentation

Power Reactor Embrittlement Database (PREDB) v.2
legacy at ORNL

Conversion of Power Reactor Capsule Surveillance
Reports Library to electronic format

Database of Radiation Affects on Materials (DRAM)
Web Application Overview
— Architecture

— Demonstration of Alpha version: Public Search Module
and data download

Going forward:

— Status of importing both the PREDB and newly analyzed
data into the new database

Questions





Development of the PREDB was initiated at ORNL in
the 1980s at the request of the NRC

e Version 1 (v.1) was completed in October 1989 at ORNL.

* |n cooperation with EPRI, additional QA of v.1 data was
performed by US reactor vendors

e Version 2 (v.2) was completed in October 1993 at ORNL and
includes information about the following irradiated
materials in 252 capsules from 96 reactors:

— 98 HAZ
— 105 Welds

— 136 Bases (98 plates, 35 forgings and 3 correlation monitors)

e Version 2 included data files in dBase format and utility

programs to retrieve, manipulate and display data, and to
fit and plot Charpy impact data.





Outline of this presentation

2. Conversion of Power Reactor Capsule Surveillance
Reports Library to electronic format





Embrittlement data contained in PREDB v.2 were extracted
from a large collection of Nuclear Plant Surveillance Capsule
Reports

At ORNL, the library consisted of
approximately 160 binders of
reactor surveillance data and
supporting documentation






The Power Reactor Surveillance Reports Library was scanned
using high-speed scanning equipment and ORNL Quality
Assurance procedures

[ =1 Surve_illance Reports - Windows Internet Ex%rehe mmr Re or m f ‘ ‘E@gj

@ u " £ http://predblib.ornl.gov/SurveillanceReports/Forms/Alllterns.aspx?View=%7b099E ~ | +5 | X -.' Dominion Engineering Fe
File  Edit Wiew Faveorites Tools Help
i Favorites S8 |~ | « | & http... |# Syn... |=d PAL.. | &S Sear.. Es. x & - B2 - = é; ~ Page~ Safety = Tools = |@|v =
NRC Embrittlerment Welcome Klasky, Hilda B. ~ (7)) I—
/ NRC NRC Site - | | L | Advanced Search
‘/’QJ Embrittlement |
HRC Embrittiement [ Site Actions - |
" — | NRC Embrittlement > Surwveillance Reports |
B Surveillance Reports
| View All Site Content | MNew « Upload =~ Actions ~ Settings ~ 1-100 » View: Al Documents -
| — TES Type Mame Maodified Modified By
=:Shewaillancs Reporhs E AN1_1977_APR_CAFE 7/12/2010 3:00 PM @ Pung, Michael
| s.
People and Groups
I ™ ANMN1_1981_MOWV_CAFB 7/12/2010 3:00 PM g Pung, Michael
s.
“E AN1_ 1984 UL CAPA 7/12/2010 2:00 PM @ Funa. Michael
S.
“E AN1_1989_OCT_CAPC 7/12/2010 3:00 PM @ Pung, Michael
5.
‘E AN1_1990_MAR 7/12/2010 3:00 PM @ Pung, Michael
S.
“E AN1_1990_SEP 7/12/2010 3:00 PM @ Pung. Michael
s.
“E AMZ_1976_FEB 71272010 3:00 PM @ Pung, Michael
s.
“E ANZ_1984 MAY 7/12/2010 3:00 PM @ Pung, Michael
5.
‘E ANZ_1984_MAY_CAPWIT 7122010 3:00 PM @ Fung, Michael
S.
“E ANZ_1988_MNOV 7/12/2010 3:00 FM @ Pung, Michael
s.
“E AMNZ_1989_JAN 71272010 3:00 PM @ Fung, Michael
s.
“E ANZ_1990_MAR 7/12/2010 3:00 PM @ Pung, Michael
5.
‘E ANZ_1990_MAR_Z 7/12/2010 3:00 PM @ Pung, Michael
s.
“E BAW/-1543 Rev. 4 Supp. 4 (MLO11030145) 7/12/2010 2:00 FM @ Pung. Michael
. s.
. b ' s 7 S0 aY ZA12/2010 2:00 PM = Puna. Mighael S
Embrittlement.Warkshoo Sept14:12

2010 €& Local intranet | Protected Mode: Off g v H|15% -~ y






Outline of this presentation

3. Database of Radiation Affects on Materials (DRAM)





The Database of Radiation Affects on Materials

(DRAM)

uses eight main data tables

Table Names

Citation Plant Capsule Material Chemistry Specimen Charpy Tensile
Authors predb plantid Capsule Name Material Name Cu specimen type Specimen Name Specimen Name
Title full plant name Entry Date Heat ID Ni D1 Motch Qrientation S;:_:ecim:_an
Orientation
Date reactor type Withdraw Date Plate ID Mn D2 Test Temp Test Temp
leport Number city Azimuthal Location Product Form P 03 Temp Unit Temp Unit
ADAMS # state EFPY Steel Grade C b4 CVE 0.2% Yield Strength
Publisher country Lead Factor Weld Flux Type 5 D5 CVE Unit uTs
pdf fliename designer Fluence Weld Flux Lot Co B3] Lateral Expansion | ENGINEERING FS
vessel mfgr Fluence Unit Mo o7 Lateralj;;::ansion TRUEFS
ECL Date Flux Cr D& % Shear Strength Units
License Term Flux Unit V 09 Spec Fluence S EL
Docket # dpa 5n D10 % RA
dpa/sec Al dim units Spec Fluence
Max Temp Si
Min Temp
Average Temp

Temp Unit






Outline of this presentation

4. Web Application Overview
— Architecture

— Demonstration of Alpha version: Public Search
Module and data download





ARCHITECTURE

The new design incorporates several components in terms of

External
Application

hardware and software

Server
(.Net)

External
SharePoint
Server

ASP.Net ASP.Net

Web Web Document
Application  Application Libraries
(DEV) (PRD) PDFs

Windows i

PRED Extranet Domain GO ()gle

Access Database

XCAMS Sea.rCh
Access Mgmt Appliance

10






ARCHITECTURE

One way to access the system is through the web application
which provides full access to the relational database

External
Application

Server
(.Net)

ASP.Net ASP.Net
Web Web
Application Application
(DEV) (PRD)

C

)

11






ARCHITECTURE
The second way to access the system is through the electronic
library contained in SharePoint

External
~ > = SharePoint

Server

Document
Libraries
PDFs

Cog)g[e

== Search
( ) Appliance

12






Importation of data from PREDB to DRAM has been completed
for three tables: plants, citations and capsules.

e We can search by:
reactor type,

plant name,

operator,

designer,

vessel manufacturer and
docket number.

e The search module accepts exact matches or wildcard
characters.

e The results will be available for download on a text
document that has .xls extension and can be easily
opened on MS Excel for future use.

 We provide a demonstration of the above features





Outline of this presentation

5. Going forward:

— Status of importing both the old PREDB and newly
analyzed data into the new database





Importation into DRAM of PREDB and the newly-
mined data from more recent surveillance capsule
reports will be completed in Fall 2010

The next steps are:

The Charpy, tensile and specimen tables.
The chemistry and materials tables.

Data from about 50 capsule reports that were not in the
original PREDB, which now reside in a MS Excel spread
sheet.

Data from newly-identified surveillance capsule reports.
(Approximately 80)
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DEVELOPMENT OF PREDICTIVE MODELS OF NEUTRON IRRADIATION EMBRITTLEMENT IN REACTOR
PRESSURE VESSEL STEELS TO SUPPORT EFFORTS ON NUCLEAR POWER PLANT LIFE EXTENSION
Kick-Off Meeting — September 14-15, 2010 — Rockville, Maryland (USA)
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Summary of the JNES project “PRE” evaluates the Flux effects on
RPV embrittlement in high fluence region

Prediction of Radiation Embrittiment
\ for highly irradiated Reactor vessel steels /

Hiroshi Matsuzawa

Japan Nuclear Enargy Safty Organization (JNES)
3-17-1, Toranomon, Minato-ku, Tokyo, Japan
E-mail;matsuzawa-hiroshi@jnes.go.jp

N /






e > JNES

Object of PRE project

« The target of the “PRE” project is to make clear the mechanism of
the radiation embrittlement, especially the effects of the neutron flux,
for the RPVs and to verify the prediction formula of the radiation
embrittlement for highly irradiated RPV steels in order to apply the
evaluation for the Periodic Safety Review in Japan.

» To achieve the above targets, microstructural examination for the
several irradiated test materials modified for the RPV steels has
been performed.

* Furthermore, PWR standard surveillance test materials that had
been irradiated in the actual plant in Japan had been re-irradiated at
the OECD/Halden reactor from 2006 to 2008 in order to investigate
the effect of the neutron Flux.






e > JNES

Schedule of “PRE"” project

First Stage (2005 — 2007)

- Investigation of the microstructual change for the several irradiated
materials obtained former project “PLIM” in order to make clear the
mechanism of the irradiation embrittiement of RPV steels for high

fluence region.

Second Stage (2008 — 2010)

- Investigation for the Flux rate. PWR standard servarance test
materials that had been irradiated in the actual plant in Japan have
been re-irradiated at the OECD/Halden reactor from 2006 to 2008.
The re-irradiation tests were performed by several different flux rate,
such as 5,10,50 and 100 times higher than the actual PWR plant.






— "> JNES

Schedule of “PRE” project

2005

2006

2007

2008 2009

2010

Prepar for Test pieces

Machini

ng of Test Pieces

\

Irradiation at Halden Test Reactor

Microstructual
Examination for
Irradiation Mechanism

Examination of existing irradiated materials

NN

Effect of Neutron Flux

Y I

Effect of Annealing

Examination for Fracture
Toughness Evaluation

Unirradiated

Material Test

Irradiated Material Test
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Material ID : B1  (Flux:5E+12 n/cm2-s. T=290°C)
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Material ID : B4  (Flux:56+12 n/cm2-s. T=290°C)
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Material ID : B1  (Flux:5E+12 n/cm2-s, T=290°C) Material ID : B4  (Flux:5E+12 n/cm2-s. T=290°C)
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Data base of the new prediction formula based JEAC4201-2007
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Transition temperture shifts of Japanese plants with neutron fluence

Refered from ICONE17-75322(2009) “Industry practice for the nuetron irradiation embrittlement of reactor pressure vessel
steels in Jpan”(N. Yamashita et al.)
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Data base of the new prediction formula based JEAC4201-2007

Fluence after 60 years operation for PWR
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Accelerated MTR data investigated in the PRE project

Fluence after 60 years operation for PWR
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Comparison between $urveillance and PRE project data

Fluence after 60 years operation for PWR
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Nutron Irradiation Embrittlement

Embrittlement caued by Hardening

Solute atom Clusters (SC)

Cu Rich Precipitates (CRP)

Matrix Damage

Mn-Ni-Si Precipitates

Embrittlement caued by Non-hardening

Grain boundary P segregation

Other segregation

A
>

ID:B1-3
dt=12.1x10"n/cm?
229 x 36 x 235 nm, 3.9M

oo
e

(23]

Example of Atom map obtained by
3DAP

CRP

Mn-Ni-Si Precipitates

Matrix Damage

Embrittlement

Grain boundary P segregation

Fluence

Mechanism of Embrittlement

1
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Material

List for observation

Chemical Composition (w.t.%)

Microstructual Obsevation

Fl
Test materials Characteristic Material 1.D. ‘ff"ce 2
Cu Ni P Si (x107n/cm®) | 3DAP(LEAP) TEM

B1-1 3.1 o ©)

B1 0.21 0.63 0.009 0.17 High Cu material B1-2 6.4 @] O
B1-3 12.1 @) @)
B4-1 3.2 @]

B4 0.17 0.62 0.009 0.15 Medium Cu material B4-2 6.4 O
B4-3 12.9 ©)
B5-1 3.1 O

B5 0.10 0.59 0.009 0.14 Low Cu material B5-2 6.4 @)
B5-3 @]

Base Metal 120

B6 0.10 0.92 0.008 0.13 High Ni material B6-1 8.6 O

B7 0.10 0.63 0.017 0.14 High P material B7-1 8.6 ©)

B8 0.10 0.63 0.009 0.32 High Si material B8-1 8.7 O
B9-1 3.1 @) @)

B9 0.04 0.62 <0.005 0.22 Extra low Cu material B9-2 6.3 @] (@)
B9-3 12.1 O O
S1-1 3.2 @) @)

PWR Standard surverance

st 0.09 062 | 0007 | 0.26 tost matorial S1-2 59 o} o
S1-3 11.7 O @)
W1-1 3.3 @)

w1 0.20 0.88 0.016 0.30 High Cu material W1-2 8.6 O
W1-3 11.8 o
W2-1 3.2 ©)

w2 0.13 0.86 0.016 0.30 Medium Cu material Ww2-2 8.9 O
W2-3 @]

Weld Metal 1.2

W3-1 3.1 ©)

W3 0.10 0.88 0.016 0.27 Low Cu material W3-2 8.3 O
w3-3 11.3 ©)
W4-1 3.1 @) @)

W4 0.02 0.84 0.008 0.28 Extra low Cu material W4-2 9.0 @] @)
W4-3 13.0 @) @)

12
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ART,p; =1709x.V, —12.5
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OW2 (0.13/0.86
W3 (0.10/0.88
W4 (0.02/0.84
X B6 (0.92Ni)
XB7(0.017P)
+B8 (0.32Si)
$1(0.09/0.062)
#5515 (0.09/0.062)
$2s (0.14/0.72)
AP1B (0.06/0.72)
AP2B (0.25/0.59)
X P3B (P1B+0.018P)
X P4B (P1B+1.78Ni)

)
)
)
)

0 0.04 0.08
V172

Database of new prediction formula

12
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0.00 0.05 0.

10 0.15

Results from PRE-project

(Japanese surveillance data)

(accelerate irradiated MTR material)

(Refered from CRIEPI report: Q06019)

Sample results of 3DAP observation
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Re-irradiation Test at OECD/Halden reactor

-The RPV materials irradiated in the actual PWR plant have been re-
irradiated in the OECD/Halden reactor by several different flux rates.

The purpose is to make clear how dose the flux rate effect to the
embrittlement.

-Re-irradiation had been already completed until 2008, and
microstructual observation of Level-IV(flux;100 x 10"'n/cm?s), Level-
II (flux;50 X 10''n/cm?s) and Level- I (flux;10 X 10""'n/cm?s) had
been finished .

- Microstructual observation of Level- I (flux;5 x 10""n/cm?2s) will be
performed this year.

14
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Table 1 Chemical composition of the material used in this study

(wt.%)
M aterial Material ID | C Si Mn P I S Ni | Mo Cu
SA533B Cl.1 S1/1P 0.19 0.26 1.38 0.007 0.008 0.62 0.48 0.09
plate S2/1B - 0.23 1.48 0.011 0.64 0.17
15 15
S (a)S1/1P ogndC | s (b)S2/ 1B
: | 00 | 3
N 12 (4513 Pe-ag® 7P| 7 12
E ! Cond.B |P6'A4H¥IP6 B4 | E Cond.C
< | 500 Cond.C IP6-54 & / 3 17¢
g 9 I 50 17¢ ialPeB2 | 4 9 +B4-B4
S : ) IP6-S2 #1P6-A2 S %1B4-B3
x ! 0! " JPtiee x !
Y : IP3-A3 g% IP3-B3 P % 1B4-B2
e 6 &s12 &S] S 6 :
g | H @ ;_. Cond.A
= i .~ Cond.A = . #s21 1¢
2 3 Ws11 _ 8514 1 2 3
=1 H e = JPPtae
] ! ] .-
z - z
. Neutron flux: 1¢ = 1x10*! n/cm?2-s Neutron flux: 1¢ = 1x10' n/cm?2-s
0 -~ ] ] ] ] 0 = 1 1 1 1
0 5 10 15 20 25 0 5 10 15 20

Irradiation time (years)

S2 (IB) materials.

Irradiationtime (years)

S1 (IP) materials

Relationship between neutron fluence and irradiation time of the materials used
in this project






Fast neutron flux (10'® n/m?s)

INSTITUTT FOR ENERGITEKNIKK
OECD Halden Reactor Project

IFA-692.4 PRE (5/6)

From: 2008/11/30 00:00
2009/03/17 04:15

To:

1
£2

- ha
o [=]

o
T

o

(=]

INSTITUTT FOR ENERGITEKNIKK

OECD Halden Reactor Project

From: 2007/01/20 00:00

To:

IFA-693.2 Post-PLIM (5/6)

(=]
L=}

—— L —— Lower cluster fast flux

—J—— Upper cluster fast flux

Fast neutron flux (10'® n/m?s)
o
=]

Result of neutron irradiation (Level-l,lI)

b Y

Dy

110 003 g TN LU B BB U R R B L UAEED

52 54

——L —— Lower cluster fast flux

— ) = Upper cluster

Result of neutron irradiation (Level-lll,1V)

Resulted Flux
T t Fl 11 2
Rig No. |Capsule No. ar1g1,re uzx (X10 n/cm’-s)
(X10 'n/cm“-s)
Measured Flux Mean value

5 54

Level- I IFA-692 2 5 23 52
3 18.3

Level-I | IFA-692 2 10 16.0 16.7
1 15.9
6B 44
6A 46

Level-IT | IFA-693 5 50 12 443
4 45

Level-IV | IFA-693 3 100 30 89
2 88

Re-irradiation results of flux in OECD/Halden reacter

2007/03/13 01:00

fast flux
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Re-irradiation results of fluence in OECD/Halden reacter

Neutron flux
Material | Irradiation Irradiation Sample I\llgutronzﬂuence (><1011n/cm2-s,
ID | Condition field ID (10" nfem, E>IMeV) E>IMeV)
Initial Additional Total Initial Additional
A Commercial reactors S1-4 3.1 - 3.1 1 -
(lowg) S1-5 6.3 - 6.3 1 -
S1-1 3.2 - 3.2 50 -
B Haldﬁ_n rr]eactor S12 9 - =g = -
(highe) S1-3 12 - 12 50 -
IP6-S2 6.3 1.8 8.1 1 100
S1/1p IP6-S4 6.3 3.6 9.9 1 100
IP3-A3 3.1 3.4 6.5 1 50
Commercial reactors IP6-A2 6.3 1.7 8.0 1 50
C + IP6-A4 6.3 4.6 11 1 50
Halden reactor IP6-A6 6.4 5.9 12 1 50
IP3-B3 3.1 3.6 6.7 1 16
IP6-B2 6.4 2.2 8.6 1 18
IP6-B4 6.4 4.2 11 1 16
A Commercial reactors S2-1 4.4 - 4.4 1 -
$2/ 1B Commercial reactors IB4-B2 44 2.2 6.6 1 18
C + IB4-B3 4.4 3.6 8.0 1 16
Halden reactor IB4-B4 4.4 4.2 8.6 1 16

17
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[P6-B4 74x71x220nm, 30M atoms

IP6-B4

-_—
Counts

IP6-84 IlP6—A4

IP6-S2 IlP6—A2

IP3-A3  1P3-B3

0.0 06 1.2 1.8 24 3.0 3.6 42 48 54 6.0

Fluence (% 10'°n/cm?)

—— e = = Cluster diameter (nm)
i - @ T EmT ==

IP6-B2

Irradiation Time (year)

Condition of the re—irradiation

Counts

0.0 06 1.2 1.8 24 3.0 3.6 42 48 54 6.0

Cluster diameter (nm)

[P6-B2 77x77x130nm, 17M atoms

Sample results of 3DAP observation in condition C
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5.0

® Accelerated Irradation.(S1)
@ Actual plant Irradiation (S1)
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100%Flux
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3
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10 15

Irradiation Time (year)
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Condition of the re—irradiation

Change of solute atom clusters with fluence between condition C
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Number density ( X 102'm™®)

® Accelerated Irradation.(S1) ® Accelerated Irradation(S1)

@ Actual plant Irradiation (S1) @ Actual plant Irradiation (S1)
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- -®- - Accelerated Irradation(S1)

- -@- - Actual plant Irradiation (S1)
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Cluster diameter

Discussion for Flux effect

Volume fraction

Flux

Low Flux Irradiation

High Flux Irradiation
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Verification for
the Fracture Toughness Evaluation method

-In the “PRE” project, the verification for the method itself to obtained
the reference temperature shift (ART\p7) has been performed.

-In Japanese code, ART 7 is defined as the shift of temperature
corresponding to the 415 level of Charpy V notch absorbed energy.
In this project, this value AT, is verified by the comparison with the
value of AT, of the Master curve method shown in ASTM E1921-03.

-The value of AT, is obtained directly from the results of three point
bending fracture toughness test. The irradiated 3-point bending test
pieces are made by reconstitution from the broken halves of the
Charpy impact test specimens.

24
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Unirradiated

(7 Material

YAGLaser Welding

Procedure of re-built-up the 3 point bending specimen

25
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reconstituted

after weld

Photpgragh of the re-built-up 3 point bending specimen

26
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220
200
180
160
140
120

100

ATo (°C)

80

60

40

20
0

B1(Fluence=12E+19n/cm2)

B5(Fluence=3E+19n/cm2) |

B9(Fluence=3E+19n/cm2)

e > EH =§

B5(Fluence=12E+19n/cm2)

.
.
- A

.
b 1

0 20 40 60 80 100 120 140 160 180 200 220

AT,y (°C)

Comparison between AT, and AT,

In the low fluence region (nearly 3 x 10'°n/cm?), both values were well
corresponded, but in the high fluence region (nearly 12 x 10'°n/cm?), AT,
were about 30°C greater than AT, .

27
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ATo (°C)

Comparison between AT, and AT,,,
with reference data from Sokolov et al.

220 / =
200 »
180 A

o‘/ e
160 - o L

ol.” o
140 .

o L’

120 - /

O ‘C
100 - © o
o x

80 OCD O:é%'

Ao
60 %’ =
o/
A2 ©

40 o/’

20 A0

® »>» B B

o

B1(Fluence=12E+19n/cm2)
B5(Fluence=3E+19n/cm2)
B9(Fluence=3E+19n/cm2)
B5(Fluence=12E+19n/cm2)
Reference (Sokolov, ORNL)

—— AT0=1.16 A T41J(Sokolov)

0

0O 20 40 60 80 100 120

A T41J (OC)

140 160 180 200 220

The same tendency was
reported in the reference
paper by Sokolov et al.[1]
Figure shows that the data
from Sokolov et al. were
plotted on the test results
obtained in this project.
The differences between
AT, and AT, will be
evaluated furthermore in
this project.

[1] Sokolov, M. A., Nanstad, R. K., “Comparison of Irradiation-Induced Shifts of KJc and Charpy Impact Toughness for Reactor 28
Pressure Vessel Steels”, NUREG/CR-6609, November 2000.
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Thank you for attention!







DEVELOPMENT OF PREDICTIVE MODELS
OF NEUTRON IRRADIATION EMBRITTLEMENT CRIEPI
IN REACTOR PRESSURE VESSEL STEELS TO SUPPORT

EFFORTS ON NUCLEAR POWER PLANT LIFE EXTENSION
Kick-Off Meeting — September 14-15, 2010 — Rockville, Maryland (USA)

Test reactor irradiation of archive materials and
comparison with surveillance data
Development of Japanese surveillance database

Naoki Soneda
CRIEPI

2010/09/14 1





Background Rcmm

m [rradiation embrittlement at very high fluences is of
concern for the long term operation of LWRs.

m Accelerated irradiation at MTRs is a way to reach very
high fluence.

m s the embrittlement of MTR-Irradiated RPV steels the
same as that of the RPV steels of commercial reactors?

PLIM project (JNES)

m Plates and weld metals with a wide range of Cu and Ni contents were
irradiated in the Halden rector up to fluences beyond 1x102° n/cm?, E>1MeV.

m The transition temperature shifts of the materials with higher Cu content are
larger than the predictions calculated by JEAC4201-2007 with the typical
surveillance flux of 1x10n/cm?-s for PWRs, but are relatively well predicted
by the predictions calculated by JEAC4201-2007 with the flux of 5x10%2
n/cm?2-s.

m The idea of this flux model in JEAC4201-2007 is that the volume fraction of
solute atom clusters in Cu containing materials become larger at higher
fluxes. (of course, this is a tentative model.) The parameters that become
effective at high flux regime were fitted to PLIM data.





Background and objectives IR crier

m Direct comparison of the same materials irradiated in
both surveillance program and MTR condition is
essential to answer this question on flux effect.

m CRIEPI started a project to perform such comparison in
collaboration with the Japanese PWR utilities

Perform MTR irradiation of the archive materials of some of
commercial PWR reactors

m Archive materials were selected so that the flux effect in high Cu and low Cu
materials can be examined, and so that surveillance data at relatively high
fluence can be obtained in near future.

Compare the mechanical properties as well as the
microstructures of the materials to identify the difference

m This presentation demonstrates some preliminary results
of this project.
Comparison of mechanical property data

Comparison of the microstructure in terms of solute atom
clustering using Atom Probe Tomography (APT).





Materials and irradiation conditions IR criee

2010/09/14

Nominal Chemical
Composition (wt.%)

Material Specification
A ASTM A533B Cl.1 0.16 0.61
B ASTM A533B Cl.1 0.068 0.59
C ASTM A508 CI.3 0.036 0.75
Irradiation Neutron flux
temperature
Reactor >
o (n/cm®-s,
(C) E>1MeV)
Japanese commerC|aI PWR reactor 88 _1x10M
(surveillance program)
LVR-15, NRI Rez, Czech Republic 12
(Materials Testing Reactor) 290 7x10






Comparison of mechanical properties
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It looks like MTR data show larger
shifts than surveillance data for Cu
containing materials.





Comparison with other MTR data IR criee

180 J 90
. O TL(surv.)
10 { Material A 80 - A TL(LVR-15)
® TL(INES PLIM, plate 0.04wt.%Cu, 0.62wt.%Ni)
140 A 70 ~ — JEAC4201-2007 (surv.)
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< <
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O T T O T T T T T T
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Neutron fluence (n/cm? E>1MeV) Neutron fluence (n/cm?, E>1MeV)

Similar class of materials irradiated in a different material test reactor
show very similar behavior.





Microstructural characterization using APT  [Rcreee

m Atom Probe Tomography

Optical Misroscope

(APT) Is a technique to — |
measure the kinds and 3D z

positions of the atoms In the
sharp needle.

m |t allows us to obtain the
Information on solute atom
behavior such as segregation
or clustering (precipitation).

Transmission Electron Microscope

Typical result of ATP measurement showing the clustering of Cu atoms.





Atom maps of high and low Cu materials IR criee
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Comparison of cluster size
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Cluster size of surveillance materials is
consistently smaller than that of MTR-

irradiated materials.
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Comparison of cluster number density
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Comparison of cluster volume fraction
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Relationship between ARTyr and V2 IR criee
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It is likely that the clusters formed under high flux irradiation conditions
are slightly more diffuse than those formed under lower flux conditions
of surveillance program.





Conclusion Rcmm

m Research project to identify the effect of high flux at high
fluence region is now on going in Japan.

m Mechanical property data currently available suggest
that MTR irradiation may cause larger embrittlement in
Cu containing materials, but we need to walit for further
results from surveillance data to obtain any conclusive
remarks.

m Microstructural data in terms of solute atom clustering,
on the other hand, clearly show flux effect.

Cluster size is smaller and number density is higher at higher
flux in high Cu material.

It is likely that cluster morphology may also be affected by the
difference of flux.
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Background Rcmm

m Surveillance data of Japanese power reactors were
compiled in 2004 ~ 2006 for the development of a new
embrittlement correlation method, which is now adopted
iIn JEAC4201-2007.

No framework existed to compile the surveillance data before
this activity.
m After this, discussion was made among the Japanese
utilities on the necessity of surveillance database, and it
was decided to develop a surveillance database.

m The motivations/objectives were
To verify the embrittlement correlation method in the future

To prepare for the revision of the embrittlement correlation
method

To share knowledge on the embrittlement of RPV steels among
the industries





Development of surveillance database IR criee

m CRIEPI is responsible for developing and maintaining the
database.

m A new system was initiated in 2008 to collect all the
surveillance data of the power reactors in Japan.

Not only the surveillance data in the past but also the surveillance
data in the future will also come into the database. Therefore this is
a long term activity.
m Microstructural characterization of the survelillance
materials is to be performed.

We learned during the new correlation development that the
microstructural information is very useful in many aspects.

Most of the specimens tested in the past have already been
disposed, but the remaining specimens as well as the specimens
to be tested in the future will be studied.

The results are stored as part of the surveillance database.
CRIEPI is also responsible for the microstructural characterization

oiopnass Work





Survelllance test data

m BWR, PWR

m Base metals, weld metals, heat affected zones

m Material information
product form, specification
chemical composition
heat treatment

m Mechanical property data
both raw data and evaluated data
unirradiated and irradiated data
Charpy data, tensile data

m Fluence, flux
m [rradiation temperature

2010/9/14-15





Microstructural characterization data IR criee

m Specimens are machined from the Charpy broken halves
to prepare for the following tests.

m Microstructural characterization

Atom probe tomography (mandatory)
m Solute atom cluster formation
m Grain boundary segregation

Positron annihilation spectroscopy (non-mandatory)
m Lifetime measurement
m Coincidence Doppler Broadening measurement

Transmission electron microscopy (non-mandatory)

m Mechanical property test
Hardness measurement (non-mandatory)

m Post irradiation annealing combined with the above
characterization
This will be done when further investigation is necessary.





Operation of database system IR crier

m A Windows server machine is used for the database server.

m A database to store the above-mentioned information was
designed and implemented using Microsoft Access.

CRIEPI is now working on storing the surveillance test results into
the database.

CRIEPI is also working on performing microstructural
characterizaion, but the microstructural data are not included in the
database at this point of time.

m The database server is connected neither to the Internet
nor to the CRIEPI’s internal network.

There is no plan to make the database accessible through the
network.

Data are delivered to the utilities on a request basis.

m CRIEPI organizes an annual meeting to update and
discuss the recent surveillance data among the industry.
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Background

» Long Term Operation of German LWR fleet

Final decision of German government on new energy concept is still pending

If positive, requirement expected to prove safe operation beyond 32 EFPY

AREVA NP GmbH

Kick-Off Meeting, September 14-15, 2010 Rockville, Maryland (USA) - p. 3

- Capacity [MW] Grid
Reactor Type Generation/Model Thermal Net Connection
Biblis-A PWR 2 3517 1167 Aug. 1974
Biblis-B PWR 2 3733 1240 Apr. 1976
Neckarwestheim-1 PWR 2 2497 785 Jun. 1976
Unterweser PWR 2 3900 1345 Sep. 1978
Grafenrheinfeld PWR 3 3765 1275 Dec. 1981
Grohnde PWR 3 3900 1360 Sep. 1984
Philippsburg-2 PWR 3 3950 1392 Dec. 1984
Brokdorf PWR 3 3900 1410 Oct. 1986
Isar-2 PWR 4 (Konvoi) 3950 1400 Jan. 1988
Emsland PWR 4 (Konvoi) 3850 1329 Apr. 1988
Neckarwestheim-2 PWR 4 (Konvoi) 3850 1310 Jan. 1989
Brunsbdttel BWR BWR '69 2292 771 Jul. 1976
Isar-1 BWR BWR '69 2575 878 Dec. 1977
Philippsburg-1 BWR BWR '69 2575 890 May 1979
Krimmel BWR BWR '69 3690 1346 Sep. 1983
Gundremmingen-B BWR BWR '72 3840 1284 Mar. 1984
Gundremmingen-C BWR BWR '72 3840 1288 Nov. 1984
DEVELOPMENT OF PREDICTIVE MODELS OF NEUTRON IRRADIATION EMBRITTLEMENT ...— Hieronymus Hein AREVA





Background

» German Safety Standard KTA 3203 “ Surveillance of the
Irradiation Behaviour of Reactor Pressure Vessel Materials of
LWR Facilities” of the Nuclear Safety Standards Commission

(KTA)
. “ . - 80 ¢ Forgings
Rely on surveillance data and “Limit ol
curve for RT based on this data o 1 1 ,/ 5
. . . . k= 40 T ® | - X Forgings, RT.
Application of pure predictive models Poon g o % 5 Wetd el el e a
L g ANS] iy welding
IS OUt Of Scope f—“- 0 d} D"‘x :: p O Weld metal, submerged arc
. . =} ~p i weldin
Where surveillance data are available, £ % e
20 s

interpolation or extrapolation may be
applied to the assessment fluence! (AF) o

For this purpose each suitable function = —————— —— —
IS permltted (prEferany RTNDTJ = A ° q)n) Neutron fluence @ (E > 1 MeV), in 10" em™

» Need to apply qualified predictive models to prove LTO

Interpolation/extrapolation of RT to AF
Confirmation of continuing trends in RT depending on fluence
Prediction of RT if insufficient surveillance data is available

1 The assessment fluence is the neutron fluence used

AREVA NP GmbH in the assessment against brittle fracture
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Overview on the data base

» CARISMA

2003 - 2008

Data base to characterize the fracture toughness of pre-irradiated original
RPV materials in arange of 4« 1018to 5+« 10° cm? (E > 1 MeV)

RPV materials concerned are representative for all four German PWR
construction lines built by former Siemens/KWU company:
e Obrigheim (KWO), Stade (KKS) — 15t
e Biblis A (KWB-A), Biblis B (KWB-B), Unterweser (KKU), Neckarwestheim 1 (GKN1) — 2nd
o Grafenrheinfeld (KKG), Grohnde (KWG), Phillipsburg 2 (KKP2), Brokdorf (KBR) — 3
e Emsland (KKE), Isar 2 (KKI2), Neckarwestheim 2 (GKN2) — 4th
VAK (Versuchsatomkraftwerk Kahl) as main irradiation faC|I|ty

e Neutron spectrum very similar to German PWR
e No flux effect observed in irradiation data

Irradiation temperature between 280 °C and 290 °C

Study by tensile, Charpy-V impact, crack initiation
and crack arrest tests for RPV materials with

e optimized chemical composition

e or high copper content

e or high nickel content M
AREVA NP GmbH o A

Spray Grid for the Core
Emergency Gooiing
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Overview on the data base
» CARISMA

RPV materials

. German PWR Project 0 0 -
Material Generation Code Cu (%) P (%) Ni (%)
20MnMoNi5-5 4
ISW (Konvoi) P141 BM 0.05 0.01 0.79
22NiMoCr3-7 1-2 P7 BM 0.12 0.02 0.97
Kl6ckner
22NiMoCr3-7
ISW 3-4 P147 BM 0.05 0.01 0.84
S3NiMo1/OP 41 TT UP, 4
GHH (Konvoi) P141 WM 0.03 0.02 1.01
S3NiMo3/OP 41 TT UP, 3 P16 WM 0.08 0.01 169
Uddcomb
NiCrMo1l
UP/LW320. GHH 2-4 KS05 WM 0.05 0.01 0.91
NiCrMol UP(modified)/
LW320, LW330 1 P370 WM 0.22 0.02 1.11
AREVA NP GmbH A
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Overview on the data base

» CARINA

2008 - 2012

Extension of the experimental data base generated by CARISMA by
additional representative materials irradiated under different conditions up
to upper bound fluences beyond 5+ 101° cm2? (E > 1 MeV)

Specific view on specific irradiation effects such as neutron flux, chemical
composition, late blooming phases and manufacturing effects

VAK (Versuchsatomkraftwerk Kahl) and commercial PWR of Siemens/KWU
design used for irradiation

Study of RPV materials by tensile, Charpy-V impact, crack initiation and
crack arrest tests

e Generation of crack arrest toughness curves for
irradiated material by different test methods
(crack arrest tests and instrumented
Charpy-V impact tests)

e Advanced application of the Master-Curve
concept for the RPV safety assessment
for both crack initiation and arrest

AREVA NP GmbH
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Overview on the data base
» CARISMA/CARINA

Macrophysical material properties of all materials are well known for both
unirradiated and irradiated conditions

Tensile

Charpy-V

Fracture toughness

Yield strength, Ultimate strength, T,,, RTyprg, RTros -

Microstructural studies are ongoing for selected CARISMA/CARINA
materials in LONGLIFE project , Treatment of long term irradiation
embrittlement effects in RPV safety assessment”, 2010-2013

e Co-funded by EUROPEAN COMMISSION (EURATOM FP 7)

e FZD, AREVA NP GmbH, SERCO, AEKI, CIEMAT, TECNATOM, NRI, SCK-CEN, VTT,
CNRS, CEA, RAB, ROLLS ROYCE, EDF, UOXF.DJ, JRC
e Generation of microstructural data in particular for LTO to better understand the
embrittlement mechanisms and to improve the RPV irradiation surveillance concepts and
prediction formulas
- Transmission Electron Microscopy (TEM)
- Atom Probe Tomography (APT)
- Small Angle Neutron Scattering (SANS)
- Auger Electron Microscopy (AES)
- Positron Annihilation Spectroscopy (PAS)
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Overview on the data base
» CARISMA/CARINA materials selected for LONGLIFE

Neutron Neutron
. Project LONGLIFE | Ty fluence flux o o o .
Material Code Code o (E>IMeV) | (E>1MeV) Mn (%) | Ni (%) [ P (%) | Cu (%)
10%cm™ | 10% cm”s?
0 0
S3NiMol/OP 41 1T 0.98 2.5
UP.GHH P141 WM ANP-2 285 136 347 1.1 1.02 |[0.019] 0.03
4.97 12.7
0 0
. 0.41 1.06
S3NIMo3/OP 41 TT | p1gwm | aNP-6 | 280 | _0.84 2.13 141 | 17 |0.012| 0.08
UP, Uddcomb
1.16 2.96
5.22 2.41
) o 0 0
NiCrMol UP(moadified)/ | ooz \wm | anps | 285 2.02 0.06 1.1 | 111 |o0.015| 0.22
LW320, LW330
2.25 2.1
0 0
22NiMoCr3-7 0.78 1.25
ISW P147 BM ANP-4 285 103 166 0.88 0.9 0.007]| 0.06
4.22 1.95

AREVA NP GmbH
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Overview on the data base

» German RPV surveillance data base

Mainly based on RTypy from standard RPV irradiation surveillance capsules
Proprietary rights at German utilities

90

/ — RTimit (KTA 3203)
O 70 +
. // ¢ PWR Surveillance Data
S 50+ —
E" _— R & BWR Surveillance Data
- 30
S Q . A A A CARISMA (RTnorg)
5 s o+ .
Z 10 $§ et oe o
o : L WAN 5 o CARISMA (RTTO(J'))
o *
S opse”
] ; *
$ -30 'D <
g *
~ -50 ¢
8 PWR o
E 70 o Fluence
o A a (80 years)
13 BWR :
x -9 Fluence
(80 years)
-110 -+ T — 1 1

0.0E+00 1.0E+19 2.0E+19 3.0E+19 4.0E+19 5.0E+19 6.0E+19

Neutron Fluence @ [cm™] (E > 1MeV)
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Overview on the data base
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Sharing of data
» CARISMA/CARINA data base

The representative data generated in both research programs offers a

unique possibility to complement the existing PWR surveillance data base
in particular for long term operation conditions

All CARISMA/CARINA data required may be offered for a common data base
» German RPV surveillance data base

Approval of VGB (association of utilities) mandatory for any use

VGB signalized acceptance to use German RPV surveillance data for
validation of the predictive models to be developed

Final decision on this issue will be made when a more detailed scope of the
project is elaborated

AREVA NP GmbH A
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Conclusions and Outlook

» AREVA NP GmbH is willing to participate in the project

» CARISMA/CARINA data base may be offered for a common data
base

» Consideration of German RPV surveillance data base is possible
provided VGB officially agrees

» Further progress in the proposed effort is expected on a Special
Session at IAEA Technical Meeting on Irradiation Embrittlement in
Znojmo, Czech Republic, 21 October 2010

AREVA NP GmbH A

DEVELOPMENT OF PREDICTIVE MODELS OF NEUTRON IRRADIATION EMBRITTLEMENT ...— Hieronymus Hein AREVA
Kick-Off Meeting, September 14-15, 2010 Rockville, Maryland (USA) - p. 13





66

Any reproduction, alteration or transmission of this document
or its content to any third party or its publication, in whole or
iIn part, are specifically prohibited, unless AREVA NP has
provided its prior written consent.

This document and any information it contains shall not be
used for any other purpose than the one for which they were
provided.

Legal action may be taken against any infringer and/or any
person breaching the aforementioned obligations.
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The unshaded area below the red line represents
lost capacity if the current U.S. nuclear power plant
fleet Is decommissioned after 60 years. Extending
LWR operating licenses to 80y will fill that gap.
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The U.S. Department of Energy (DOE) Has
Implemented the Light-Water Reactor
Sustainability Program - “Life After Sixty”

Collabhorative RaD Program

. T i &
\ging and Degradation g

Risk-Informed Safety Margin
Characterization

= Advanced Instrumentation and Control
Technologies

Funding
= FY2010- $9.75 Million
= |nitial focus on “component and material aging and degradation activities”

R&D Implementation
= Coordinated by INL Technical Integration Office (TIO)
= Coordinated with EPRI and NRC-RES

= |Implementation through broad-based Industry / National Laboratories /
University collaboration / international partners

.
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Materials issues are a key concern for the existing
nuclear reactor fleet and the U.S. Department of
Energy Light-Water Reactor Sustainability
Program (LWRSP) has identified material
applications of particular importance.

* Materials research will be a key need to support extended
lifetimes of the existing nuclear reactor fleet.

« Materials issues must be resolved for:
— Reactor Pressure Vessels and Primary Piping
— Core Internals
— Secondary System
— Weldments
— Concrete
— Cabling
— Piping
 In addition, predictive and fundamental modeling will provide

valuable insight into mechanisms and long-term behavior as
cross-cutting support.





Reactor Vessel Integrity Assessments Must
Account for Potential Degrading Effects of

Neutron Irradiation
Irradiation Causes Ductile/Brittle Transition Temperature Shift and Upper Shelf Energy Loss
— Copper, Nickel, etc. Increase The Effect
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A Number of Major Issues Remain Regarding Effects of
Irradiation On Fracture Toughness of Reactor Pressure
Vessels

® Sparse or Nonexistent Data at High Fluences, Long Times, and For

High Embrittlement Create Large Uncertainties for Embrittiement
Predictions and may limit plant life extension.

e Need high fluence data — reactor surveillance data are sparse
above 3x10'° n/cm? — Operation to 80y will double fluences to ~
1x102% — high flux (test reactor) vs low flux (RPV) effects is a major
issue. Power uprates as result of the PTS re-evaluation would
increase fluence even more (some uprates already announced).

 Statistical improvements and logic regarding material variability to
reduce uncertainties within the current framework and for
applications of the Master Curve methodology.

* Irradiation effects on high-Ni welds at high fluence - potential
effects of late-blooming phases (note that recent data shows very
high Ni may not always be necessary for LBP).

 Specimen size effects (bias of the precracked Charpy specimen)
and relevance of fracture-toughness master curve to very high
embrittlement levels and intergranular fracture.





A Number of Major Issues Remain Regarding Effects of
Irradiation On Fracture Toughness of Reactor Pressure
Vessels (Cont’d)

- Effects of flux and fluence attenuation through the RPV wall on
fracture toughness at specific depths in the wall (e.g., 3/4t).

 Modeling and microstructural analysis.

- Effects of irradiation/post-irradiation annealing/reirradiation on
propensity for temper embrittlement, especially of weld heat-
affected zones.

» Effects of thermal aging for extended times — 40y not generally
considered issue, but 80y operation and potential synergism with
irradiation-induced embrittlement are not known.

The combination of irradiation experiments with modeling and
microstructural studies provides an essential element in aging
evaluations of RPVs.





The LWRSP task for reactor pressure vessels
has identified and will address significant
materials issues to reduce the uncertainties in
regulatory application

« The initial and primary objective of the LWRSP RPV task is to
develop robust predictions of transition temperature shifts (TTS)

at high fluence (¢t) pertinent to plant operation for 80 full power
years, ~1%x102° n/cm? (>1 MeV) for PWRs.

* “New experimentally verified models must be developed to
accurately predict embrittlement, ideally in terms of master curve
toughness-temperature curves, for pertinent low flux, high
fluence extended life conditions. Advanced models must also
treat potential embrittlement contributions from late blooming
phases, as well as AT attenuation and following annealing-
reirradiation remediation cycles.”

* The new models should resolve the various issues associated
with thermal annealing, attenuation, and flux effects from both
surveillance and test reactor data.





The LWRSP task for reactor pressure vessels has
iIdentified and will address significant materials
ISssues to reduce the uncertainties in regulatory
application (Cont’d)

* Additional research will be required to determine the detailed conditions
leading to the formation of late-blooming phases, including stable matrix
features acting as precursors, and the severity of the corresponding
embrittlement.

 Low temperature annealing and other basic experiments are needed to help
develop improved models that account for a very wide range of flux.

* High fluence irradiation experiments in test reactors will be required, but
should be carried out at the lowest feasible flux levels, so as to minimize the
need for adjustments.

 The RPV task has obtained initial data demonstrating differences between low
flux IVAR prediction and high flux experimental data that indicate a new
mechanism is at work. More data are required to fully evaluate these effects,
but thermal annealing studies are showing the significance of unstable matrix
defects in high flux irradiations and the potential for a three-feature model of
irradiation embrittlement incorporating UMDs.

 FY11 activities will include initiation of irradiations in the ATR at INL,
development of detailed plans for further irradiations, thermal annealing
studies, APT and SANS experiments, and studies to resolve the other
identified RPV issues.





Test reactor irradiations are needed to
Investigate material behavior, but two to three
orders of magnitude in flux (dose rate) requires
understanding of flux effects (rate effects).
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Recently Developed Equations for Irradiation
Embrittlement Prediction are Mechanistically
Informed with Matrix Damage and Cu-Rich
Precipitate Functions Which Include: Flux,
Fluence, Temperature, Cu, Mn, Ni, P, Product Form

Eason, Odette, Nanstad, and Yamamoto (EONY), 2006

Model predictions vs measured shifts
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High fluence test reactor data are non-
conservative relative to embrittlement models that

have been developed based on surveillance data

* Interpretation is difficult, however, since increasing ¢ can increase,
decrease, or not affect the TTS, depending on the combination of

temperature ¢, ¢t, and alloy composition.
Eason, Odette, Nanstad,

Mark Kirk Model
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Master Curve Issues

Surveillance specimens may not be available for MC testing and they may
be even more limited for extended vessel life.

Predicted AT, will be based on less data and thus have higher uncertainties
than for ATT,,;, and AT, tends to be greater than ATT,,; In some cases.

Data are sparse or non-existent for AT, and ATT,,; at large extended life
exposures.

The small size of pre-cracked Charpy surveillance specimens can lead to a
non-conservative bias in evaluating 1,(PCCV) < T, (large specimen). Thus,
procedures to remove this bias must be developed including for the
Irradiated condition.

The shape of the MC in sensitive steels at high exposure and high AT, must
be verified and better understood.

The relevance of the MC methodology to intergranular fracture and crack
arrest needs to be established.

There is a general concern that the use of a more accurate, but less
conservative, procedure may not account for the uncertainty about most
sensitive steels in the actual vessel itself.

Note - all of these “issues” are amenable to significant resolution by
additional research before they represent any actual concern





Further evaluations of specimen size effects are
needed to fully understand limits of applicability
and associated uncertainties, with special focus
on the precracked Charpy 3-point bend specimen.

* Precracked Charpy V-notch (PCVN) and smaller specimens are identified
as a critical issue due to the important link to RPV surveillance programs,
as CVN surveillance specimens may be reconstituted, precracked, and

>200 PCVN for Weld 72W exhibited Bias = —21°C

then tested as PCVN.

*» Different materials respond
differently, particularly as an effect
of irradiation.

“+HSST Plate 02 (A533B-1) =-5°C.
“+HSST Plate 13B (A533B-1) = -36°C.
+JRQ Plate (A533B1) = -12 to -22°C.
% Other RPV steels = -12 to -45°C

«» Annealed 9Cr-1MoV = 0°C.

-200
s+Current bias.used by USNRC is -5°C.
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Irradiation effects on high-nickel welds and on
high-copper low upper shelf welds at high fluence -
potential effects of late-blooming phases

Models suggest and increasing experimental evidence shows that
phases rich in Ni and Mn may form in low Cu steels but may not
contribute to hardening and embrittlement until relatively high fluences —
called “late blooming phases” (LBP).

Embrittlement of high-Ni welds is important because there are U.S. RPVs
with weld metal Ni contents as high as 1.3 wt% and there is a paucity of
data available for western steels with Ni contents in excess of 1.0 wt%.

Accumulating data on VVER-1000 steels (Ni-Cr-Mo) show embrittlement
increasing exponentially with Ni contents above 1.2 wt%, and increasing
embrittlement with high Mn content. It’s not obvious that a similar Ni
threshold is relevant to U.S. Mn-Mo-Ni steels, but data are insufficient to
resolve the issue.

Potentially strong synergistic interactions between copper, nickel,
manganese, and phosphorus at relatively high fluences need to be
examined.

The key to developing physically based transition temperature shift
models will be to understand the effects of ¢, in combination with all
other embrittlement variables, on the concentrations and balance of
hardening features, stable matrix features, copper-rich and Mn-Ni
precipitates, and unstable matrix defects.





VVER-1000 RPV Materials with Low Copper
Show Increased Irradiation-Induced
Embrittlement with Increasing Nickel Content

ATa1 (Adjusted), °C

® Weld Metal (wt %): 0.06 Cu, 1.70 Ni, 0.73 Mn
O Base Metal (wt %): 0.05 Cu, 1.26 Ni, 0.46 Mn

200
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Effects of irradiation / post-irradiation thermal
annealing and reirradiation on propensity for
temper embrittiement of RPV steels.

RPV sectors considered most susceptible to temper embrittiement are
the coarse-grain regions of weld heat-affected-zones (HAZ) generally in
those base metals with relatively high phosphorous content — but this
is not necessarily always the case.

Very little data exist regarding propensity for intergranular fracture (IGF)
at high fluences - e.g., plate JRQ (A533B-1) has shown IGF. Another
issue is the unknown relationship between IGF and crack-arrest
toughness.

It has been demonstrated that commercial RPV steels can be
susceptible to temper embrittlement through thermal annealing
treatments. A commercial steel (with relatively low phosphorus), heat
treated to represent the coarse grain HAZ, showed significant IGF
(~20%) following irradiation and also showed predominant IGF (~75%)
following post-irradiation thermal annealing under anticipated RPV

annealing conditions.

Note: No known observations of significant IGF in western RPV
surveillance!!





Significant Intergranular Fracture in
Irradiated/Annealed RPV Weld HAZs Prompted
Investigation of Fracture Toughness Master
Curve Relevance to Intergranular Fracture

 The fracture toughness vs temperature relationship appears to follow master curve up to
about 150 MPa\m

* However, brittle intergranular fracture was observed 150°C Above “T,”

 Relationship between fracture toughness and CVN toughness was significantly different from
cleavage fracture results
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Late-Blooming Phases (LBP) are Blooming in

Experimental Studies
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(a) Predictions of fluence dependence of hardening in a high copper,
medium nickel steel due to CRP hardening, and in high-nickel, low-

copper steel due to LBP hardening;

(b) APT maps of nickel and manganese distributions and a blowup of
a Mn-Ni LBP precipitate in a copper-free 1.6 wt.% Ni-1.6 wt.% Mn
model alloy irradiated to 1.8x10"% n/cm? at high flux and 290°C;

(c) Ao, as a function of the square root of the volume fraction of

precipitates in low copper steels and model alloys.





Cu-free Alloys Exhibit Significant OV3: 0.0Cu, 1.6Ni, 1.6Mn
Ni-Mn-Si Precipitates

CM7: 0.0Cu, 1.6Ni, 1.6Mn,
CM6: 0.0Cu, 1.6Ni, 1.6Mn, 0.25Si, 0.005P 0.25Si, 0.040P






Summary for LBPs

 Models have long predicted formation of Mn-Ni rich LBP that
could lead to high levels of hardening and embrittiment even
in low Cu steels

« Existence of LBP in low Cu and Cu free model alloys and
steels has now been demonstrated by several techniques

 LBP are favored by high Ni-Mn and lower irradiation
temperatures - but can form in composition-irradiation
regimes of RPV steels

* Mn-Ni(-Si) phases in low Cu steels are part of a continuum of
chemically complex irradiation induced features - CRP, MNP,
MF and LBP

* Issue seems -- when and where, not if - and effects of small
amounts of Cu and low flux are key questions





Data for Effects of Flux on Through-Thickness
Attenuation Are Needed - Direct Examination of a
Suitable Decommissioned RPV is Appropriate

The attenuation equation in Regulatory Guide 1.99, Revision 2 is based
on very sparse data and controversy exists regarding the method for
estimating embrittlement variations through the RPV wall due to
attenuation of neutron flux. This issue increases in importance at higher
fluences and with life extension

There is no consensus on an appropriate exposure unit, e.g., fluence
greater than 1 MeV or displacements per atom, dpa (technically sound).

For PTS, attenuation of embrittlement is important for determining crack-
arrest toughness and re-initiation fracture toughness. Additionally,
fracture toughness at 1/4 t and 3/4 t depths in the RPV wall are needed for
P-T curves.

Development of the attenuation model can be accomplished through test
reactor experiments (potential effects of flux must be addressed) or
through direct examination of a suitable decommissioned RPV (Note:
Attempts to obtain Trojan and San Onofre-1 RPVs failed administratively).

IAEA-sponsored experiment at Dimitrovgrad reactor-Charpy, tensile,
PCVN fracture toughness tests underway at NRI, Czech Republic. EPRI,
CRIEPI, NRC sponsoring tests and evaluations.





Continuing integration of irradiation experiments with
modeling and micro-structural studies to improve
predictive tools.

Modeling and microstructural characterization represents
the core goal of research in irradiation effects — prediction
of irradiation-induced embrittiement for any given RPV
steel.

Matrix Defects: Predicting the form of matrix damage is important
because the nature of the defects has not been resolved in spite of
tremendous advances in microscopy techniques. Large scatter in
some regimes is reflective of our lack of understanding. As a result,
predicted embrittlement at high fluence may be non-conservative.

Evaluation of data in the PR-EDB suggests that the nominal upper
bound to PR-EDB data is not conservative with respect to a higher
fluence matrix defect database. Resolving the nature of these defects
and key variables that dictate their evolution is imperative.

Database for Advanced Modeling: Potential for realistic simulations of
long-term in-service performance has become a reality, (e.g.,
molecular dynamics coupled with kinetic models). Research is
needed to develop predictive tools and to guide future experiments.
Advances in techniques such as Atom Probe allow querying of
microstructure with higher resolution, and continued advances are
expected.





The RPV Task of LWRSP Is Collaborating
with Industry and Others

* High-nickel weld metal and base metal specimens from Pal Efsing
(Vattenfall) for APT, SANS, PAS.

— Material from the surveillance capsules of Ringhals units 3 and 4 with
a manganese level of about 1.4 wt% and a nickel level of
approximately 1,58-1,66 wt% depending on the specific plate!

« Surveillance capsule A-60 from Palisades Nuclear Plant. High nickel weld
(1.36 wt%) and a base metal irradiated to 1.8x102° n/cm?.

» Cooperating with NRC activities.

— Performing APT and SANS on high flux irradiations in BR2 on Plate
02, JRQ, Weld 73W, Midland Weld, Palisades Weld, compare with
lower flux irradiations on same materials.

— Will also collaborate with NRC irradiation plans to avoid unnecessary
duplication of effort.

« Working with ATI Consulting (Bill Server), EPRI, SCK-CEN, and others to
identify potential surveillance materials for inclusion in the ATR, BR-2, and
other research reactor irradiations.





National Scientific User Facility (NSUF) Advanced Test
Reactor (ATR) Irradiation Facility Will Be Utilized for
Irradiation Project, ATR-2 — Start in FY11

« UCSB led proposal for ATR RPV irradiation and facility
development as part of the ATR National Scientific
Users Facility (NSUF) Program.

« Need new high ¢t, intermediate ¢ database to couple to a large body of existing data for a
large set of common alloys (= 100) irradiated over a wide range of ¢ and ¢t

» ATR NSUF Small | position
* Thermal neutron shield and active T-control
» Peak ¢ = 2x10'2 n/cm?-s & ¢t = 1020 n/cm? in one-year, irradiation temps of 270, 290, 310°C

» 2000+ specimens (seven different geometries) including disc compact tension (0.3T), disc
multipurpose coupons, mini-tensile, ... Irradiation start in Apr 2011
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ATR-2 Irradiation Will Span Flux and Fluence
Range of IVAR and REVE Experiments

* Initial irradiation < 4x1012 n/em?-s up to10?" n/em? in large
temperature controlled capsule- many alloys wrradiation
conditions for several specimen types.

Flux-fluence map of UCSE for

RPYV steel irradiations
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Advanced Test Reactor Includes Multiple
and Flexible Irradiation Facilities

Quter North
Irradiation Tank
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Neck Shim Rod
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Advanced Test Reactor Includes Multiple
and Flexible Irradiation Facilities (Cont’d)






Preliminary Design of Irradiation Vehicle Includes Shielding,
Thermocouples, Gas Lines, Coolant Gaps, and Shows Small Space in

This Specific Facility Location, Requiring Relatively Small Specimens
Note:

Preliminary
Design
Diam ~ 20 mm \ : £ v g INNES CASSULE, #1130 % 110 WALL
(~0.8in.) . ' 27 Cadmium shield reduces
Length ~ 48 in.< ve »m - — 7 thermal neutrons for reduced

activation.
Thermal mock-up will be tested to
support the details of the very
detailed finite element analysis.

UCSB-2 EXPERIMENT TEST TRAIN CROSS SECTION





Wide Range of Materials Will be
Included In ATR-2 ExXperiment

Concept is to irradiate to high fluence many specific materials that have
been previously irradiated at lower fluences.

Many materials previously irradiated in test reactor experiments and tested
will be included in ATR-2, e.g.:

— HSST Plate 02, HSSI Weld 73W, Midland Beltline Weld, Linde 80 Welds
61W-67W, JRQ Plate, EPRI Welds, A508-2 Forgings,.........

— So, plates, forgings, welds, high/low Cu, high/low Ni, etc.

Rolls-Royce has had 50 alloys fabricated with different chemical
compositions for their research and for inclusion in ATR-2. ORNL performing
hardness and metallography, and machining of specimens.

Commercial reactor surveillance materials will be included in ATR-2. Specific
materials have been identified for potential inclusion based on attainment of
relatlvely high fluence in surveillance programs. ATl Consulting (Bill Server)

Is working to obtain archive materials for ATR-2: —






Commercial Surveillance Materials Are Being
Sought for Inclusion In ATR- 2 Experlment

Plant/Capsule Fluence (E19) [Base Metal Heat Weld Flux/Heat Ni
Farley1l-Z 8.47
Farley1l-V 7.14
Farleyl-W 4.75
SA-533B-1 0.14 0.55 Lind 0091 0.14 0.19
- - : : nee 133a277)| - :
Farley1l-X 3.06
Farley2-Y 6.79
Farley2-Z 4.92
Farley2-X 2.98
SA-533B-1 0.2 0.6 SMAW | (BOLA) 0.03 0.9
(C7466-1)
Farley2-V 13.6 (2019)
VC Summer-Z 6.54
VC Summer-W 4.63
. 124
SA-533B-1 0.1 0.51 Linde (aP4784) 0.05 0.91
VC Summer-Y | 4.63 (2016)
Kewaunee-T 5.62
Kewaunee-S 3.67
SA-508-2
(122X208VA1 or 0.06 0.75 0.22 0.72
123X167VA1)
] 1092
Kewaunee-N 9.2 (2022) Linde (1P3571)
MY-A35 6.11 SA-533B-1 0.1 0.53 0.36 0.78
BV2-X 5.6
BV2-W 3.63 SA-533B-1 .
(B9004-2) 0.05 0.56 Linde 0091 0.08 0.07
BV2-Y (2014) 6.0






Commercial Surveillance Materials Are Being
Sought for Inclusion in ATR-2 Experiment (cont’d)

Robinson2-X 4.49
Robinson2-T 3.87 SA-302 0.12 N/A Linde 124 0.34 0.66
Robinson2-U (2011) 3.87
Prairie Is1-R 4.48
Prairie Is1-S 4.02 SA-508-3 0.06 0.72 SMIT 89 0.13 0.09
Prairie 1s1-S (2011) 5.16
Prairie Is2-R 4.38
Prairie Is2-P 4.17 SA-508-3 0.09 0.7 SMIT 89 0.08 0.07
Prairie 1s2-P (2014) 5.2
Palisades-A240 4.01
- SA-302B Mod. 0.25 0.53 0.23 1.2
Palisades - A60 >10 .
- Linde 1092
Palisades-W80 (2019) 3.06
Palisades - SA240 2.38 NA 0.307 1,045
Palisades - SA60 1.5
Diablo Canyonl-V 1.37 SA-533B-1 0.08 0.46 1092 0.21 0.98
1092
Diablo Canyon Linde :g
Supplemental TBD NA 0091
Capsules B, C, & D
124

NOTES:

Blue indicates primary materials of interest

Yellow indicates capsules of interest

Capsules with'dates after the fluence are planned values assuming the coordinated PWR surveillance program





Small Angle Neutron Scattering and Atom
Probe Tomography Experiments Will Be
Continued in FY11

« Small Angle Neutron Scattering Study of ¢ Effect on CRPs Will Be Continued
in FY11

« SANS study on an initial matrix of alloy-irradiation-annealing condition
matrix from IVAR and BR2

« Example: 73W shows delay in CRP at high ¢ and fluence

« Atom Probe Tomography Studies Will Be Continued in FY11

 Odette collaboration with CRIEPI (N. Soneda on BR2-IVAR irradiations) -
initial data on a 0.2Cu, 0.8Ni alloy show Ni-Mn-Si (LBP) at the highest BR2
¢t. Note that this is not a high Ni weld and is exhibiting LBP!

* ORNL planning APT and SANS experiments with high-Ni and other RPV
steels from power reactor surveillance programs, and those irradiated in
ATR-2.

* APT and SANS experiments are underway for five RPV steels/welds
irradiated at high flux and previously at low flux - NRC program.
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NRC Embrittlement Workshop
PWR Reactor Vessel Coordinated Surveillance Program
PWROG and MRP Industry Initiative

The purpose of coordinated surveillance capsule removal program is to
obtain high-fluence, long-time irradiation data to assure embrittlement
trend curve (ETC) prediction accuracy above 4E19 n/cm?

« Act upon an identified need to obtain high-fluence power reactor data via

the reactor vessel surveillance program to address guestions about
embrittlement trends

» Ensure sufficient data are available to support reactor vessel operation
beyond 60 years of operation

* Provide a basis for developing the next set of ETCs using power reactor
data





NRC Embrittlement Workshop
PWR Reactor Vessel Coordinated Surveillance Program
Program Objectives

Fill gaps in vessel embrittlement data at high fluence and long times
to provide objective evidence for 60 to 80 year operation.

o Determine the likelihood of increased damage rates at high fluence
(>4E19 n/cm?) versus the current assumption of “saturation”.

 Look for other unique damage trends (e.g., late blooming phases) after
very long times (60-80 years) and high fluence (>8E19 n/cm?), including
their relevance to each material grouping.

* Provide sufficient data in each material grouping to provide assurance of
the adequacy of shift predictions at 60-80 year fluence values.

o  Assess the applicability of current ETCs to the Generation 111 vessel
materials and designs.





NRC Embrittlement Workshop
PWR Reactor Vessel Coordinated Surveillance Program
Program Elements

o Data available by key material groupings
— material type
— microstructure
— neutron fluence
— chemical composition
— volume of measurements

e Remaining resources available for each material grouping.
 Prioritization of apparent database gaps.





NRC Embrittlement Workshop
PWR Reactor Vessel Coordinated Surveillance Program
Key Material Groupings

Base Metal

A302 B plates: 0.09 to 0.20 % Cu; low Ni

SA533 B and A302 B-mod plates: Lukens Steel; 0.10 to
0.25 % Cu; ~0.5-0.7 Ni

SA533 B plates: various suppliers; 0.10 Cu and less; ~0.5-
0.7 Ni

SA-508 class 2&3: various suppliers; 0.01 to 0.17 % Cu;
~0.5-1.0 Ni

Standard reference materials (A302 B, SA533 B)





NRC Embrittlement Workshop
PWR Reactor Vessel Coordinated Surveillance Program
Key Material Groupings

Weld Metal

e Linde 80 welds: 0.21 to 0.37 % Cu; nom. Ni

e Linde 80 welds: 0.02 to 0.03 % Cu; nom. Ni

e Linde 1092 welds: 0.16 to 0.36 % Cu; ~.5to 1% Ni
e Linde 0091 welds: 0.14 to 0.28 % Cu; low Ni

e Linde 0091 welds: 0.02 to 0.08 % Cu; low NI

e Linde 124 welds: 0.01 to 0.07 % Cu; low Ni

e Other welds (SMIT 89, Grau Lo, LW320, UM89, E8018):
0.03t0 0.37 % Cu; var. Ni





Measured - Predicted AT 30 (°F)
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Measured - Predicted AT 30 (°F)

SA-533 Gr. B, Cl. 1 and SA-302 Gr. B Modified
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Measured - Predicted AT 30 (°F)
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Measured - Predicted AT 30 (°F)
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Standard Reference Material
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Note: No CE plate factor applied to SRM predicted shifts
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Measured - Predicted AT 30 (°F)
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Linde 80 Welds (Cu < .033 wt%)
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Linde 1092 Welds
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Measured - Predicted AT 30 (°F)

Linde 0091 Welds (Cu 2 .14 wt%)
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Measured - Predicted AT 30 (°F)
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Measured - Predicted AT 30 (°F)

Linde 0124 Welds
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Other Welds (BOLA, SMIT 89, Grau Lo, UM89, LW320)
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NRC Embrittlement Workshop
PWR Reactor Vessel Coordinated Surveillance Program

Observed Gaps in the Database
 Limited data volume for several weld subsets

« High fluence under-represented for most material
groupings

Implementation Planning

* Preceding graphs indicate specific gaps; filling them
requires use of available surveillance material resources
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NRC Embrittlement Workshop
PWR Reactor Vessel Coordinated Surveillance Program

Available Resources
« Surveillance capsules remaining inside vessel
« Surveillance capsules removed and stored, but untested

« Surveillance materials removed, capsule disassembled and
specimens stored

» Broken (tested) specimens in storage

e Unirradiated archive blocks of reactor vessel base and
weld materials.

20





NRC Embrittlement Workshop
PWR Reactor Vessel Coordinated Surveillance Program

Prioritization Goals
1. Timely acquisition of data

— High lead-factor (LF) surveillance capsules provide
data the fastest.

— Low LF capsules slower but can assess both time and
fluence effects.

Propose optimizing existing capsule withdrawal schedules for
high LF capsules to get high-fluence data in short time.

Propose irradiation of previously exposed specimens in a test
reactor.
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NRC Embrittlement Workshop
PWR Reactor Vessel Coordinated Surveillance Program

Prioritization Goals (continued)

2. Fill gaps in database where:
a) limited results for key material groupings
b) limited results above target fluence,
c) evidence of adverse trends.
d) limited results for long-time irradiation.
e) limited results for extremes of vessel copper or nickel content.

Prioritization based on significance/importance of gap and
availability of resources to fill gap.
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NRC Embrittlement Workshop
PWR Reactor Vessel Coordinated Surveillance Program

Strategies

Retain surveillance capsule in vessel for longer period of time.
Move surveillance capsule to higher lead factor position in vessel.
Reinsert previously removed capsule for additional irradiation.

Use archived or reconstituted irradiated specimens to build new
surveillance capsule for additional irradiation in original vessel or in
test reactor.

Use unirradiated archive material to build new surveillance capsule for
irradiation in original vessel or in test reactor.
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NRC Embrittlement Workshop
PWR Reactor Vessel Coordinated Surveillance Program

Conclusions

Key material groupings have been defined for the PWR Coordinated
Surveillance Program based on unique material types, chemical content, and
microstructure.

This program is intended to contribute to the industry goal to produce one
embrittlement trend curve applicable to all PWR vessel integrity applications
for 60-80 year vessel operation:

— Provide timely input to fill the data gaps at high fluence.

— Use power reactor surveillance program data to preclude the need to
employ non-conservative embrittlement predictions.

Industry plan is being developed that will identify and prioritize:
— Surveillance program resources.
— Database gaps identification.
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Different approaches to verify the
consistency of surveillance test results

Enrico Lucon
NIST - Materials Reliability Division, Boulder CO (USA)
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Background
Instrumented Charpy testing

NIST

e Using a striker instrumented with strain gages, the
force applied to the specimen during a Charpy test can
be recorded

e Several characteristic values of force, displacement and
absorbed energy can be determined from the
instrumented record of a Charpy test: general yield,
maximum, brittle fracture, crack arrest and test
termination

e Instrumented Charpy tests are currently standardized
in both I1ISO 14556:2000 and ASTM E2298-009.





Background
The Load Diagram Approach

NIST

e Characteristic instrumented forces can be used to
calculate equivalent dynamic stress values:

. £-S-F
2C. (W —a)’B

e Dynamic stresses can be plotted as a function of
temperature in the framework of the so-called Load
Diagram Approach (A. Fabry and R. Chaouadi,
SCKeCEN), allowing correlation of impact properties with
other material characteristics





Load Diagram Approach
Examples of application
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Load Diagram Approach
Examples of application
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Load Diagram Approach
Examples of application
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Load Diagram Approach
Examples of application

NIST

e Estimation of SFA values:

SFA% =100-|1— Py — Fa
F, +0.5(F, ng)

and comparison with measured values

e Comparison between static tensile results and dynamic
tensile data (evaluated from instrumented Charpy
results)





QA checks on surveillance Charpy data
based on the Load Diagram Approach

NIST

> Determination of alternative index temperatures (T,
To, Ty) @and comparison with measured SFA values

> Comparison between Charpy-based and Pellini-based
NDT for the unirradiated condition

> Comparison between Charpy-based and measured SFA
values

> Comparison between Charpy-based dynamic yield
strength values and static yield stress data (should
approach the same asymptotic value for increasing
temperatures)





Additional possibilities for verifying
the consistency/reliability of
surveillance data

NIST

e Comparison between dial energy KV (from pendulum
encoder/gauge) and instrumented absorbed energy, W,
— the difference should be within 15 % (ASTM E2298)
- the ratio KV/W, should be independent of test temperature
- if difference > + 15 %, instrumented force data should be
corrected by a factor = KV/W, (ASTM E2298)
e Correlation between radiation-induced variations of
vield strength (AYS) and Charpy transition temperature
(AT,,,) = for RPVS, typically AT,,,/AYS =0.5-0.7

e |f fracture toughness data are available, comparison
between AT, and AT, (relationship should be = 1-1.1)






If inconsistencies are detected...

NIST

» Flag individual test results or entire data sets

» Attempt to identify the cause(s) of the inconsistency
(e.g. typing errors, bad positioning of the sample, etc)

» If a cause is found and a corrective action is possible:
— correct/adjust the specific data point or data sets
—> recalculate any dependent parameter (ex. AT,,))

» If the cause(s) cannot be identified, data point(s) should
be removed and any dependent parameter (ex. AT,,))
should be recalculated

» Suggest additional/complementary investigations






Comments On Database

Analysis:
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Insights Gained Re Database Analysis

It is vital to be careful when trying to extract trends by
analysing surveillance databases because of the

Characteristics of a surveillance database

Nature of the relation between radiation-induced
embrittlement and material and environmental variables

irradiation temperature, flux, fluence....

composition (Cu, P, Ni, Si, Mn, N, C.......), pre-irradiation heat
treatment, unirradiated mechanical properties....

Mational Muclear Laboratory :.





Surveillance Database Characteristics

Data will not cover parameter space evenly.
e.g. low flux, low fluence < high flux, high fluence

How to fill in the gaps to extract the flux and fluence
dependences more securely?

For high flux, low fluence region could use additional surveillance
capsules in positions with high lead factors, but short withdrawal times.

Do we have extra surveillance material?

Expense of additional insertions / withdrawals
Use previously-acquired MTR data

Material compatibility

For low flux, (fairly) high fluence region could examine a
decommissioned vessel

Expensive

Mational Muclear Laboratory :.






Surveillance Database Characteristics

Parameters will be correlated

Flux-fluence in all surveillance databases
Flux-temperature when both BWR and PWR are involved
Cu-P in US MnMoN!i steels

P-Ni in French MnMoNi steels

Not changed by expanding the US surveillance database.

Are there any data at all to mitigate the correlations?

Analysis procedures?

Data will be scattered (and we won’t have as many directly
duplicated points as Mark Kirk’s dart board)

Mational Muclear Laboratory :.





Surveillance Database Characteristics

These database characteristics have a strong effect on the
trends extracted by statistical analysis:

— Apparent dependences extracted from limited database
probably incorporate “surrogates” (sorry Mark)

e.g. Is P always P in EONY or does it sometimes act to modify
Cu term, or even fluence term? (Recall P effects described by
Naoki Soneda)

How much of the apparent trends for low-Cu steels reflect
scatter, especially at lower fluences. (Did Mark’s aim improve
over time?)

With surrogate dependences, extrapolation out of the parameter
space of the database is more-than-usually questionable

Mational Muclear Laboratory :.






Characteristics Of Mechanisms

AT depends on some parameters non-monotonically
Irradiation Temperature, Flux (See NS presentation).

- Mathematically simple expressions are not globally
appropriate.

For any particular (limited) dataset there will be
Insufficient data to parameterise complex expressions.

-~ Dose-damage relations (e.g. in different countries) use
different approximate, locally appropriate forms dependent
on range of parameter in database (and degree of parameter
confounding).

linear (Magnox), inverse (IVAR), tanh (SCK) T-dependence.

What advantage are we hoping for by adding data in new
ranges?

Mational Muclear Laboratory :.





Insights Gained Re Database Analysis

Complexity of global dependences of AT on particular
parameters and parameter confounding mean that most up-
to-date mechanistic insight must inform statistical analysis.

Guide to initial choice of parameters to investigate, and
reasonable expressions to describe trends

Check on reality of observed trends

Even though the database is large enough that simple
statistical analysis to extract major trends seems attractive,
we have tried this and it doesn’t work that well.

EONY has a very complex form. MK’s “ab initio” analysis of
TTS8.04 went through many iterations, including incorporating
comments from UCSB. The latest (?) version has a complex
form and much in common with EONY. A control experiment.

How much of a link to microstructural data and MTR data
would be valuable for this database?

Mational Muclear Laboratory :.






Summary Of Insights Gained Re Database Analysis

So, expanding the working database (by combining data
from different sources) to improve the embrittlement
correlation is highly desirable....so long as

Different levels of parameter confounding are recognised
“Hidden” variables within each database are recognised

Different heat treatments
Possibly currently found in product form terms
An influence from unmeasured parameters is considered

Usually compositions (Gracie Burke mentioned Si, Naoki
Soneda mentioned Mn in solid solution versus bulk Mn))

We base the analysis on (and check it against) the most
up-to-date mechanistic insight.

Mational Muclear Laboratory :.





Insights Gained Re Database Analysis

And also...expanding the working database by combining
data from different sources to improve the embrittiement
correlation is highly desirable....so long as

Quality of data is worth their inclusion

Providers of data have “comeback” if global fit leads to

local disadvantage (Bob Hardies mentioned BWR problems,
Ryan Hosler illustrated AREVA’s uneasiness)

Have we any way to ease the entry of data from non-
US surveillance sources?

Are we aiming to produce a global DDR covering all
national ranges in parameter space, or to improve the
predictability of US vessel condition?

Mational Muclear Laboratory :.
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“Ever Changing” Specimen Fluence

Current Values Differ from Earlier Values
» Change by as much as =40%
» Depends on who made earlier estimate
Why is Fluence Changing?

Improved capabillity to determine fluence

trans
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Fluence Determination — Past

Fluence is Estimated from Measured Activity
» Requires reaction rate nuclear data (cross sections)
» Requires estimate of neutron energy spectrum

Potential Inaccuracies
» Nuclear data often based on “in-house” sources
» Spectrum often simplified, not plant-specific

Sometimes Called “Measured” Fluence
» A misnomer! Specimen fluence is NOT measured

trans
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Fluence Determination - Present

What's Different Today?

» Improved computational methods
» New and updated nuclear data

» Improved reactor operating data

» Standardized calculation approach

trans






Standardized Calculation Approach

NRC Regulatory Guide 1.190 Issued in 2001
» Guidelines for RPV and capsule fluence determination
» Emphasis on plant-specific evaluations
» Requires use of fully benchmarked methodology

» Establishes uncertainty expectations (< 20% allowable)

trans -/






-
Fluence Computational Methods

Fluence from Particle Transport Computer Codes

Commonly Used Codes:
» DORT — 1D & 2D Discrete Ordinates
» TORT — 3D Discrete Ordinates
» PENTRAN — 3D Discrete Ordinates
» MCNP — 3D Monte Carlo
» RAMA - 3D Method of Characteristics

Increased Computing Power
» More reliance on 3D geometry solutions
» Additional detail in geometry models
> Better representation of operating history

\_
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Nuclear Data

New and Updated Data is a Key Element to Accuracy
Data from Evaluated Nuclear Data Files (ENDF)

Regulatory Guide 1.190 Specifies Recent ENDF Data

» ENDF/B-VI (1990+) is predominately used today
» ENDF/B-VII (2007) may be used in the future

trans
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Reactor Operating Data

Better Nodal Methods Generally Improve Accuracy

» Assembly pin powers usually available in modern codes
» More accurate peripheral bundle power profiles

Well-established Post-processing Interfaces

» Easier to utilize detailed operating data

Commonly Used Advanced Nodal Codes

ANC MICROBURN-B2
PANACEA POLCA
SIMULATE-3

\ trans
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Summary

Significant Changes in Fluence Values are a Reality

Fluence Predictions Today are Generally Better

> |If new fluence values are available, use them

» Older fluence values may need to be updated at some point

Even “New” Fluence Values may Change in the Future

» Further improvements in capabilities and methodologies
» Different evaluators get different results

» Qverall variations should be smaller with future evaluations

\ trans







Analysis and Fitting Protocols for

CVN vs. Temperature Data
Some Thoughts Based on Prior History

A = William L. Server

A A 4244 September 15,2010






Outline of Presentation

» Historical or Hysterical?

Prior Related Databases
What Did We Learn?

» Curve Fitting and Protocol Options
» Other Essential Material and Environment Parameters
Neutron Fluence and Flux Values

Average Chemistry Values

Irradiation Temperatures
» Suggestions for an Evaluated Database
» Other Data Should be Included in the Future





Irradiation Databases

» Several NRC and industry databases of surveillance test
data have been developed over the years
» Industry

Early 1990s: EPRI sponsored development of the Power
Reactor Embrittlement Program (PREP) database

Late 1990’s: EPRI sponsored development of the RPVDATA
database program (last updated in 2000)

» NRC

EDB (Embrittlement Data Base [EDB]): PR-EDB (Power
Reactor) and TR-EDB (Test Reactor)

RVID (Reactor Vessel Integrity Database) [~2000]

» ASTM E10.02 database was the basis for the EONY
correlation and was extensively scrubbed by industry

3





PREP (Power Reactor Embrittlement
Program)

» PREP3 was developed by Tenera / ATl Consulting in early
1990s as part of the EPRI Embrittlement Management
Program and an EPRI-CRIEPI Joint Research Program

PREP3 mirrored much of what was being put into PR-EDB at

ORNL, but was scrutinized using a consistent set of protocols
and guidelines

Some of the data were checked between PREP3 and PR-EDB,
but much of the data were independently entered with no
interaction between EPRI and NRC contractors





Details of PREP3

» Used DBASE and C+ language programming to produce
operating program

» Surveillance capsule raw and analyzed data were entered
along with selected scanned pages of original reports

Focus on Charpy V-notch results with measured chemistries
and fluences

Had a link to hyperbolic tangent curve fitting module, but all
data eventually fit using a specific protocol
» Data and subsequent changes to fluence and chemistries
(or elsewhere) were all documented to sources





PREP4

» A later version, PREP4, was developed at ATI Consulting
in later 1990s

Converted to Microsoft Access, version which is now out of
date, but data can be dumped and viewed

Additional surveillance capsule data were added with a few
more bells and whistles

» SUGGESTION — the data from PREP4 could be used to
compare with the new NRC database to assure a cross
check for the older data





RPVDATA (Reactor Vessel Materials
Database)

» EPRI sponsored development at ATl Consulting

» Comprehensive reactor vessel materials database and
data management program comprised of a number of
different datasets that are linked together, permitting
searches by plant name or by specific vessel weld or base
material heat

» Developed to assist utilities in identifying and retrieving
data and information for reactor vessel beltline materials
and related plant surveillance materials

» Last updated ~2001; includes all RVID 2.0.] data





RPVDATA (Reactor Vessel Materials
Database)

» RPYDATA combines information on vessel material
properties from the following:
RVID2 and Generic Letter 92-01; data and information
RMATCH and CEOG; heats and chemistries
PREP4, PR-EDB, and WOG - surveillance data
Fabrication records and plant systems information
Additional test data and supplemental information





RPVDATA (Reactor Vessel Materials
Database)

» Several types of data and information are contained in
RPVDATA, including:

Licensing (best-estimate) data reported in response to Generic
Letter 92-01

Information on reactor vessel fabricator and fabrication
methods

Base metal and weld material type, heat numbers, weld flux lot,
and weld flux type

Measured chemistries, upper shelf energies, and initial RT ot
values

Reported data from surveillance capsule reports
Evaluated data from the PREP4 surveillance database





ASTM E10.02 Analyzed Database

» Extensive scrubbing of chemistry and irradiation
temperatures performed by Owners Groups and ASTM
committee members

» Checks on many of the calculated shift values were made
since the asymmetric TANH fits were mostly used

In most cases the differences between symmetric and
asymmetric methods were less than about 5°F

Actual method used was not specified in the database

» USE was based solely on the curve fit and not the ASTM
E 185 definition

USE values are in question and should be compared to ASTM
defined values

Impact on values of CVN shift has not been assessed





Hyperbolic Tangent Curve Fitting

» Back in mid-1970s, several CVN curve fitting methods
were being used

Eye-ball, pieced-meal fits to different portions of data, TANH,
or other similar S-shaped functions (ERF)

Beauty of TANH is meaning of fitting parameters
» Issues for TANH Fitting

Symmetric or Asymmetric Fits
Fixing of Lower and Upper Shelves

Sloping Upper Shelf (Fracture Toughness Data)





Symmetric TANH Fit

T-Tp
RESPONSE = A + B Tanh | —

RESPONSE
»

TEMPERATURE, T





CVGRAPH 5.2  Hyperbolic Tangent Curve Printed on 02/08/2007 05:35 PM
Page 1
Coefficients of Curve 1
A =61.64 B=59.44C=71.93 T0=29.27 D = 0.00E+00
Equation is A + B * [Tanh((T-To)/(C+DT))]
Upper Shelf Energy=121.1 Lower Shelf Energy=2.2(Fixed)
Temp @30 fi-lbs=-13.4 Deg F Temp@350 ft-lbs=15.0 Deg F
Plant: Example 1  Material: SAW Heat: 21935
Orientation: NA  Capsule: Unirr. Fluence: 0. nfcm”"2
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CVN Energy Foot-lbs

-300.0 -200.0 -100.0 0.0 100.0 200.0 300.0 400.0 500.0 600.0
Temperature in Deg F

Charpy V-Notch Data

Temperature Input CVN Computed CVN Differential
-40.00 12.00 17.32 -5.32
-40.00 19.00 17.32 1.68
-40. 00 23.00 17..32 5.68

.00 33.00 38.71 - 9«71
.00 21.00 38.71 = 5T 31
.00 57.00 38.71 18.29
50.00 84.50 78.32 6.18
50.00 75.00 78.32 -3.32
50.00 81.00 78.32 2.68






Conventions Used for TANH Fitting

» The lower shelf is usually fixed at defined level before the fit is
generated

Typically fixed at 2.2 - 2.5 ft-Ib or approximately 3 ] (although some
have used 0)

Prevents nonsensical lower shelf values that may result from few or
no data points are available on the lower shelf

» Upper shelf left free and compared to USE defined by ASTM
E 185

If USE results are close, free fit is used
If USE values are significantly different (engineering judgment), then
curve refit using fixed USE based on ASTM definition
» When compared to other methods, TANH curve-fits provide
consistent results for the key CVN indexes (T30 0r Ty, T35
or T4,89 mms T 50% USE)

Not the only method to determine the average CVN curve, but
very straightforward and widely-employed





Proper Protocol Needs to be Defined for
Fitting All CVN Data

» Agreed upon protocol should be developed to fit all CVN
data in a consistent manner

» Software still can allow researchers to use other
protocols or other curve-fitting methods if desired

» Any adjustments to data fits that do not exactly follow
the procedure/protocol need to be identified; i.e.,
Outlier data points or excessive scatter
Insufficient data on the upper shelf

Cases where asymmetric fit may be better than symmetric or
visa versa





Neutron Fluence and Flux Values

» Sources of new fluence/flux calculations need to be
included
Latest surveillance capsule reports — are being included
License renewal or up-rate evaluations

Other based on additional work being performed for better
defining fluences/fluxes for the internals or elsewhere

» Are fluence and flux all we need to collect and include in
the database!?
Surveillance capsule and vessel values!?

Are the latest values always the best estimates? — Industry can
provide key guidance

» Uncertainties?





Average Chemistry Values

» Best estimate values for weld metals were compiled by
Owners Groups during GL 92-01 evaluations

Some additional measurements may have been performed
Quality of additional measurements need to be confirmed
» GL 92-01 and surveillance capsule reports have reported
values for the base metals and weld metals

Careful assessment is needed for the reported individual data
used to generate the average values; discarded values need
justification

RPVDATA includes many of the original CMTRs

Industry can provide key guidance

» Uncertainties?





[rradiation Temperatures

» Not typically included in surveillance capsule reports

Melt wire values do not provide the irradiation temperature
for the capsules — they provide the maximum temperature that
the capsule experienced

The time-weighted average temperature for each capsule is
needed
» Industry is essential in confirming previous temperature
data in ASTM E10.02 database and assess new capsules
not included in that database

» Uncertainties?





Suggestions for Evaluated Database

» Before evaluating any raw data, develop a detailed
procedure and protocol to be followed for all evaluations
Procedure should be agreed upon by both industry and NRC
(staff and contractors)

Make sure that other sources of data for chemistries,
fluence/flux, and irradiation temperature are included in the
database — will require industry guidance and input data to
derive the best estimate values

» Keep surveillance data and vessel-specific data evaluations
separate — initial focus should only be on surveillance data

» When an anomalous data or evaluated value is identified,
an industry-NRC group of experts should discuss
resolution considering pedigree, uncertainties, etc.





Other Data Should be Included in the
Future

» RT\pt and/or RT+, or basis for estimated values

» Fracture toughness — Master Curve, J-R curve, other
» Hardness

» Microstructure — both nano-scale and traditional

» MTR results on the same heats of RPV materials

These additional data generally are not in surveillance
reports — industry guidance will be required
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