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This report summarizes the documents presented in the gt Specialist Meeting on
Recycling of Irradiated Beryllium, which was held on October 28, 2013, in Bariloche, Rio
Negro, Argentina, hosted by INVAP and CNEA (Comision Nacional de Energia Atomica).
The objective of the meeting is to exchange the information of current status and future plan
for beryllium study in the Research/Testing reactors, and to make a discussion of “How to
cooperate”. There were 20 participants from USA, Japan, Korea, Austria and Argentina.

In this meeting, information exchange of current status and future plan for beryllium
study was carried out for the Research/Testing reactor fields, and evaluation results of
beryllium materials were discussed based on new irradiated beryllium data such as swelling,
deformation, gas release and so on. The subject of the used beryllium recycling was also
discussed for the enforcement of demonstration recycling tests.
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1. Preface

As a structural material, beryllium (Be) is a light metal which has high tensile strength in
comparison with aluminum. The surface of the Be is covered with a thin oxidation film by
interacting with air like aluminum, and it is highly resistant to corrosion in dry gases.
Beryllium’s properties, such as high thermal conductivity, good mechanical properties at
elevated-temperature and high melting point, make the material attractive for use in nuclear
reactors. In particular, Be has been used as a reflector and/or moderator in a number of
materials test reactors (MTRs). The key nuclear properties of Be are its low atomic number,
low atomic weight, low parasitic capture cross-section for thermal neutrons, readiness to part
with one of its own neutrons (n, 2n), and good neutron elastic scattering characteristics.

Reactors with beryllium exist in many places throughout the world, and a great deal of Be
was used in MTRs from the beginning of development. The neutron environment causes
mechanical property degradations for the Be. Lifetime of the Be components is mainly
evaluated by the tensile strength change and/or the amount of deformation. In addition, the
activation for the Be in nuclear reactors under neutron irradiation, which is caused mainly by (n,
v) and (n, p) reactions with impurities such as iron, nickel and nitrogen in the Be, should also be
evaluated. Moreover, we should consider the tritium (*H) production in beryllium by a
well-known reaction sequence. Now, the used Be components are in each MTRs site, because
it is difficult to reprocess irradiated Be due to high induced radioactivity and toxicity issues.

Thus, from viewpoints of the waste issue of beryllium reflectors and material modification,
the lifetime extension and recycle of beryllium irradiated in MTR have been discussed. The
first specialist meetings on beryllium study was held in Idaho Falls, USA in July 2007, and
subsequently in Lisbon, Portugal (Dec. 2007), Oarai, Japan (Jul., 2008), Idaho Falls, USA (Oct.
2009), Rez, Czech Republic (Oct. 2010), Oarai, Japan (Dec. 2011) and Columbia, Missouri,
USA (Oct. 2012). We have focused on the information exchange of current status and future
plans for beryllium study in the Research/Testing reactors, and have been discussing the
framework of “How to cooperate”.

The 8" Specialist Meeting on Recycling of Irradiated Beryllium was held on 29, October
2013 in Bariloche, Argentina, hosted by INVAP and CNEA.

2. Summary

Industrial Challenge for Recycle of Beryllium Irradiated by Neutron with Advanced
Fukushima Hot-Lab
H. Kawamura (JAEA, Japan)

For the decommissioning of Fukushima Daiichi Nuclear Station, "Radioactive material
analysis and research facility" will be constructed by Japan Atomic Energy Agency (JAEA).
As a part of the creation of new industries in Fukushima Prefecture using this new facility,
JAEA proposes a project to recycle Be which are storage worldwide as waste. The Be
recovery process will include removal of activated impurities, production of BeCl, by the
reaction with the Cl, gas, Be powder production, Be rod and pebble production, which will be
used in the ITER test blanket module. The Be pebble used in ITER can also be recycled
using the this process. JAEA invited the international community to join to the Be recycle
demonstration test which will start in 2014.
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Summary of the 11th IEA Workshop on Beryllium Technology
C. K. Dorn (Materion Brush, U.S.A)

The founding partners of a Be Workshop (BeWS) were JAEA (Japan), INL(USA) and
KIT(Germany); this workshop established for discussion on beryllium technology and hold
the first unofficial BeWS in 1991. From 1993, this BeWS was held 11 times in different
countries under the framework of the International Energy Agency (IEA) every two years.
The last BeWS-11 was organized in Barcelona with the objective of this workshop is to
disseminate results of research and technology development in areas relevant to Beryllium
utilization in nuclear power systems, both fission and fusion. The highlights of the
BeWS-11 were HIDOBE-01 PIE results, status on research on Beryllides and the
implementation of the Mario-Delle-Donne Memorial Award for Excellence. The BeWS-12
will be jointly held by JAEA and National Fusion Research Institute (NFRI) in South Korea.

Status of Beryllium Design Study in INVAP
R. G. Cocco (INVAP S.E, Argentina)

INVAP has attempted to answer that which factor influences the lifespan of Be reflectors
in order to establish the design criteria. It’s study was focused in three issues: material
behavior, fast neutron flux and mechanical design. Updated data are necessary for a better
distortion prediction by a swelling. The inhomogeneous change in volume by the swelling
due to a fast flux gradient though the material thickness is the responsible of Be reflector
distortions and the associated stresses. Distortions and the associated stresses were study by
a Finite Element Model (FEM) of Be reflector represented by prismatic bar. The study
consisted of changing the dimension of the reflector bar in thickness, width and height under
fast neutron irradiation conditions. The results showed that the design/geometry of reflector
would have failure and lifespan. As a conclusion, for the lifespan extension purposes, it is
important to consider the Be reflector as a component rather than material.

Beryllium Usage at the University of Missouri Research Reactor
L. P. Foyto (University of Missouri Research Reactor, U.S.A)

The University of Missouri Research Reactor (MURR) is a 10MW multidisciplinary
research and education facility, which also provides a broad range of analytical and irradiation
services. Based on the previous reflector cracking experience in 1981, Be reflector is replaced
every 26,000MWds, equivalent to 8 years of operation the current operation factor of 90%.
The Be reflectors were replaced in 1989, 1977 and 2006, and the next is scheduled in
December 2013. Since there is no disposal site for irradiated Be in the USA, one irradiated
Be is stored in the reactor pool and the other two are stored in dry casks, which are designed
and constructed by MURR staff. The Be swelling has been measured, which shows good
correlation with calculation results.

Status of Beryllium Irradiation Study in JAEA
K. Tsuchiya (JAEA, Japan)

The lifetime expansion of the Be frame used in JMTR has been carried out in JAEA.
Three industrial grades of the beryllium metal such as S-200F (reference), S-65-H (isotropy)
and [-220-H (isotropy and high-strength), were selected. In the out-of-pile test, the corrosion
properties were evaluated in pure water. The presence of Be(OH), as corrosion products was
observed at the surface of Be, and the electric conductivity influenced the content of BeO in

_2_
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the Be metals. Irradiation test programs have been performed in JRR-3, WWR-K and JMTR.
Irradiation tests were finished in JRR-3 and WWR-K, and PIEs were carried out with the
irradiated Be in WWR-K. Irradiation test in JMTR will be carried out after re-start. As a
part of the ISTC K-1566 Project, the experimental recycling tests of the irradiated Be in
JMTR were carried out with the small test facility and purification rates of radioactive
impurities were achieved an excellent values.

Status of Beryllium Study in KAERI
M. S. Cho (KAERI, Korea)

The Be reflectors have been used in Korean for research reactors: the Jordan Research
and Training Reactor (JRTR) and Kijang Research Reactor (KJRR). The research on Be
materials has been performed using three types of targets: S-65(HIP) and S-200-F(VHP) from
Materion Brush, and EHP-56 (hot extrusion) of Kazakhstan. The out-of-pile tests consisted
of microstructure observation, hardness test and photon irradiation test. The in-pile tests
were performed in Hanaro research reactor. One of the capsules is under post irradiation
examination, and the second capsule is under irradiation in the reactor.

Recent Activities in the MTR Field for Beryllium Reflectors
E. E. Vidal (Materion Brush, U.S.A)

The U.S.A government entered into a partnership with Materion Corporation initiating
construction of Be "Pebbles Plant" in Elmore, Ohio, USA to ensure the production capacity of
high purity Be to ensure the word demand. The current research reactor programs include:
Advanced Test Reactor (ATR, USA), High Flux Isotope Reactor (HFIR, USA), Missouri
University Research Reactor (MURR, USA), Japan Materials Testing Reactor (JMTR, Japan),
High Flux Reactor (HFR, Netherlands), SCK-CEN Test Reactor (BR-2, Belgium), NESCA
Test Reactor (SAFARI-1, South Africa), ANSTO Test Reactor (OPAL, Australia) and IPEN
Test Reactor (IEA-RI, Brazil).

Beryllium Research in NGK and New Proposal for MTR Reflector Development
K. Nogiri (NGK, Japan)

NGK Insulators has been involved in the Be Business in not only in the nuclear fields but
also in other industries. In the fusion, KGK’s BP-1 Be pebble is the reference material for
the multiplier of the ITER project. In the fission field, the Be reflector frames have been
manufactured to JMTR. The proposal for MTR is to coat the surface of the Be in order to
reduce Tritium released to the coolant in the reactor. In cooperation with JAEA, coating
specification was investigated, and aluminum coat has been selected to confirm a good
adhesion to the beryllium surface. Neutron irradiation tests are planned as the next step.

Swelling and Thermal Effect on the Reflector Assembly
E. Fresquet (INVAP S.E, Argentina)

The most important effects caused by swelling in Be bars are distortion, strengthening
and cracking. These several effects are increased by the effects of the temperature at power
operation conditions. Then, the study of the Be reflector structural integrity by numerical
methods is an essential tool for design. The results of structural integrity analysis on a Be
reflector bar using the finite element method show the necessity to consider a cooling system
to reduce the thermal effects at power operation, and then ensure limited distortion allowing a
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longer Be reflector utilization. These results contribute to the better understanding of
distortion behavior and the generating stress under neutron irradiation for the design of
reflector.

Tritium and Helium Release Properties for Different Grade of Beryllium Metals
K. Tsuchiya (JAEA, Japan)

Three types of industrial grade Be were prepared and irradiated in WWR-K at about 40°C
with fluences of 1.0x10%° to 4.0x10°/cm?®. After the irradiation tests, post-irradiation
examinations were carried out to measure the tritium and helium release properties using
thermal desorption (TDS) methods. The X-ray diffraction measurement and SEM
observation of the irradiated Be samples were carried out for the metallographic studies.
Tritium release occurred in the range of 900 to 1200°C, and Helium was difficult to release up
to the melting point. The amounts of the released Helium and Tritium were in good
agreement in all samples in comparison with the calculated values. The Helium and Tritium
values were 483 ppm/g and 30 ppm-T/g, respectively. No effects of crystal structure of Be
occurred up to 4.0x10*/cm®.  The surface of the irradiated Be samples changed from polish
to tarnish after irradiation. It seems that the corrosion and cohesion of BeO occurred in the
surface of Be samples.

Discussion
All participants

(1) Irradiation test for lifetime expansion
Various properties of beryllium metals as reflectors of the Research Reactors (RRs)
will be evaluated for the lifetime expansion. Especially, it is important for the lifetime
expansion to evaluate strength and deformation of the irradiated beryllium.
Deformation calculation method in INVAP and deformation measurement technique in
MURR were attracted attention in this meeting. Adjustment of irradiation tests used in
other RRs will be performed continually.
(2) Strategy for Be recycle
It is no problem for the storing space in ATR (U.S.A.). On the other hand, it will be a
problem for operation of new RR in Korea but HANARO is not used the Be reflectors.
It is necessary to consider the beryllium recycling of the used beryllium in the RR
reflectors in future. The Be recycling technology is the RR common issues and it is
necessary to construct as the cooperation study for Be recycling technique between the
RRs groups and manufacturing makers such as Materion Brush and NGK. The program
will be performed in JAEA, and conceptual design and cost analysis have been performed
at the first stage.
(3) Contribution of Be study to MTR Reflectors
The TAEA Coordinated Research Project (CRP) on Material Property Data Base for
Irradiated Core Structural Components will be established, and the first research
coordination meeting will be held on November 18-22 in TAEA headquarters, Vienna,
with 30 participants. The RR Section works to optimize research reactor availability
and reliability through shared operating experience as well as the development and
implementation of operational and maintenance plans, ageing management plans, training
programmes and international peer reviews. This project will be performed for 3 years,
and IAEA will propose the construction of database on beryllium.
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3. Presentation Materials

3.1 Industrial Challenge for Recycle of Beryllium Irradiated by Neutron
with Advanced Fukushima Hot-Lab

[Abstract]

Industrial Challenge for Recycle of Beryllium Irradiated by Neutron
with Advanced Fukushima Hot-Lab

Hiroshi Kawamura'

! Japan Atomic Energy Agency, Chiyoda, Tokyo, Japan

The nuclear plant decommissioning safety research establishment was established in JAEA
on April 1, 2013 based on the decision, and the examination toward construction of the research
base facilities was started.  The construction schedule was based on the revised
Mid-and-Long-Term Roadmap towards the Decommissioning of TEPCO's Fukushima Daiichi
Nuclear Power Station Units 1-4 in June 27, 2013. These facilities will contribute to conduct
the decommissioning of the power stations and to enhance the decommissioning technology.
Furthermore, these facilities have the role as an international study center for post irradiation
tests, human resources development on decommissioning and analyses techniques and
challenges to new research issues by bringing together domestic and foreign wisdom.

As the viewpoints of challenges to new research issues, it is important for decommission of
nuclear reactors to reprocess the nuclear structural materials such as stainless steel, zirconium
alloy, beryllium, and so on. Especially, beryllium has been utilized as a moderator and/or
reflector in a number of material testing reactors. In fact, the nuclear properties of beryllium
are its low atomic number, low atomic weight, low parasitic capture cross section for thermal
neutrons, readiness to part with one of its own neutrons (n, 2n), and good neutron elastic
scattering characteristics. However, it is difficult to recycle the irradiated beryllium in the
material testing reactors and its material has been kept in a reactor place. The part of
irradiated beryllium had been buried as the radioactive wastes in the desert. At present, the
radioisotopes such as '*C, which is generated in the beryllium by neutron irradiation, are
infected in underground water and it is social problem in USA. Thus, it is important
problem to recycle the irradiated beryllium from the points of effective use of resources,
reduction of radioactive waste and nuclear nonproliferation.

Up to now, research and development on beryllium recycling techniques have been
performed by the small scale tests under JAEA original study and ISTC project. Basic
properties such as tritium release and removal of radioactive impurities were evaluated from the
results of R&D. However, it is necessary for the beryllium recycling establishment to develop
the powder production, beryllium rod and pebble production, so on. These developing items are
new technologies for the decommission, and consideration of the developing items is a absolute
necessity for the design and construction of the new facilities.

In this presentation, status of beryllium recycling study and future plan for demonstration in
the new facilities are introduced.
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Industrial Challenge for Recycle of
Beryllium irradiated by neutron
with Advanced Fukushima Hot-Lab

Introduction

Concerning research and development (R&D) for the
decommissioning of TEPCO'’s Fukushima Daiichi Nuclear Power
Station (called 1FNPS), 85 billion yen was financed to Japan
Atomic Energy Agency (JAEA) to construct the research facilities
mentioned above, etc. and to study with these facilities as a
supplementary budget in 2012 by the Ministry of Economy,
Trade and Industry in Japan (METI).

¥

In JAEA, "Nuclear Plant Decommissioning Safety Research
Establishment” was founded for this project on April 1, 2013.
<Challenge of this research establishment>
As an essential research center for the decommissioning of 1F, following
advanced research facilities will be constructed.

» Remote-controlled equipment and device development facility
» Radioactive material analysis and research facility
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New Industry Creation

in Fukushima Prefecture

Japanese government desire
to revive Fukushima prefecture.

To create new industry with Radioactive Material
Analysis and research facility ( Hot Laboratory )
which JAEA will be Constructed.

Used Beryllium in Research and
Materials Testing Reactor

Characteristic

+ International Waste which handling is difficult
Regulated Material and which is produced on and on.

aﬁcIChemical
- Tl'itll.:: llE:I?:ode Amount of Storage of used beryllium
Material Japan : 3 ton
- Activated Material World : 30~40 ton

+In USA, the beryllium used at ATR, etc was buried in the desert.
However, as the water pollution occurred by 14C, buried beryllium was
digged up and has been kept at surface place briefly.

In EU, used beryllium has been kept in the pool generally.

-In Russia, there is the situation similar to EU.

\>
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Recycle Process of Used Beryllium

Development of irradiated beryllium treatment is expected worldwide.

ITER Test Blanket Module

Research & Testing
Reflectors
P /

Neutron Multiplier
: Beryllium Pebble)

Beryﬂ ium ber‘ﬂllall.l m
|

Electrode
Fabrication

: Irradiated Beryllium Amount
Electrode Beryllium 3 :: ATR : ~§ E$

Method '
- In BU including BR-2 : ~4 ton

Electrode
“ -InSM-3and MIR  : ~3ton
The irradiated Beryllium
i was stored in reactor site, 4 /

Concrete Project Items
on Beryllium Recycle

-

(' Technical establishment by JAEA original study and ISTC project
(1) Tritium release from irradiated beryllium
(2) BeCl, production by the reaction between used beryllium and Cl, gas (BeCl,

becomes gas at about 500°C) Removal of Activated Impurities ((°Co, etc.)

( Ke y development items for establishment of Be recycling technology
(1) Be powder production
- Thermal decomposition method (Existing proposal, not success)
- Electrolytic extraction method (Existent technology, New Hot Trial)
- Other method (New proposal)
(2) Be rod and pebble production
- Vacuum cast (Existent technology, New Hot Trial)
- Rotating electrode method (Existent technology, New Hot Trial)

L - Other method (New proposal) G)
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Proposal with new facility

in Fukushima Prefecture

If other party has the interest on beryllium recycle project,

please join the Demonstration Test Preparation which will be
started from 2014 fiscal year.

————a L 2t L2 iz i

Conceptual Design

Detailed Design —_—
Construction —_—
Demonstration Test -~ Preparation-------

Contents of Beryllium Recycle Demonstration Test with new facility
Treatment of Irradiated Beryllium Neutron Reflector of 100kg
in new facility G\
¥

> To bear transportation fee and treatment

Reactor Owner fee of irradiated Beryllium used as neutron
reflector etc.
‘ » To abandon property right of used Beryllium

Bervllium R I » Totreat used Beryllium and to recycle
el sl e treated Beryllium

Company (?) » To sell Beryllium pebble for fusion R&D (ITER)

‘ » To buy Beryllium pebble

» To bear transportation fee and treatment
fee of irradiated Beryllium used as neutron

multiplier.
» To abandon property right of used Beryllium @

Fusion Research
Field

_10_
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Framework Plan for International

Cooperation on Beryllium Recycle

JAEA’s Idea

Beryllium Powder Production

Player — JAEA, Others
Beryllium Rod production

Player — JAEA, Materion Brush, Others
Beryllium Pebble Production

Player — JAEA, NGK Insulators, Others

JAEA would like to hear from Be specialist
concerning Beryllium Recycle Project. G
/

Summary

For the decommlssmmng of TEPCO's a
Daiichi Nuclear Power Station, “Radioactive materlal
analysis and research facility ” will be constructed.

On the other hand, it is necessary to create new
industry in Fukushima prefecture with Radioactive
Material Analysis and research facility (Hot Laboratory).

JAEA will consider Beryllium Recycle as the effort for
new industry creation. If necessary, JAEA will prepare
all the equipment necessary for Beryllium Recycle
Demonstration test with new facility mentioned above.

Please join the Demonstration Test Preparation which
will be started from 2014 fiscal year. 9
P

_11_
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3.2 Summary of the 11th IEA Workshop on Beryllium Technology

[Abstract]

Summary of the 11tk IEA Workshop on Beryllium Technology

Christopher K. Dorn'

! Materion Brush Inc., Brush Beryllium & Composites, Elmore, Ohio, U.S.A.

In 1989, three scientists who were working in fusion energy research in different parts of
the world decided that beryllium metal was an important material in their work, and they
wanted to have a forum to share information about their work and learn about what others were
doing. That decision resulted in the establishment of what would eventually become the
bi-annual International Workshop on Beryllium Technology, complete with sponsorship and
direction from the International Energy Agency (IEA).

The first official IEA Beryllium Workshop (BeWS) took place in 1993 in Karlsruhe,
Germany, and ten more such events have been held to date. The most recent event, the
BeWS-11, took place in Barcelona, Spain in September 2013 in conjunction with the 11™
International Symposium on Fusion Nuclear Technology (ISFNT-11).

The BeWS-11 was particularly significant because it marked a return to the originally
established schedule after an unfortunate and unexpected postponement of the BeWS-10 in
2011. The BeWS-11 also made use of a partnership between two organizations to handle the
technical program and local arrangements and logistics at the workshop site. In this case, the
Karlsruhe Institute of Technology (KIT) in Germany took care of the technical program, while
CIEMAT and the Technical University of Catalonia handled the local arrangements in Spain.
The partnership was both efficient and effective, and it is a model which will be used again in
the future.

The technical sessions at the BeWS-11 featured the HIDOBE-01 Post-Irradiation
Examination (PIE), Research on Beryllide Intermetallic Compounds, Beryllium for Fusion
Applications, Beryllium for Fission Applications, Advanced Beryllium Production
Technologies, and Modeling Techniques for Beryllium Materials.

Highlights of the technical program included the latest results of the ongoing
HIDOBE-01 PIE, which gave new insights on microstructure versus gas release properties for
beryllium pebbles (Imm-diameter mini-spheres) and the differences in behavior of pebble
beds in free versus constrained states. The most important new research was in the field of
beryllide intermetallic compounds, in which TiBe;; can now be made in the form of pebbles,
and the composition can be >90% of the desired formula thanks to an innovative
post-fabrication homogenization technique. This latter work was so compelling that its
principal scientist received a special award from the BeWS International Organizing
Committee to recognize the achievement.

The future plans for the BeWS series in general and for the BeWS-12 in particular were
also discussed.
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X\

MATERION

Summary of the
11th JEA Workshop
on Beryllium
Technology

Chris Dorn

Strategic Business
Development

Materion Corporation
28 October 2013

A4

MATERION

Presentation Outline

Introduction
+ History of the Beryllium Workshop
« Events Leading up to BeWsS-11
« Organizing Committees
+ Attendance

« Program Highlights
- Keynote Speakers
— Sessions Organized by Technical Subject
— New Areas Not Previously Included

» BeYOND V Industrial Forum
— Run by KBHF
— Emphasizing Partnerships with Industry

» Planning for BeWS-12

Summary & Conclusion
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Introduction to the BeWS FI\

MATERION

» Founding Partners
— Dr. H. Kawamura, JAEA (Japan)
— Dr. G. Longhurst, INL (U.S.A.)
— Dr. M. Dalle-Donne, KIT (Germany)

Purpose of the Beryllium Workshop
+ Concept Developed 1989
« Unofficial First Workshop 1991
+ International Energy Agency (IEA)

m

MATERIOM

History of the IEA Beryllium Workshops

+ BeWS-11: 2013 in Barcelona, Spain

« BeWS-10: 2012 in Karlsruhe, Germany

+ BeWS-9: 2009 in Almaty, Kazakhstan

+ BeWS-8: 2007 in Lisbon, Portugal

+ BeWS-7: 2005 in Santa Barbara, CA, U.S.A.
+ BeWS-6: 2003 in Miyazaki, Japan

+ BeWS-5: 2001 in Moscow, Russia

+ BeWS-4: 1999 in Karlsruhe, Germany

+ BeWS-3: 1997 in Mito, Japan

+ BeWS-2: 1995 in Jackson Hole, WY, U.S.A.
+ BeWS-1: 1993 in Karlsruhe, Germany
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12

Leading up to BeWS-11 & Organ

I\

MATERION

ization

Attendance at BeWS-9

BeWS-10
— Scheduled for 2011
— Moved to 2012

Int’l Organizing Committee
— Challenges
— Representatives
— Changes Moving Forward

Local Organizing Committee
— Technical Program
-~ Venue Selection
— Logistics & Arrangements

Getting BeWS Back on Track
— BeWS-11 in 2013
— Conjunction with ISFNT in Spain

Q
N
(7}
S
0@0055

@ =\

10" IEA International
Workshop on Beryllium
Technology

BeWS-11 Attendance & Program

m

MATERIOM

SKIT

Karlsruhe Institute of Technology

3 DE ESPANA
=

MINISTERIO
DE ECONOMIA
Y COMPETITIVIDAD

Overall Attendance

Plenary Session

— Fusion for Energy (F4E)

— Efremov Institute

— Japan Atomic Energy Agency

— Materion Brush Be & Composites

Technical Sessions

HIDOBE-01 PIE

Research on Beryllides
Beryllium for Fusion

Beryllium for Fission

Advanced Beryllium Production
Technologies

Modeling of Beryllium Materials

Ciemat

Centro de Investigaciones
Energéticas, Medicambiantales
¥ Tecnologicas
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BeWS-11 Program Highlights

i\

MATERION

HIDOBE-01 PIE
— New Results for Be Pebbles
— Microstructure vs. Gas Release
— Constrained vs. Free State

Research on Beryllides

— Fabrication of TiBe,, Pebbles at
IFERC in Japan (JAEA)

— Developed Post-Fabrication
Homogenization Technigue

— >90% Single Phase Now Possible

Mario Dalle-Donne Memorial
Award for Excellence

— First Recipient at BeWS-11

— Dr. Masaru Nakamichi of JAEA

— Achievements in Beryllide Pebble
Fabrication Development

Looking Forward to BeWS-12

I\

MATERION

+ Back on Schedule in 2013-2015

- BeWS-12 Plan
— In Conjunction with ISFNT in
Jeju Island, South Korea
— September 2015
— Run Jointly by JAEA & NFRI

« Int'l Organizing Committee
— Diversify Technical Program
— Encourage More Attendance
from Other Beryllium Fields
— Invite Keynote Speaker

— Mario Dalle-Donne Award for
QOutstanding Contribution

+ Vision for the Future
— BeWS-13in 2017

— Possible Venues: Europe or
North America

NORTH KOREA
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3.3 Status of Beryllium Design Study in INVAP
[Abstract]

Status of Beryllium Design Study in INVAP

Roxana G. Cocco’

"'INVAP S.E, Nuclear Projects Division, S.C Bariloche, Rio Negro, Argentina

Since 2010 INVAP has been working on modeling of Be reflectors assemblies and has
participated in different international meetings. A summary of the performed works by
INVAP is presented here.

INVAP has attempted to answer which the factors influence the lifespan of Be reflectors in
order to establish the design criteria. The study it was focused in three issues: material
behavior, fast neutron flux and mechanical design.

Material behavior: Beryllium is degraded by radiation damage, as a result of both
displacement and transmutation. Transmutation produces Helium gas and swelling. Few low
temperature swelling models are available. Three of them were used for distortion simulation
behavior of a Be reflector prismatic bar: Gol'tsev and Serniaev equations both derived from
Russian beryllium data, and a third more modern equation derived from bibliographic data
recollected by Gelles for western material. The results of simulations using the equation
derived from western material data were more consistent with distortions measurement on
reactors, than the results derived from the application of swelling model for Russian material.
Then, updated data are necessary for a better distortion prediction by swelling.

Fast neutron flux: Whereas the flux profile generated through the reflector thickness is a
characteristic of the reflector material, the profile shape along the reflector assembly is
characteristic of the core and this could have influence on the predicted distortions.
However, its weight on calculation results showed to be negligible. The main factor that
affects the reflector distortion is the variation in the flux trough the material thickness which
is a beryllium characteristic and the swelling is proportional to fast neutron fluence. Thus,
the face exposed to irradiation source, i.e. the highest fluence has larger volumetric strain.
On the other hand, the opposite face has smaller volumetric change due to swelling. This
inhomogeneous change in volume is the responsible of Be reflector distortions and the
associated stresses.

Mechanical design: Geometry variation was analyzed on a simplified case of a Be
reflector prismatic bar. Distortions and the associated stresses were study by Finite Element
Modeling (FEM). The study consisted in varying the dimensions of the reflector bar in
thickness, width and height subject to fast neutron irradiation conditions. The results
showed that the distortion increases when the thickness and width diminish and the height
increases. On other hand, the stresses increase with the thickness and width and the height
have not major influence. This means that the mechanical design/geometry would have
influence on fail mode of reflector and lifespan where large pieces tend to fail by cracking
(like in ATR and MURR reactors) and svelte pieces tend to fail by distortion (like SAFARI I
and JMTR reactors).

As a conclusion, a reasonable swelling model is available, it is understood how gradients

of fast neutron flux generate the distortions on Be reflector and how the reflector geometry
can drive to different fail modes. Then, with the lifespan extension purposes, it is important
to take the reflector as a component rather than material.
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B Specialist Meeting on Recyeling of Irradiated Beryllium —

STATUS OF BERYLLIUM DESIGN STUDY
in INVAP

Roxana G. Cocco
Mechanical Design Division: Nuclear components
INVAP S.E. — Argentina

B Specialist Meeting on Recyeling of Irradiated Beryllium —

Since 2010 INVAP has been working on modeling of Be reflectors
assemblies and has participated in different meetings:

IAEA TM-40035. "Assessment of Core Structural Materials and Surveillance
Programme of Research Reactors”, Viena, Austria, 14-18 June, 2010

SAM/CONAMET 11. “Binational Congress on Metallurgy and Materials”,
Rosario, Argentina, 18-22 October, 2011

ISMTR-4. “4th International Symposium on Material Testing Reactors”, Oarai,
Japan, 5-9 December, 2011.

ISMTR-5. “5% |nternational Symposium on Material Testing Reactors’,
Missouri, USA, 22-25 December, 2012.
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8th Specialist Meeting on Recycling of Irradiated Beryllium -

2013 - 8t Specialist Meeting on Recycling of
Irradiated Beryllium

A summary of the performed works by
INVAP will be presented

8th Specialist Meeting on Recycling of Irradiated Beryllium -
Radiation effects on Be

Be is_ an excgllent neutron moderator and reflector material and
is used in numerous research reactors around the world.

However, the Be structure is altered during neutron irradiation
by fast neutron promoting:

I —
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B Specialist Meeting on Recyeling of Irradiated Beryllium —

Be Lifespan

For different reactors it has been adopted different
strategies in order manage the problems associated to

swelling: strengthening, cracking and distortion.

The lifespan of the Beryllium components, in fluence

terms, typically vary between 1 and 6.4 x 1022 n/cm?.

gth Specialist Meeting on Recycling of Irradiated Beryllium —

Which are the factors that influence the
lifespan?

Material behavior: Mechanical properties, Irradiation,
properties, Irradiation damage (swelling model)

Core characteristics: power, fast neutron flux, neutron
energy

Mechanical design: geometry, clamping mode, etc.

Distortions and stresses along the life of Beryllium assembly
can be predicted by modeling.
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gth Specialist Meeting on Recycling of Irradiated Beryllium -
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8™ Specialist Meeting on Recycling of Irradiated Beryllium -

Mechanical

Clamping mode Design

g -~ = Typel —
| = Type2
. "
E 1.4 r
E 12 )
= =
20X i '
.I é 08
s 0.6 ’v
0.4
T -
0.2 ——— — .
00 -

G00E+00  3,00E+421  6,00E+421 9,00E+21 1, 20E+422  1,50E+22
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Type I Type 2

Maximum Stress [MPa]
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Type 1 8 26 43 61 82

Type 2 17 55 92 130 175
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gth Specialist Meeting on Recycling of Irradiated Beryllium -

Distortion increase Stresses increase
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gt Specialist Meeting on Recycling of Irradiated Beryllium -

Distortion increase Stresses increase

thickness | ] thickness 1
width | Mechanical width 1
height 1 Design height not major influence

ot ety o
Il Il

Large pieces tend to fail Svelte pieces tend to fail
by cracking by distortion
(ATR, MURR) (SAFARI I, JMTR)

gt Specialist Meeting on Recycling of Irradiated Beryllium -

Improvement of:
Swelling behavior
Toughness

Material
Behavior

Mechanical
Design

Fast neutron
Flux

Be reflector

By optimizing the
design the lifespan is
also improved.

More powerful
reactor are required
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T
Next step....

We have understood how swelling affect the Be reflector.
Now we are adding thermal effects and taking in account the
cooling needs in the geometry.

Very preliminary results in a generic reflector assembly will be

presented in next section.

5" International Symposium on Material Testing Reactors 2012

Muchas Gracias | ﬁ

LS5
Thanks for your atention'ﬁg_-

._;
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3.4 Beryllium Usage at the University of Missouri Research Reactor
[Abstract]

Beryllium Usage at the University of Missouri Research Reactor

L.P. Foyto' N.J. Peters', J.C. McKibben' and J.L. Saddler'

'Reactor and Facilities Operations, University of Missouri-Columbia Research Reactor; 1513
Research Park Drive, Columbia, Missouri, 65211, U.S.A.

In accordance with the mission of the Global Threat Reduction Initiative (GTRI) program
of maintaining the current capabilities of research and test reactors after converting them from
highly-enriched uranium (HEU) fuel to low-enriched uranium (LEU) U-10Mo monolithic fuel,
studies must be performed to ensure that the reactor core performance will not be challenged
in any way. While detailed work has been completed that predicts core neutronic and
thermal-hydraulic behavior, the impact of a fuel conversion has not yet been studied to any
level of detail for various critical components other than the reactor core for the University of
Missouri Research Reactor (MURR), which is a 10 MW pressurized, light-water moderated
and cooled, reflected (graphite and beryllium), heterogeneous, open pool-type design. In
particular, there are limitations on the specialized beryllium sleeve which is replaced at
26,000 MWd of operation with HEU fuel operating at 10 MW. This is to avoid the eventual
stress-fracture failure due to thermal stresses from gamma heating and swelling from gas
production, in addition to the performance degradation seen as a corresponding loss in core
reactivity due to lithium-6 poisoning and swelling. This replacement cycle that will change
with LEU operations at 12 MW is being determined. Preliminary investigations using
MURR MCNP models, coupled with ORIGEN depletion simulations to compare the HEU
and LEU cores, have predicted differences in the gamma heating distribution, gas production
rates and core reactivity changes concerning the beryllium as a function of megawatts days.
Results from this work indicate that for an end-of-cycle beryllium reflector at MURR, the
changes at the peak-flux region production going from the HEU to the LEU core are a 21.5%
decrease in gamma heating and an 11% increase in gas swelling, respectively. Using the
results reported here, a systematic approach to predict beryllium performance and failure
point as a function of megawatt-days is being developed.
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Beryllium Usage at the University of
Missouri Research Reactor

Leslie P. Foyto

University of Missouri-Columbia Research Reactor Facility
Reactor and Facilities Operations
1513 Research Park Drive, Columbia, Missouri, 65211, U.S.A.

6™ International Symposium on Material Testing Reactors
San Carlosde Bariloche, Argentina — October 28,2013

Presentation Overview

« MURR Basic Reactor Parameters and Operating
Experience

« General Description of Beryllium Reflector

« Why the Beryllium Reflector is Periodically
Replaced?

« Frequency of Replacement

« Beryllium Reflector Procurement

« Onsite Storage & Status of Disposal
« Swelling Measurements

g MUrR
e 62 International Symposium on Material Testing Reactors

LA Bringimg quaiity muckar resgarch, education
\ and

RERCE 0 WA, Ty San Carlosde Bariloche, Argentina — Octoher 28,2013
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Facility Overview
Location:
On the University of Missouri main campus in Columbia,
Missouri, USA. (~200 km West of St. Louis)
History:
« First critical on October 13, 1966 (Licensed at 5 MW)
» Uprated and licensed at 10 MW in 1974
» Started 2150 hours/week operation in September 1977
« Schedule for conversion to LEU fuel is July 2016

Purpose:

Multi-disciplinary research and education facility also

providing a broad range of analytical and irradiation

services.
PAULL R

Ny :
A 7t Brrwgiag i research, education
ateal Serevce Jo a glaba) ooty

6 International Symposium on Material Testing Reactors
San Carlos de Bariloche, Argentina — October 28,2013

Key Reactor Parameters

« MURR® is a pressurized, reflected, heterogeneous, open
pool-type, which is light-water moderated and cooled.

Maximum power — 10 MW,
» Peak flux in center test hole — 6.0E14 n/cm?-s
» Core — 8 fuel assemblies (775 grams of U-235/assembly)
» Control blades — 5 total: 4 Boral shim-safety, 1 SS regulating
* Reflectors — beryllium and graphite
» Forced primary coolant flow rate — 3,750 gpm (237 Ips)
* Forced pool coolant flow rate — 1,200 gpm (76 Ips)
Primary coolant temps — 120 °F (49 °C) in, 136 °F (58 °C) out
Primary coolant system pressure — 85 psia (586 kPa)
Pool coolant temps — 100 °F (38 °C) in, 106 °F (41 °C) out
Beamports — three 4-inch (10 cm), three 6-inch (15 cm)

<

BRI
§§.|

front

6 International Symposium on Material Testing Reactors
San Carlos de Bariloche, Argentina — October 28,2013
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Reactor Core Assembly Reactor Core Assembly
3D View 2D View

Water Level

Pool Water In
~Center Test Hole

Beryllium |Reflegtor

1 11-312 mm Dia.

213 m

" Control Blade
1 Reflector Zone

rFlux Trap Zone

9m

Fuel Zone

| —Reflector Tank

L=
38.10 mm

™ Imternational Symposium on Material Testing Reactors

Bringiag g.\rm".u} w Jr.:r resparvh, eduation

1o u global commanity San Carlos de Bariloche, Argentina — October 28,2013
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™ Imternational Symposium on Material Testing Reactors
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Beryllium Reflector- New

Specifications:

» 37 inches (94 cm) tall

* 9-inch (22.9 cm) Al skirt

* 19-inch (48.3 cm) OD

» 2.71inches (6.9 cm) thick
+ S-200FH Grade Beryllium

« 5 machined grooves for
spacers

»
\_/A — - MUE R ™ International Symposium on Material Testing Reactors
[ Y5 Bringing g

e l’--”rr-r o a gl i saamei m San Carlos de Bariloche, Argentina — October 28,2013

Why is the Beryllium Reflector Periodically
Replaced?

» Tensile stresses caused by (1) radiation induced swelling,
and (2) radiation heating (Approximately 50/50).

» Three primary beryllium reactions:

1. Be? (y, n) Be®

2. Be? (n, 2n) Be?

3. Be? (n,a) He® n + Be® — ,He* + ,He®
oHe® — ;Lif+ B t,,» = 0.8 seconds
n+ 3Li6 s 2He4 + 1H3
1H3 — 2He3 + B- t1f2 = 12.5 yeaI'S
n+,Hed —» H*+p

« Combined stresses [H?, ,He?, and thermal] cause the
combined expansion to reach the beryllium’s yield point.

fz_ muRR

6™ International Symposium on Material Testing Reactors
) Bringing g fesar vesparch, edwoation
ol oot 4 Subut! comemoenrty San Carlosde Bariloche, Argentina — October 28,2013
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Frequency of Replacement

The beryllium reflector is replaced every 26,000
MW(ds.

This value is based on previous operating
experience, with the first reflector cracking in place
in 1981.

Since 1977, the MURR has operated at 10 MW for
90% of the time. This equates to a replacement
every 8 years - 1989, 1997 and 2006.

Next scheduled replacement is December 2013.

After next scheduled replacement, 3 irradiated
beryllium reflectors will stored at MURR - ~1/2 ton.

62 International Symposium on Maiterial Testing Reactors
B San Carlosde Bariloche, Argentina — Octoher 28,2013

Removal of Old Beryllium Reflector

62 International Symposium on Maiterial Testing Reactors
B San Carlosde Bariloche, Argentina — Octoher 28,2013
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1

Removal of Old Beryllium Reflector

2006/01/11

Beryllium horse

6™ International Symposium on Material Testing Reactors
San Carlos de Bariloche, Argentina — October 28,2013

™ International Symposium on Material Testing Reactors

Gz MURR

2 Bringing guaiity muckar research, edwoation
anal Serevce fo o g

9 00 ey San Carlos de Bariloche, Argentina — Ociober 28,2013
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13
Installation of New Beryllium Reflector

4 ~

4
2006/01/11
4

= | ?
e (o MUE“R ™ International Symposium on Material Testing Reactors
(45 Bringing gualfty meclear resecrch, iaion

anl Serrece fo o glaba) cosrenely San Carlosde Bariloche, Argentina — October 28,2013

Beryllium Reflector Procurement

« Beryllium material from Materion Brush Beryllium
and Composites — Formerly Brush Wellman Alloys

« S-200FH Grade Beryllium

« Beryllium reflector procured from AXSYS
Technologies — General Dynamics Advanced
Information Systems

« Next beryllium reflector has been procured and
delivered

62 International Symposium on Maiterial Testing Reactors
nging
A Jermice fo. XA T} San Carlosde Bariloche, Argentina — Octoher 28,2013
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15

Onsite Storage & Status of Disposal

« Oneirradiated beryllium reflector had been stored
in reactor pool — can not store 2 and must be
removed before next beryllium replacement —
completed.

« Two irradiated beryllium reflectors stored in dry
casks (designed and constructed by MURR staff).

« Currently no disposal site for irradiated beryllium in
the US.

I\;\' rrETEp bmgﬁ?iﬁ 6™ International Symposium on Material Testing Reactors
T v o 0 bl sty San Carlos de Bariloche, Argentina — October 28,2013
16
Irradiated Beryllium Dry Cask Storage
fes + Design - entirely by MURR staff with
,. (A shielding thicknesses based on activity
_ PR . and dose calculations, and historical data
\_/ 0, from 2 previous beryllium shipments
v + Construction - entirely by MURR staff
- |+ Materials - $12,000
| E"‘ =
; )
LAl o= )
. 4 ot \.\\-‘_, o
» Design was kept simple without a lot [Pl =8 T Y =)
bells and whistles ! Il

+ Ability to either place it back in the
reactor pool or the Co-60 pit

62 International Symposium on Material Testing Reactors
San Carlos de Bariloche, Argentina — October 28,2013
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17
Loading of Irradiated Beryllium Dry Cask
Beryllium Installing the
placedin lifting yoke
the cask
Placing the Removing
lid on the the cask
cask
\;\% 6™ International Symposium on Material Testing Reactors
TN T Gt et bl commanity San Carlos de Bariloche, Argentina — Ociober 28,2013
18

Beryllium Swelling Measurement Equipment

+ 8 radial locations. TR R
H . B eryllium Manufacuring T olerance 1D 0.0050
+ Data points were taken every 2 inches of PSR, e
downward travel. Potestiometer 00080
= Roller Radial Runoug 0.0010
+ Measurements were then offset by 1inch. Roller Dismetrical Talerance 0.0004
" = ol Diametnical T 0.0010
« Data points were then taken every 2 inches of H:':’:: i =
upward travel. Linesr Cariage Hole Centariine Heighe 0.0012
. " ; y . Lin=ar Rl Diametrical Tolerance 0.0010
O T|‘IIS prOV|ded data pOIhtS fOf e\/erhlF I!‘ICh aXIa”y Linear =l Straightness Tolerance 0.0060
along the 8 radlal Iocatlons Fall Support Hole Centerline Height 0.0020
Total StackedTolerance 0.033
PALT
BN Briging gl .’.:m.".'.au:.‘.a:.: i«ﬁ 6™ International Symposium on Material Testing Reaciors

anl Serrece fo

P — San Carlosde Bariloche, Argentina — October 28, 2013
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19

Measurements — New Beryllium

™ International Symposium on Material Testing Reactors
San Carlos de Bariloche, Argentina — October 28,2013

20
Measurements — Irradiated Beryllium

6™ International Symposium on Material Testing Reactors
San Carlos de Bariloche, Argentina — October 28,2013
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21
Calculated & Measured Beryllium Swelling

2 —MCNP Inside —MCNP Qutside
E Observed Inside Best Fit Polynomial Observed Outside Best Fit Polynomial
s
%‘ g ¥ = 1.89E-08x* - 1.35E-06x" + 2.73E-05x" - 2.21E-04x? + 3.69E-03x
= R?= 7.39E-01
L
=
g
E
2 //’/\
§ 3
w -
% o
'§ g —
E y = -1.29E-08x" + 1.10E-06x" - 3.30E-05x" + 5.95E-04x" - 8.11E-03x
o E R=7.34E-01
3
3
E o (-] -] =]
9 - & =
Height From Top of Beryllium Spacer (inches)
[ "
M“ER 6™ International Symposium on Material Testing Reactors
£ Bringiag quality wecear research, edwation
L ol s Jo 4 bl ey San Carlosde Bariloche, Argentina — Octoher 26,2013

—
e

. T
+ .- ThankYou For You Attention,
Any Questions?22

; ™ Imternational Symposium on Material Testing Reactors
£ Bringiag quality wecear research, edwation
L ol s Jo 4 bl ey San Carlosde Bariloche, Argentina — Octoher 28,2013
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3.5 Status of Beryllium Study in JAEA

[Abstract]

Status of Beryllium Study in JAEA

Kunihiko Tsuchiva1

! Japan Atomic Energy Agency, Oarai, Ibaraki, Japan

Beryllium has been used as a moderator and/or reflector in a number of materials testing
reactors. The beryllium frames and reflector elements which have been used as a neutron
reflector in the Japan Materials Testing Reactor (JMTR) at JAEA, have been fabricated from
S-200F grade beryllium metal. The current operational lifetime for the beryllium frame in
JMTR is five years, but the goal of the development program is to increase that service life to
15-20 years (180,000MWD). In order for that to happen, it will be necessary to consider
fundamental changes to the frame design, starting with the choice of beryllium material grade.

Three grades of beryllium metal: S-200F, S-65-H, and I-220-H, were selected due to their
differences in production method, impurity levels, mechanical properties, and grain size.
The properties of these beryllium grades have been evaluated in out-pile tests. Mechanical
properties such as tensile strength, hardness, and impact strength were measured, and the
database of these beryllium grades has now been constructed.

In the area of chemical properties, corrosion tests were carried out under pure water at
50°C for about 8000 h, and it was observed that the corrosion rate of 1-220-H was lower than
that of other beryllium grades. The weight change of S-200F was larger than that of [-220-H
after the corrosion test. Ratio of electrical conductivity of S-200F was also larger than that
of S-65-H and 1-220-H. The conductivity of [-220-H showed almost no change. From these
results, the corrosion properties were evaluated by the measurements of weight change and
electrical conductivity and influenced by the content of BeO and grain size of each Be sample.
Surface analysis for chemical combination of the beryllium grades was carried out by XPS
under the research program at the University of Toyama.

The irradiation tests for each Be material grade have been carried out in JRR-3 and
WWR-K, and the irradiation tests in the JMTR will begin at the time of the JMTR re-start.
Especially, irradiation tests at WWR-K were carried out under the ISTC partner project
between JAEA and INP-KNNC. Swelling and tritium release of the irradiated beryllium
were evaluated.

Finally, beryllium recycling was studied under the ISTC regular project (ISTC K-1588).
Project Leader was IAE NNC-RK in Kazakhstan, and Japan and EU were collaborated in this
project. In this year, kg-scale demonstration test with used beryllium supplied from JAEA
was carried out in IAE and evaluated the purification ratio of irradiated beryllium from the
results of gamma spectrum before/after the tests.

In this meeting, status and future plans for the beryllium reflector development at JIMTR
are introduced, and discussion of the results will be also take place during the 6th ISMTR.
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The 8% Specialist Meeting on Recycling of Irradiated Beryllium
Bariloche, Rio Negro, Argentina (28" Oct., 2013)

Status of Beryllium Study in JAEA

K. TSUCHIYA

JAEA, 4002 Narita, Oaral, Higashiibaraki, Ibaraki, 311-1393, Japan

1. Introduction
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Object for Beryllium Reflector of IMTR

Status of Beryllium Frame in IMTR
- Beryllium Grade : S-200F

- Frame Usage Period : about 5 years ] Et T

(av. 0.3x10% /m? (E>1MeV), 36,000MWD)

- Period for Exchange : about 45 days*

Core arrangement of JMTR

- Used Be Frame : Storage in Canal 5
= * 1 Actual working in reactor site £
[Conditions] il
* Thermal Power : 5OMW =
* Max. Fast Neutron Flux 1 4x10%° /m3fs il
* Max. Thermal Neutron Flux :4x10%® /m3/s &
* Max. Temperature : about 100°C -
(Temp. of cooling water : about 50°C) =
* Operating Pressure : 1.5MPa =~

- Flow rate 1 11m/s

V » Cooling water (Light water) : pH5.5 - pH7.0

: Fuel element

: Control rod with fuel follower
: Beryllium reflector element

: Beryllium frame

: Aluminum reflector element

Improvement of Beryllium
- Exchange of Be frame : FY2019
- Beryllium Grade : New Grade
- Frame Usage Period : 15-20 years
(av.1.5x10% /m? (E>1MeV), 180,000MWD)

IO

Results of Irradiated Beryllium in JMTR

Deformation of Beryllium Frame Irradiation of Beryllium Samples

JMTR operation : 165 cycles for 38 years [Irradiation Conditions]

Replacement of Be frames: 6 times Cycle : 100 cycles
-~ Temperature  : about 50°C
| Deformation Measurement | Atmosphere : Cooling water

g

== 1.4 T T T T T T T T
£ 12 F Max. deformation : 1.315mm .~A
L &

S = ‘. -
=10 I‘

208 A | !
4]

E06 [ ‘.--"'b 27 cycles |

s i . 4

"g 04 _®  [43h generation (1989 - 1996) | | : ;
0.2 r @ : 5t generation (1997 - 2002) Corrosion of the beryllium

surface resulted after a long
period of irradiation.

-

- Evaluation of mechanical properties
- Resolution of corrosion mechanism

00 05 1.0 15 20 25 3.0 35 40

Operating Time (x10* MWD)

Deformation increased with
increasing operation time .
for accumulation of helium.
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Test Flow for Lifetime Expansion

Selection and Preparation of Be Samples
(S-200F, S-65H, I-220H)

@] il
Database Construction Resolution of
for Beryllium Irradiation Effect

4 A4

o PR Irradiation tests
- Physics] Broperiies under cooperative study

- Mechanical properties l Standardization

- Chemical properties S
S NUAEE DRt of Irradiation Tests

- Microstructure

Characterization

% New PIE Technology

Analysis and Evaluation for Lifetime Extension

2. Material Selection and
Chemical Properties
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Material Selection for Lifetime Extension

[Target]
Lifetime of beryllium frame : 5 times (36,000MWd— 180,000MWd)

Production of beryllium metal | ®» | Powder-Metallurgy

[Effect on properties of beryllium metal due to production method]
1) Purity (BeO content, etc.) and particle size distribution of Be powder
2) Production methods: VHP (Vacuum Hot Press), HIP (Hot Isostatic Pressing), etc.

VHP HIP
Grade (S-200F) Grade (S-65H, I-220H)

Advantages of HIP over VHP

1) Superior isotropy and density

2) Higher mechanical properties

3) Savings of Be powder

4) Potential to use near-net shape
and reduce machining required

Preparation of Beryllium Specimens
LMa terion Brush Beryllium & C omposites, USA ]_

Name Shape Unit: mm) Photograph Fabrication Method

$7+0.05 +005  §7+0.05

Tensile | a0, I $4£005 Conventional Lathe
i ety - ————— Machining
Specimens @ g

Bendin v 5 g * Conventional Mill
- g . = ety - = MaChinlng
Specimens :

0 3

Conventional Mill

Impact Machining
Specimens

sk Conventional Lathe
Disk Machining followed by
Specimens Polishing of Surfaces

Fabrication experiences of small size specimens with S-200F, S-65H and I-220H
for material testing. 5
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Mechanical Properties of Beryllium

S-200F Beryllium (VHP) Reference

Down-Selection Process for Be Grades

— Purity & Isotropy Combination :S-65H

— Strength & Isotropy Combination :I-220H
Be Assay YS UTS El GS
Factor | Grade | min | typ | min | typ | min | typ |min | typ | max
(%) (MPa) (MPa) (%) (pm)
Ref. |S-200F |98.5(99.1| 241|260 324 | 380 [2.0[3.0| 20
Purity |S-65 99.2(99.4| 206 (230 | 289 | 386 [3.0| 52| 20
S-65H [99.0/99.4| 206 | 280 | 345 | 450 |2.0|5.1| 15
Isotropy | I-70H 99.0(99.4| 207 (290 | 345 | 460 (20|54 | 12
O-30H [99.0|99.5| 297 | 302 | 400 | 425 |3.0| 3.1 15
Strength S-200FH [ 98.5]99.1 | 296 | 336 | 414 | 450 |3.0| 4.6 | 12
I-220H [98.0|98.6 | 345 | 498 | 448 | 577 |2.0(3.2| 15

Corrosion Test of Beryllium in Pure Water

[Univ. of Toyama]

It is important to perform the characterization of the different grade beryllium for life

time expansion
carried out under pure water.

Test Procedure

[l

|‘-\ Thermocouple (T/C)

i g $ Eg é Glassvessel # %i
— T/C = \-\\ T—.—
] Teflon jig N

‘ o | Teflon jig
| i) (Be specimens) 1 ¥ (Blank) l

[Test Conditions]
Temperature : 50°C
Corrosion Time : 3300, 5200 and 8300h
Properties of Water :
1) Electric conductivity :<4pS/ecm
2) pH5.5-7

m 2000 )
Computer

Thermostatic oven
.

evaluation and corrosion test of these beryllium samples were

Photograph of Specimens

before 3300h

S-200F

S-65H

I-220H

The white product was generated on
the surface of each Be specimen.
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Characterization of Beryllium after Corrosion Tests

XRD Measurement (1 XRD Measurement (2)

SO e Test GetiE) $-200F —:0h —:3300h
) - RO (Co, 40kY) E: . A:Be(OH), | —:5200h — :8300h
5 A :BeO
3 4000}
s M\J\n}?\ ik
= il B = T N AT
2 2000F __ﬂ‘:k:'m
£
= S-65H

0

B After Test (~3300h)
’g E XRD (Co, 40kV) Be(101)
3 4000}
OB | 1-220H " .
Z " A
2 2000 Be(002) ] e o -
g Be(100) e ]
5 ;——-\ F Y L s
A
o 56 & a = W o8 9 B
26 (%) 26 ()

The peaks corresponding to BeO were almost the same intensity before/after
the corrosion test from 40° to 75°.
Detail XRD measurements from 20° to 45°

: Appearance of the peaks corresponding to Be(OH), 8

Corrosion Property of Be Samples in Pure Water

Weight change Electric conductivity

8

wu

Ratio of electric conductivity

R R.: after corrosion best
Ro X100(%) g :hefore comosiontest

Purel Watler at |50°C|

9
&
= 2
Q
E 3,5l _
g 5 ——: 5
: | =
S | oit .
2 o
-~ 0 " P . i
6 20 2 4 6 8 10
Elapsed Time (x 102 h) Elapsed Time ( x 10%h)
The weight change of S-200F was The electric conductivity change of S-
larger than that of I-220H. 200F was larger than that of I-220H.

Corrosion products : Be(OH),
Corrosion resistance of beryllium ==  Effect of content of BeO
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4. Irradiation Tests

Irradiation Parameters for Lifetime Extension

400 4§ T T T
Irradiation Parameters ® :JRR-3
@ : WWR-K
@ :IMTR

w
o
o
|
|

Independent Standard in JMTR |

Irradiation Temperature ("C)

Utilization condition of MTR i 36,000MWD (¢=~0.3-10% n/m?)

............................................................... i‘....t-.-t...............‘-........I....‘...1.‘.‘.....-.....-

o : .

: Target Fluence

100 } (¢=~1.5x1026 n/m2) | _|

e o @ 0do0 :
; _‘: ........... T—— l | ..................................

0 1024 105 10%6 1027

Fast Neutron Fluence (/m?)
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Change of Irradiation Conditions

from June, 2011

Test Name Original Plan Change Plan Remarks
Neutron Fluence Neutron Fluence
JRR-3 ¢pr=1.5 x 10%°> n/m? ¢r=1.2 x 1025 n/m? New Nuclear
1 e Regulation
Irradiation Test | Start of PIE Start of PIE (No operation)

from April, 2014

Neutron Fluence
¢pr=1.5 x 1024 n/m2

Neutron Fluence

15t & ¢e=1.5x10% n/m?
2d : ¢4e=4x1025 n/m2

WWR-K Completion of
2 | Irradiation Test | Start of PIE Start of PIE ISTC Project
from Jan., 2012 1st : from Jan., 2012
24 : from Jan., 2013
IMTR Start of Irradiation | Start of Irradiation Nevi Noclaar
- Irradiation Test from Oct., 2011 from next year F,ff:;i?:ﬁln)
11

5. ISTC K-1566 Project
(Be Recycling)
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Experimental of Small Scale Tests PR

The small scale tests were carried out by the demonstration
device with the irradiated beryllium samples.

[

ks

FAVA

B

AVAVAVA

L [ Recovered BeCl, ‘

lIrradiated Be Plug I

ZAVAVAVAY

I2
Results of y Spectrum in Small Scale Tests
[TAE-NNC]
[Irradiated Be samples] -Irradiation Period : 1968 ~1975 (1stBe frame)
-Cumulative Power : 24,017.4MWD
-Av, Thermal Neutron Flux : ~8.0 x 103 n/cm?2/s (50MW)
-Av. Fast Neutron Flux 1 ~7.5%x 1012 n/cm?/s (50MW)
Before small scale test After small scale test
Sample weight :0.095 g s Sampleweight :2.1 g
Measuring time | 36,000s Measuring time : 11,000s
0
5000 o o
o it
. : o W
000 YU content in beryllium? < =
Ag-108m and Co-60 were Q 20
@ measured by v spectrometer, S
5 3000|| Cs-137 was also observed.
= % O
2 o
o]
100 = 3
o
ol . i : : - S . 0 ! I.|.||LIJ|.IM ™, I..|. vidai'd I diiT
0 200 400 600 SO0 1000 1200 1400 0O 200 400 600 €00 1000 1200 1400
Erergy (keV) Erergy (keV) 13
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Evaluation of Purification in Small Scale Tests

[TAE-NNC]
Amount of Be Activity (Bq)
(@) Co-60 Cs-137 |  Ag-108m
(a) Activity evaluation in beryllium sample without purification
o Total Irr. Be samples 955.5 2.7x108® 1.8x107 2.4x107
Experiment
G Reacted Be samples 61.0 1.7x107 1.1x106 1.5x106
Be (BeCls) samples
ond bafore tﬁe‘ 2nd experiment 8.5 2.4x10% 1.5x10% 2.1x105
Experiment | B (BeCl,) samples
after thez 2nd esperiment 2.1 6.0x10° 3.7x103 5.2x10%
(b) Activity measurement in recovered sample
MNuclide contents in the sample 2.1 80+ 30 70+ 30 5
(c) Evaluation of purification
Purification degree } ~7,.5%107 ~53 ~1,0x10%
(Removed ratio from Irradiated Be) (99.9999%) (99.98%) (99.9999%)

[ | :Experimental values [ | : Calculated values [ | : Evaluated values

14

6. Conclusion
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Summary

Material Selection of Beryllium Grades as MTR Reflectors was
discussed in the Be Specialist Meetings and the following items
were decided:
e Selection of beryllium grades
— Reference (S5-200F), Isotropy (S-65H), Strength (I-220H)
¢ High-irradiation tests for lifetime extension
— Performance of irradiation tests (JRR-3, WWR-K, JMTR)

Status of Be study
® Preparation of Beryllium Specimens for irradiation tests
e Irradiation tests in JRR-3 and WWR-K
e Preparation of irradiation test in JMTR
e Corrosion evaluation of Be specimens in out-of-pile test
e Completion of Small Scale Tests for Be Recycling (ISTC Project)

Future Plans
® Negotiation for conducting High-irradiation tests in each reactor

1S5

Research Schedule for Lifetime Expansion

ftems Year| 2007 | 2008 | 2009 | 2010 | 2011 | 2012 | 2013 | 2014 | 2015
. July
Planning —
Fabrication of 1stsupply 2™ supply
beryllium specimens ‘m ule oy
Survey and decision of :
Irradiation conditions
Fabrication of i
Irradiation capsules A
= Irr. Test (JRR—3)H Adjournment of
Irradiation tests i | | IMTR re-start
(each site) { I Test (WWR-K) I | N |
H Irr. T$st (JMTIR)
PIEs (JRR-3)
PIEs
(each site) PIEs (WWR-K)
: PIEs (JMTR) :
- , vVVY v| v vl v| v | 9|
Specialist Meeting inUS InEJ in®  inUS| inEU nP | inUS| inAR inEU
(INL) (Lisbon) (Qarai)  (INL)| (NRI) | (Carai)| (MURR)|(Bariloche) (MARIA)

16
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3.6 Status of Beryllium Study in KAERI
[Abstract]

Status of Beryllium Study in KAERI

Man Soon Cho', Tae Kyu Kim'

! Korea Atomic Energy Research Institute, Daejeon, Republic of Korea

The beryllium materials are being considered as a primary reflector in both the Jordan
Research and Training Reactor (JRTR) and the Kijang Research Reactor (KJRR). In KAERI,
the research on beryllium materials has been performed using three types of targets; S-65
(HIP) and S-200-F (VHP) from Materion (USA), and EHP-56 (hot extrusion) from Ulba
Metallurgical Plant (Kazakhstan). The out-of-pile tests consisted in microstructure
observation, hardness test and photon irradiation test. The microstructural observations using
SEM/EBSD indicated that the VHP process was quite effective in producing a beryllium
reflector block of randon orientation while the hot extrusion process produced strong
anisotropic orientation. Microhardness test results indicated that the isotropic Vickers
hardness value of about 1000 MPa for S-65 and S-200-F. The EHP-56 which was fabricated
by hot extrusion revealed an anisotropy in microhardness for longitudinal and cross-sectional
directions. For these beryllium materials, proton irradiation test has been also performed using
gas ion irradiation machine of Korea Multi-Purpose Accelerator Complex. Protons were
irradiated on a beryllium sample with the acceleration voltage of 120 keV and the fluence of
2.0 x 10" jons/cm” at room temperature. The size of the irradiation damaged layer was
estimated through a Monte Carlo simulation (SRIM2012 software) and a TEM. The damaged
layer observed by TEM study was measured to be about 1 pm, and this size was coincident
with the simulation result. The most severely damaged area was occurred at 600 nm in depth;
tens-of-nanometer-sized voids were observed in this area. Multiple voids were observed in the
entire damaged area, and they were preferentially distributed along with grain boundaries, and
the interfaces between the matrix and the BeO particles. The voids were also distributed in the
grains, showing that the distribution behavior of voids have been mainly determined by the
grain orientation. As a result, it was found that the beryllium atoms could be easily dislocated
through the proton irradiation while the basal plane was aligned along a direction
perpendicular to the irradiation. The in-pile tests for the S-200-F and EHP-56 materials have
been performed using HANARO (High Flux Advanced Neutron Application Reactor) in
KAERI. The first capsule is under post irradiation examination and the second capsule is
under irradiation in the reactor.
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8th specialist Meeting on Recycling of Irradiated Beryllium
Oct 28 2013, Barilroche, Argentina 4

Status of Beryllium Study
in KAERI

Mat Soon Cho/Tae KyuKim

7 r:'s% i—nK@.rJea : s

Contents

3 Beryllium in research reactor
J Microstructure
& Proton irradiation test

O Current status of in-pile test

9 Summary
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Uses of Beryllium

U Jordan Research and Training Reactor (JRTR)
= 5MW
= [rbid, Jordan
= CP (Construction Permit) : August 15, 2013
= Under construction
= Primary reflector : beryllium
@ Kijang Research Reactor (KJRR)
= 20 MW
= Busan, Korea
= Akind exclusive for RI production
= ysed for Rl productionand NTD
= Under basic design
= Primary reflector : beryllium

P o Korea Atomic Energy
KAERI Research Institute

JRTR Specification

Reactor Type Open-Tank-in-Pool
Thermal Power (MW) 5 (upgradable up to 10)

Max. Thermal Neutron 1.5x1074 in the core (Central Trap)

Flux (nfcm?2-s) 0.4x10'* in the reflector region
Fuel Type & Material ~ Plate type: 19.75% enriched, U.Si, in Al matrix
Fuel Loading 18 fuel assemblies, 7.0 kg of UZ5 (Equilibrium cycle)
Coolant/Moderator H.O
Cooling Method Downward, forced convection flow
Reflector Be and D,0
Multipurpose

- neutron beam application (n. science, n. radiography, etc.)
- neutran irradiation service (Rl production, NA4, NTD, etc.)
Utilization by utilizing
- 4 beam ports (including 1 port reserved for cold neutron)
- 1 thermal column
P - more than 22 vertical holes (including replaceable in-core holes)

- Korea Atomic Energy
i ]
KAERI Research Institute
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Reactor Assembly of JRTR

Reactor Corepart
Structure
Assembly

Reactor Assembly = RSA + CRDM & SSDM +
Fuel + Inner reflector (Be)

A 6 ©

(r 2L Korea Atomic Energy Beryllium Reflectors
KAERI Research Institute

JRTR Core

Beam Port, Thermal Beam Port,
CNS Column NR
///// - n detectors
gizm Port, Beam Port,
Std
NAA NTD
Be
blocks

P o Korea Atomic_Energy
KAERI Research Institute
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Features of KIRR

Power ~20 MWth
Type Open Tank in Pool type
Max. thermal neutron flux
(Ve > 3.0x10* (Central Trap)
Operation day ~300/year
Life time 50 year
LEU Fuel U-7Mo plate type (U loading : 6.5, 8.0 g/cc)
LEU Target UAlx plate type (2.6 glcc)
Reflector Be, Al Gr, Pb
Coolant and H.0,
flow direction in operation downward forced convection flow
Reactor building Confinement
Decay heat cooling Passive System

Robust Design, Aircraft Crash, 0.3g SSE, Digital I&C, Cyber Security,
PSA of Internal & External Events (Earthquake, Fire, Flooding)

Overview of KIRR

<)

/ KAERI Research Institute g

- Korea Atomic Energy

Core Configuration of JRTR

= -~
[O]O]OlOJO[O]C[O]0]
§ OO O

coe
BreEeEEE

- |

Partl Progress & Staws 8
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Research on Beryllium Materials

© Target Beryllium Materials
= Materion (USA) : S-65 (HIP), S-200-F (VHP)
= Ulba Metallurgical Plant (Kazakhstan) : EHP-56 (Hot Extrusion)
@ Out-of-pile Test
= Microstructural observation
= Hardness test
= Proton irradiation test
© In-pile Test
= CTand IR2 in HANARO
= Max. flux : 2.1 x 10 n/cmZ.sec(fast)
4.39x10" n/cm?.sec (thermal)
= Target fluence: > 4 x 102! n/cm? (E>0.18MeV)

= |rradiation temperature: < 70°C
(RR operating conditions)

e
(-(:,/ ~. Korea Atomic Energy

~ /KAERI Research Institute 9

1. Out-of-pile test
Microstructure
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Out-of-pile test
Microstructures of Be Illum

SEM microgrph |

EBSD Band Contrast

Material Be BeO Fe C Al Si Etc.
$-65, HIP 99.36 0.50 0.06 0.03 0.02 0.02 <0.01
$-200-F, VHP 98.50 1.20 0.10 0.10 0.05 0.03 <0.02
EHP-56, HE 98.30 130 0.20 0.12 0.03 0.04 <0.01
((: = Korea Atomic Energy
KAERI Research Institute 1

Out-of-pile test
Anisotropy of Beryllium

/ $-65 (HIP), S-200-F (VHP)
Isotropy

=P
/ -' \ EHP-56 (Hot Extrusion)

@~ Anisotropy
\ / <1010 > deformation texture
- Y N—___—oio
= Korea Atomic Energy PF
KAERI Research Institute 12
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Out-of-pile test
Microhardness

E 1500 - ! -
=
ongitudinal (L) 1 — 3
g 100§ g t
=
3]
o
m = —
BerylliumBlock g
o
2
0 II_ CI; | Il_ (F | IT (-?
S-65 S-200-F EHP-56

Hot extrusion : anisotropy in microhardness

2

("}/ ~ Korea Atomic Energy

~ /KAERI Research Institute 13

Out-of-pile test
Longitudinal & Cross-sectional Grain Shapes

m;mall grains but lower hardness in EHP-56, (c) € <1010 >texture

Korea Atomic Energy

/KAl Research Institute 14
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Out-of-pile test
Proton Irradiation Test

Out-of-pile test
Proton Irradiation Test of Beryllium

Korea Multi-Purpose Accelerator Complex, Gas ion irradiation machine

Acceleration Voltage : ~ 120 keV
lons : H, He, N, Xe, etc

Beam current : 3 mA

Beam uniformity : +20%
Implantation area : 20 cm diameter

2

f';/ ~. Korea Atomic Energy
/KAERI Research Institute 16
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Out-of-pile test
Depth of Proton Damage Layer

Sample : 98.5% purity beryllium reflector material
Irradiation Condition : 120 keV, 4.0 <10'%cm-2

COLLISION EVENTS \

g P— Irradiation

i Direction

g

5 14x10

) 12a007

5 ! _J 1m0
E _§ a0t

: 6x10°*

E | dxn?

z i

0
0 0.5 [um] 1
Damage layer : ~1 pym
f“‘,-’A
g R Korea Atomic Energy
~ /KAERI Research Institute 17

Out-of-pile test
Proton Radiation Damage on S-200-F

Irradiation
Direction.

Directional voids are distributed regardless of irradiation direction
(;:/ ~. Korea Atomic Energy
'KAERI  Research Institute 18
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Out-of-pile test
Crystal Orientation and Voids distributions

0111 0110
11 0110

0001 QOO0
. p Y .

Voids are distributed parallel to the basal plane

)
(- ~ . Korea Atomic Energy
KAERI Research Institute 19

Out-of-pile test
FIB preparation on Proton irradiated EHP-56

TEM micrograph
coordinate

)
(- . Korea Atomic Energy
KAERI Research Institute 20
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Out-of-pile test
Radiation Damage in EHP-56

Sample A

T

Irradiation
Direction

=
direction

s

Extrusion
direction

+ More voids distribution along ED (// Basal plane)
(C}” -+ ER.alaiRRetandirradiation = 1.5 times more dimensional change

© /KAERI Research Institute

In-pile test
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In-pile test using HANARO

Research Reactor Materials

Materials Test item

Graphite

(1G110, NBG17) Thermal column

2nd reflector
Thermal column

Beryllium

(S200F, EHP-56) Primary reflector

Primary reflector

In core materials
Structural
components

Heavy water vessel
Zircaloy-4 CAR Guide tube
Beam tube
)
(r: : Korea Atomic Energy

KAERI Research Institute

23

Preparation of In-pile samples

® Preparation of test samples
= Graphite
* Beryllium
= Zircaloy-4

@® Design of irradiation test capsule
= Tensile test
» Irradiation growth
= Hardness, microstructure
= Thermal diffusivity and so on

)
(—' Korea Atomic Energy
KAERI Research Institute

4th layer

L T T

L T

1st layer

. n A W N o=

Design of irradiation capsule
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Low temperature irradiation capsule

1.Research reactors operate at low temperatures. The reflector
materials are required to be irradiated usually lower than
100°C(HANARO <50°C)

2.Standard capsules is operating at 250-400°C in HANARO.

3. Low temperature irradiation capsule was developed and used for this
purpose.

4. The main concept is the coolant to contact the specimen directly. So,
coolant comes into the capsule and flows along the specimen

B Tensile

M lrradiation Growth
@ Irradiation Growth
@ Hardness, Swelling
@ Fiuence Monitor
O Thermocouple

Coolant Flow

Capsule External Tube

(L870/ Dia. 56mm)

2 Korea Atomic Energy
KAERI Research Institute

Irradiation test in HANARO

» Schematic of irradiation Capsule

Irradiation tests

Setting of capsules to irradiation

holes in HANARO
= ) ”
c Korea Atomll:_Energy
KAERI Research Institute 26
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Current status of in-pile test

@ 1st capsule (11M-20K)
= Finished irradiationtest (4 cyclesin HANARO)
= Maximum fluence: ~2X10%' n/cm? (E>0.18MeV)

= Post [rradiation Examination

O 2nd capsule (11M-21K)
= Neutron irradiation

= Target: 8 cyclesin HANARO
= Expected maximum fluence: ~4X10?' n/cm? (E>0.18MeV)

P
7 Korea Atomic Energy
KAERI Research Institute 27

@ Beryllium reflector

= JRTR
= KIRR

@ Out-of-pile tests
= Proton radiation performance
= Microhardness, tensile test, microstructure

© In-pile tests
= |rradiation tests at research reactor environment (<70°C)
= 1stcapsule : Post Irradiation Examination
= 2ndcapsule : being irradiated in HANARO(will be finished in the

end of this year)

)
P ) Korea Atomic Energy
KAERI Research Institute 28
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Out-of-pile test
Surface Waveness after Proton Irradiation

—= 1.5

Sample A

S200F
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Reflector in KJRR

Beryllium Reflectors

Overview of KIRR Core part

)
( ~. Korea Atomic Energy
KAERI Research Institute 33

Design and fabrication of capsule

e

Design of capsule

) Procedure of capsule fabrication
( . Korea Atomic Energy

KAERI Research Institute 34
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Safety test of capsule before irradiation

302 7|2 AIB AN FUS 52! 7121 (80°C)

Design and fabrication of F/M Soundness test of capsule
A
r“' v

(— i Korea Atomic Energy
KAERI Research Institute

35

Out-of-pile test
Radiation Damage in Hexagonal Structure

Basal plane

—_— O Q-

+ Voids distribution along Basal plane
* Dimensional change along the normal direction of Basal plane
)

(— Korea Atomic Energy
KAERI Research Institute

36
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3.7 Recent Activities in the MTR Field for Beryllium Reflectors
[Abstract]

Recent Activities in the MTR Field For Beryllium Reflectors

Edgar E. Vidal' and Christopher K. Dorn’

'Materion Brush Beryllium & Composites, 14710 W. Portage River So. Rd., Elmore, Ohio 43416
US.A.
’Materion Corporation, 6070 Parkland Blvd. Mayfield Heights, Ohio 44124-4191 U.S.A.

The nuclear properties of beryllium, combined with its low density, are attractive characteristics for
neutron reflectors and moderators in the design of reactors. Beryllium's high scattering cross-section makes
it effective in slowing neutron speed to a level required for efficient reactor operations under some required
conditions. This ability classifies beryllium as one of the few good solid moderators available. As a
reflector, beryllium acts to scatter leaked neutrons back into the reactor core. Neutrons are conserved
because of beryllium's low thermal neutron capture cross-section. A review of the current status of
beryllium utilization in MTRs around the world is presented. Materion has been producing beryllium for
reflectors for more than 60 years and has continuously been updating its manufacturing technologies and
capabilities to deliver a high quality product at the lowest cost possible.

Recent materials procurement and interests have come from reactors like JRTR, RJH and BR2.
Because of the tsunami that lead to the Fukushima incident in 2011, the schedules at JAEA have been
affected dramatically. Despite this upset, JAEA continues to be committed to the nuclear test reactor efforts
and the use of beryllium as reflector material. Belgium’s nuclear research center SCK-CEN has now
planned the refurbishment of the beryllium reflectors of BR2 which is one of the most powerful research
reactors in the world. Progress has been made by KAERI in the design and construction of the Jordan
Research and Training Reactor (JRTR) which will be an in-core beryllium reflected 5 MW reactor capable
of being upgraded to 10 MW. Commissioning of the JRTR is expected to occur in 2015 and will utilize
beryllium produced from Materion. KAERI is also designing and building a new reactor called the KJRR
(Ki-Jang Research Reactor) which is a 20 MW system that uses beryllium and aluminum as the in-core
reflector and is expected to be commissioned in 2017. KAERI has been irradiating samples of beryllium
from Materion and Ulba Metallurgical in the Hanaro reactor. Materion continues to support the mayor
players in the test reactor world by providing quality beryllium and engineering services.
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The 8th Specialist Meeting on Recycling of
Irradiated Beryllium

i\

MATERION

Beryllium Recycling
i Meeting:

%,

Recent Activities in
the MTR Field for
Beryllium Reflectors

Christopher Dorn
Edgar Vidal

Brush Beryllium & Composites

N

MATERION

Materion Brush - EImore, Ohio Facility

The U.S.A. Government
entered into a
partnership with Materion
Corporation initiating
construction of the
beryllium “Pebbles
Plant” in Elmore, Ohio.

Production capacity of
high-purity beryllium
metal to ensure world
demand.

The plant stands 73 feet
tall, contains three levels,
has a 51,045 sq. ft.
footprint, and contains
124,358 total square feet
of floor space.

Brush Beryllium & Composites
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Current Research Reactor Programs

= ATR - Advanced Test Reactor (Idaho, U.S.A))

* HFIR — High Flux Isotope Reactor (Tennessee, U.S.A))
* MURR - Missouri University Research Reactor (U.S.A.)
= JMTR - Japan Materials Testing Reactor (Japan)

* JRR-3 - Japan Research Reactor (Japan)

= HFR - High Flux Reactor (Netherlands)

* BR2 - SCK-CEN Test Reactor (Belgium)

* SAFARI-1 — NECSA Test Reactor (South Africa)

= OPAL — ANSTO Test Reactor (Australia)

* |EA-R1 - IPEN Test Reactor (Brazil)

FIv

MATERION Brush Beryllium & Composites

ATR — No new developments

Outer Norh
Irradiation Tank
Semall B Position (2,22 cm)

Camter Fux Trap
Irradiaton Facily
7 holas,

M

MATERION Brush Beryllium & Composites
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HFR Machined S-200F Beryllium Reflector
Assemblies

0 @ N O b R W N =

[ serptivm [ 150 Fuml slomenn Dlzuww‘"&":‘

©Tharmal = fharmal £ < 0.625 £¥] nevon fumnce rot fn/cm?/3)
O cut o bt [E > 1.0 MaV) sestron Bosoce raw /o /i

N

MATERION Brush Beryllium & Composites

SAFARI-1 Machined S-65-H Beryllium
Reflector I__Ele_ments

N

MATERION Brush Beryllium & Composites
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OPAL Machined S-200F Beryllium Filters

FIv

MATERION Brush Beryllium & Composites

University of Missouri Research Reactor -

= Power Level: 10MWth

= Power Density, Core: 303
kWiliter, with geaking factor
greater than

= Primary CoolantOperaﬁnq )
Temperature, Outlet (T, ): 136° F

= Primary Coolant Operating
Pressure: 80 psia

= Core, Fuel Type: Open pool
PWR, HEU aluminide fuel

= LEU Conversion Feasibility
Study: Currently underway

= Reflector: Beryllium and graphite

= Flux Trap, Peak: 6 x 1014
n/(cm2sec)

= License Status: 20-year renewal
request submitted August 2006
(to extend to October 2026)

N

MATERION Brush Beryllium & Composites
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Japan Materials Test Reactor (JMTR) — 20147

vmmm: Imrahation facikty for sioon
000, : o
R N I._~Imm,m:.‘..i'.np“"|
I‘ ™ 0
) __/\ \
72 ) BOCA/OSF -1 ¥
 W——
\/ P/ ¢
; LN L]
o -v|
for LWR fusis elslele, luLmem
W Fuel slement [ Berylium frame

B Control rod with fusi followss [l Baryliium refiector elerment
[[] Asuminum refioctor element X Gamma-ray shisid plste

= Alight water cooled tank type reactor with 50MW thermal power.
= Fromits first criticality in March 1968, the JMTR has been utilized for
fuel/materialirradiation examinations of LWRs, HTGR, fusion reactor as well

as for RI productions under its transportation advantage that the JMTR and
hot laboratory is connected by a canal.

N

MATERION

Brush Beryllium & Composites

JRR-3 - JAEA

OTAS 4G

Vertical imackation holes

Horizontal beam tubes

O\ [ standard Fuel Element

@ Control rod with Follower Fuel
O vertical Irradiation Hole

I:I Beryllium Reflector

Courtesy of JAEA

M

MATERION

Brush Beryllium & Composites
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High Flux Isotope Reactor (HFIR)

= HFIR is a beryllium-
reflected, light-water-
cooled and -moderated,
flux-trap type reactor

* Uses highly enriched
uranium-235 as the fuel.
The image on the right
is a cutaway of the
reactor which shows the
pressure vessel, its
location in the reactor
pool, and some of the
experiment facilities.

M

MATERION

Brush Beryllium & Composites

BR2 - SCK.CEN

N

MATERION

| Cooling water outlet

Shroud cooling water inlet
Grid

Courtesy of SCK.CEN

Brush Beryllium & Composites
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1\

MATERION

MATERION BUSINESSES

Advanced Chemicals

Barr Precision Optics & Thin Film Coatings
Brush Beryllium & Composites

Brush Performance Alloys

Ceramics

Electrofusion

Large Area Coatings

Microelectronics & Services
Matural Resources
Technical Materials

www.materion.com
Brush Beryllium & Composites
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3.8 Beryllium Research in NGK and New Proposal for MTR Reflector Development
[Abstract]

Beryllium Research in NGK and New Proposal
for MTR Reflector Development

Keigo NOJIRI' and Ryohei FUKATSU!

' NGK Insulators, Itd., Nagoya, Japan

NGK Insulators is one of the world leading companies in the high performance ceramic
industry. The new metal division in NGK is specialized in the high performance metal products
as the result of expanding its business field in NGK. The division’s main products are various
beryllium containing alloys and special parts made from the alloys. The pure beryllium
applications are also important for the division. Beryllium metal is used various industrial and
R&D scenes due to its unique and extremely excellent properties. In the nuclear field, NGK has
two main applications with beryllium, the neutron multiplier for the fusion and the neutron
reflector for the material test reactor.

The neutron multiplier is necessary in the concept of ITER project. The beryllium pebble
multiplier is the reference material of the project. The ITER participating countries are
evaluating the beryllium pebble, which is filled up in the test blanket module. The ITER
organization has announced that the first plasma will be in 2020. It means that the beryllium
pebble must be available before for preparing the test blanket module. NGK had developed the
beryllium pebble fabrication technology as the rotating electrode method with JAEA. The
pebble fabricated by this method has excellent sphere shape and narrow diameter distribution.
NGK will continue developing to improve the productivity for preparing the big volume
production.

The neutron reflector of NGK is used for the JMTR from the 1% generation installed in
1966 to the 7™ generation which is ready to use actually. Some studies are going on for having
the longer life of the reflector. NGK started a study with JAEA in a different view for preparing
the longer time utilization of the reflector. Longer irradiation to the beryllium reflector releases
more tritium into the cooling water. NGK tries to cover the reflector surface which touches the
cooling water with aluminium layer to block the recoiled tritium in this layer. Some trials of the
coating of aluminium by hot spraying are carried out. The evaluation including release of
trittum will be planned.
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The 8th Specialist Meeting on Recycling of Irradiated Beryllium ﬁ

October 28, 2013, S.C. de Bariloche, Rio Negro, Argentina

Beryllium Research in NGK and New Proposal
for MTR Reflector Development

Ryohei Fukatsu, Keigo Nojiri

NGK Insulators, Itd
Aichi Japan

NGK INSULATORS, LTD. 1

Contents ﬁ

(1) NGK Insulators, Itd
(2) NGK’s Beryllium business

(3) Beryllium Utilization in Nuclear Fields
3-1 Fusion Reactors
3-2 Reflector in MTR

(4) New Proposal for MTR

(5) Future plan

NGK INSULATORS, LTD. 2
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NGK Insulators, Itd

Company Name World Network A

-

NGK INSULATORS, LTD. i .
_ many | r
W ™ tgtond
May 5, 1919 \"x* * SOt

Paid-in Capital
69,849 Million Yen

Number of Employees

3,426 (non-consolidated)
13,159 (consolidated)

Consolidated Subsidiaries
54 companies

Asof March 31, 2013

NGK INSULATORS, LTD.

NGK’s Beryllium business

Industry machines

Sound Equipment Aircraft&Space

High
melting point—"

Science
Equipment
Nuclear s ] §
Equipment '-'-15_?-5_ _ Equipment for
" ; ITER

NGK INSULATORS, LTD.

_90_




JAEA-Review 2014-012

Beryllium Utilization in Nuclear Fields 1.Fusion Reactorsﬁ

ITER will have the 1st plasma in 2020
=>» Test Blanket Module to prepare

ET & A1

TBM has;

«Li breeder

« Be Multiplier

NGK's BP1 pebble is
the reference material of
the muliplier

mmEn
ITER-FEATERE

NGK INSULATORS, LTD. 5

Beryllium Utilization in Nuclear Fields 1.Fusion Reactorsﬁ

BP1 pebble

Overview of Apparatus

Water jacketed

tungsten electrode —p Air Evacuation

4 Innertgas
Rotating electrode

(Beryllium)

Motor

NGK INSULATORS, LTD. 6
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Beryllium Utilization in Nuclear Fields 2. Reflector in MTRF

Be Reflector Frame ()

To enhance the neutron

concentration in fuel area to
irradiate the sample efficiéntly

o e s s s s
e e s s e s |

Neutron flux distribution

NGK INSULATORS, LTD.

—~ — - =i Fastneutron flusx (E>1Mev) — ! Thermalneutron flux
t

S5 ool s EE
Seotd| 2 |5/B|81815 85| &%
e 2l 2 |El5|EBlE|BIE]l 2|8
= 50T T |3|23 (B8 |82 TP
';:40'{5@8@8798? vl

— LT el

Z30F }“}:H e 1
el \\_4/’,—\*
520 / / ! J
L
c10pA \ N\
& 0.0 [ ETEIFIalAl TR I TIMNI o
L
= Location in core

Beryllium Utilization in Nuclear Fields 2. Reflector in MTRF

Generation Term Cu;?:)l\:\l.faetrwe Igﬁll:etr:f:’g C(anr1]1nt1n)er
(Mwd) (x1026m-2)

st 1966-1974 ~24,000 0.96 0.71
2nd 1975-1983 ~28,000 1.12 0.84
3 1984-1987 ~25,000 1.00 0.75
4th 1988-1995 ~36,000 1.44 1.24
5th 1996-2002 ~29,000 1.15 1.09
6th 2003-2007 ~25,000 1.00 0.93
7th Installed and waiting for the operation

4th Generation - Desigh modification to improve lifetime

and 8 generation? == Vodification to study for easier management

@

NGK INSULATORS, LTD. 8
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Necessity of Tritium release reduction

1 W\

Irradiation generates Tritium

40
“Be(n, @) °He — pdecay & “Wa \.\_E/)
S 6Li(n, @) °H

1072 [Evaluation condition]
o~ Weight of Be reflectars 1600 ky
g 104} Ay Meutron Flux g :
S fy - 5x10'2 (n/emi/s) @ : Tritium generation
= " fin: Sx10' (n/em?/s) in total Be reflectors
= ! i .
2 10 ]Retentionin Bemetal in JMTR
< 1012/ | : Tritium amount
E Releaseto water in primary cooling
£ 101 waterin JMTR
= Reference

1010 . A . :

0 100 200 300 400 500

Operating Time at 50MW (day)

[ We need to reduce tritiumrelease to cooling water. ]

NGK INSULATORS, LTD. 9

New Proposal for MTR: Reduce tritium release /_

Beryllium neutron reflector

( Li\) Al

(1)

3 A

How To Reduce ?
Coatthe material on Beryllium surface
» Thickness > Recolling distance
+  Water proof
* Minimum thickness for the reflection performance

{ JAEA are planning to confirmthis effects with us. ]

NGK INSULATORS, LTD. 10
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Results & Future Plan

1st STEP : Coat Aluminumon Berylliumsurface

Supportedby TOCALO

Aspect after spraying : ope, Right: SEM,BEI)

[ Good adhesionis confirmed ]
Future plan

2nd STEP : Neutron irradiation test

NGK INSULATORS, LTD. "

Thank you for your attention

NGK INSULATORS, LTD. 12

_94_




JAEA-Review 2014-012

3.9 Swelling and Thermal Effects on Beryllium on Reactor Assembly

[Abstract]

Swelling and Thermal Effects on Beryllium on Reactor Assembly
E. Fresguetl, R. G. Cocco’ and F. Francioni’

! Dept. of Mechanical Design: Nuclear Components, INVAP S.E,
S.C Bariloche, Rio Negro, Argentina
? Dept. of Thermohidraulic: Nuclear Components, INVAP S.E,
S.C Bariloche, Rio Negro, Argentina
rcocco@invap.com.ar

Beryllium is used in numerous research reactors to moderate neutron energy and to reflect
neutrons back into the core, thus intensifying the thermal neutron flux. However, Beryllium
is degraded by radiation damage, as a result of both displacement and transmutation.
Transmutation produces Helium, which results in high levels of gas and swelling. The most
important effects caused by swelling in Beryllium bars are distortion, strengthening and
cracking. These several effects are increased by the effects of the temperature at power
operation conditions. Because of this, the study of the Be reflector structural integrity by
numerical methods is an essential tool to ensure an accurate behavior throughout its lifespan.
It is the purpose of this paper to perform a structural integrity analysis on a hypothetical
Beryllium reflector in order to study the distortion and state of stress associated to the
variation in its geometry using the finite element method. Two sources of deformation were
taken in account, swelling due to transmutation reaction and thermal expansion. The results
obtained shows the dependence between the geometry, type of constraint and the necessity to
consider a cooling system to reduce the thermal effects at power operation in order to ensure
an limited distortion allowing a longer time operation. These results contribute to a better
understanding of distortion behavior and the state of stress generated, which can be a useful
tool during the design phase.

REFERENCES

[1] R. Cocco and P. Bejarano, “Beryllium Reflectors for Research Reactors”, INVAP SE,
San Carlos de Bariloche, Rio Negro, Argentina.

[2] R. Cocco and P. Bejarano, “reflector assemblies behavior in a MTR core according to
FEM analysis”, INVAP SE, San Carlos de Bariloche, Rio Negro, Argentina.

[3] R. Cocco, “Distortion of Beryllium Reflectors induced by Swelling”, INVAP SE, San
Carlos de Bariloche, Rio Negro, Argentina.
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Swelling and Thermal Effects on Beryllium on
Reactor Assembly .

E. Fresquet, R. Cocco, F. Francioni

INVAP S.E. — Argentina
ISMTR
October - 2013

- Ny

TS
Objetive

Analyze on a hypothetical Beryllium reflector
bar, the distortions and state of stress
associatedto the variation in its geometry using
finite element analysis (FEA)
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B
Introduction

E71,287.GPa
Equivalent thermal
conductivity closed

to Aluminum

Light
(p=1.85gr/cm3)

Radiation effects on Be

The Be structure is altered during neutron irradiation by fast
neutron (E>1MeV) promoting:

1 2
Ll

[Gistorion iengiheningand craking |

The lifespan of the Beryllium components, in fluence terms,
typically vary between 1 and 6.4 x 1022 n/cm?
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o
3D Model

Geometry

The geometry of the beryllium considered in this case
consist of a solid block 79,5 x 79,5 mm with a 40 mm
diameter hole for cooling purpose.

e

Upper support
: Height = 675 mm

Lower support

T
Beryllium Properties

Mechanical Thermal
Depends of the fabrications  High Thermal Conductivity
process (1.8E-05 C"-1)
Yield Strength [Mpa] 241
Tensile Strength [Mpa] 324
Elastic Modulus [GPa 303
Poisson Coefficient 0,18
Elongation at Failure [%] 2
S-200F alloy. Typical values extracted from
Brush Wellman catalog
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T
Hypothesis

» Linear Elastic (small displacement theory)
» |Isotropic Material Behavior.

» Stress strengthening was not taken into account for this
analysis.

T
Finite Element Model

» All calculation were performed using commercial software
ANSYS 14.5.

» Mesh Density: Elements: 581,962
Nodes: 836,503

» Element Type:
3D Solid tetrahedron with 10 nodes
and 3 DOF per node.
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T—
Finite Element Model

ANSYS
R14.5

. Ny

T——
Load Cases

» Step1: Variation of fast neutron fluence (dose).

» Step 2: Thermal exposure during power operation of
the core reactor.

T —-— Ny
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B
Load Cases

« The swelling was estimated through a linear approximation fitted
from bibliographic data:

%[%] = 3%[%] =2,0x107.(¢p.1)

Where, V: volume; L:length, ®: fluence [n.cm2]

« The behavior was evaluated for fluence between 4,41x102°
and 1.16x1022 n.cm™

B
Load Cases

16E+13 T=1year T=5years T=10years T=23years
14E+13
-
: - — = Section A
% 126413 o E P
w35 Section 8
g L
T e o g e Section €
1 @ >
o
t B0E+12 == & Section D
=2 @
= o E Section £
C B0E12 . Ezs
eom - Eobd Section F
—
5 W o E ] section G
208412 s 9 Section H
dr-o
0,0E400 i Section |
LUE+
795 78,0 65,0 60,0 45,0 40,0 350 30,0 250 150 00 Each AT is represented by a discrete block

. . in the Beryllium bar
Thickness penetration (mm) .

Section €
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B
Load Cases

Thermal exposure during power operation of the core reactor.

Thermal load distribution along the
longitudinal axes

B
Cases of Study - Constraints

+ Fixed support on the Botton

* Free end on the Top

ANSYS

R14.5

Reflector Assembly
B: temperatura
Ficed Support

[ Fised Support

Fixed Support

| RS INIAP
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T
Results — Deformation

+ Thermal exposure during power operation of the core reactor.

+ The temperature distribution considered causes a located distortion at the middle of the bar
tending to introduce a curvature in the z-direction.

0,3643
0,32382
0,26334
0,24287
0,20238
0,16191
0,12143
0,080955
0,040478
0

ToP 0,033827 ToP

0,019393
0,0053583
-0,0086747
-0,022709
-0,036743
-0,050777
-0,064811
-0,078845
-0,092879

DISTORTION IN Z DIRECTION
TOTAL DISTORTION

SOTTOM BOTTOM

Results - Deformation

+ Load Combination: Step 1+ Step 2 — Total Deformation

041147 0,77289 13421

2,6973
0,36575 068701 1,193 2,3976
0,32003 060113 il 1,0438 2,0079
0,27431 0,51526 ] 0,89471 17982
0,2286 S 0,42938 0,74559 1,4985
0,13288 0,34351 0,50648 1 1988
0,13716 0,25763 0,44736 0,801
0,091438 0,17175 0,29824 05804
0,045718 0,085876 0,14912 10,2007
0 1] 0 0
1 year dose; d= 0,4115 mm 5 year dose; d=0,7729 mm 10 years dose; d= 11,3421 mm 23 years dose; d= 26973 mm
A
+ Displacement was calculated for 4 periods in LIFESPAN OF BERYLLIUM
years.

+  Typical gap between RAs =2 mm
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Results - Deformation

Case 1: Step 1 + Step 2

3,00
Deformation showed a cuadriatic ;
2,50 ith the fl X
dependence with the fluence '/ Gap between
S PR i
/ Beryllium’s bar
= /
E 2,00 ),"
E
=
2
g 10 15 years of exposure
E
S
L
8 100 ——Cace 1
——Case 2
050
S | yeal-" 5years 10 years 23 years
442E+20 2,21E+21 442E+21 1,02E+22
Variation of fast neutron fluence (dose)

Case 2: Step 2 (Fast neutron fluence only)

.

Maximum stresses are
located in the constrained
zone.

23 years dose

32,1

2817

255,31
218,92
182,53
146,14
108,74
13,353
36,961
0,5689

Equivalent Von Mises stess (MPa)

Results - Stress

For the geometry and load combination considered, stresses get over the Be
yield strength in about 15 years of exposure.

Yield Strength

4426420 23180

Variation of fast neutron fluence (dose)- (n.cm*-2)

847611 LO7E+22
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e
Conclusions

+ For the geometry and loads considered it is possible to ensure
the structural integrity for a 15 years of exposure without reach
the yield strength as well as the typical gap of 2 mm between
beryllium assemblies.

« The input of the temperature by power operation condition as a
state of load has no relevance in total deformation for long time
exposures to fast neutron flux. However for reduce time of
exposure, itis the principal contribution to the total deformation.

» The state of stress generated depends on the type of constraint
selected.

+ |t is necesary to consider in the design phase the introduction of
a cooling system as the one presented in this geometry in order
to reduce the thermal effects by power operation condition.

T a— v

"

Thanks for your attention‘ﬁs_’- .

7T %
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3.10 Tritium and Helium Release Properties for Different Grades of Beryllium Metals

[Abstract]

Tritium and Helium Release Properties
for Different Grades of Beryllium Metals

Luydmila Chekushina', Daulet Dusambaev', Kunihiko Tsuchiya’,
Aset Shaimerdenovl, Timur Kulsart0v3,
Tomoaki Takeuchi’ and Hiroshi Kawamura®

! The Institute of Nuclear Physic, Almaty, Republic of Kazkhstan
? Japan Atomic Energy Agency, Oarai, Ibaraki, Japan
The Institute of Atomic Energy, NNC,Kurchatov, Republic of Kazkhstan

Beryllium’s properties such as high thermal conductivity, good elevated-temperature
mechanical properties for a light metal and high melting point make the material attractive for
use in nuclear reactors. Reactors with beryllium (Be) exist in many places throughout the
world, and a great deal of Be was used in materials testing reactors (MTR) from the beginning
of atomic energy development. On the other hand, the activation issues for Be in nuclear
reactors under neutron irradiation arise mainly via (n, y) and (n, p) reactions with impurities
such as iron, nickel and nitrogen in the Be. At the same time, tritium (*H) is produced in
beryllium by a well-known reaction sequence. Thus, it is difficult to reprocess irradiated Be
because of high induced radioactivity. In this study, tritium and helium release properties from
irradiated Be metals are evaluated for lifetime expansion of Be reflectors for MTR.

Three industrial Be grades such as S-200F, S-65-H and 1-200-F were prepared as
irradiation samples. These samples were subject to two-stage irradiation in one of the central
irradiation channels of the WWR-K reactor. For the first stage of the 144-day irradiations,
the fast neutron fluence (E>1MeV) was about 1.6x10** m™.  Then, three samples of each
different Be grade where removed from the core and subject to study. The remaining three
samples were irradiated in the second stage and total fast neutron fluence were achieved
4x10** m™ for 336 days in full power day of WWR-K. After the each stage irradiation test,
microstructure observation and thermal desorption spectrometry (TDS) experiments were
carried out with each irradiated beryllium grade.

The TDS experiments were carried out with three kinds of Be grades at the heating rates of
10, 20 and 40°C/min. On a base of the obtained data, amounts of tritium and helium-4 (He-4) in
the irradiated Be samples were evaluated. For all Be grades, amounts of He-4 and tritium
were 25+3 and 1.3+0.3 ppm, respectively. The helium-3 (He-3) amount was found
insignificant, comprising less than 0.02 ppm. Helium of each Be grade was released at the
melting point of be sample or at the temperatures close to the melting point. On the other hand,
two temperature regions of tritium release were observed at the low temperature (less than
700°C) and the melting point. However, trittum release process of S-200F and other Be grades
(S-65-H and 1-220-H) was different. The irradiated S-200F was released about 90% at the less
than 700°C and about 50% of accumulated tritium was released in S-65-H and 1-220-H at the
melting point. It seems that tritium release from the irradiated Be was affected a process of
re-crystallization of grain and re-crystallization speed of S-200F grade was much faster that of
other Be grades. Moreover, accelerated re-crystallization of grains led to rapid release of gas
bubbles with tritium.
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The 8t Specialist Meeting on Recycling of Irradiated Beryllium
Bariloche, Rio Negro, Argentina (28" Oct., 2013)

gy e @

Tritium and Helium Release Properties

for Different Grades of Beryllium Metals

L. Chekushinal, D. Dyussambaev!, K. Tsuchiya?, A. Shaimerdenov!
T. Kulsartov?, T. Takeuchi?, H. Kawamura?

1 : The Institute of Nuclear Physic (INP)
2 : Japan Atomic Energy Agency (JAEA)
3 : The Institute of Atomic Energy, NNC (IAE-NNC)

.
-

Objects @

Beryllium has been utilized as a moderator and/or reflector in a
number of material testing reactors. However, interaction on
tritium and helium generated in the irradiated Be metal is not
evident. Thus, it is necessary to evaluate the release properties of
tritium and helium from the irradiated Be metal and
microstructure change of the irradiated Be metal for lifetime
expansion of Be reflectors for MTR.

In this study, tritium and helium release properties from
irradiated Be metals were measured by the thermal desorption
(TDS) method and metallographic studies of Be metal were
carried out by the X-ray diffraction measurement and SEM
observation.

This work was performed with support under the International Science and Technology Center
(ISTC) partner project. @
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@ = Nuclear Reaction of Beryllium @
Reaction Cro:(‘.:;srt::)tion Energy £, |Half-time, T, ,
1Be+,n —>2,He +2,n 0.6 14 MeV —
1 Be+,n—"Be 0.009 thermal —
TN N 0.010 14.1MeV
s Beton g He 0.068 5.0 MeV =
SHe—E iLi — — 0.808 s
SLi+n—syHe 8 940 thermal —
fH B_ ,23He — p— 123y
JHe+,n—>yH+ H 5327 thermal —
@
g === Experimental Procedure @
Preparation WWR-Kin INP

a) Be samples
b) Irradiation containers

.

Calculation of irradiation field
a) Be samples
b) Irradiation containers

.
| Neutron Irradiation (WWR-K) |
S

PIEs of irradiated Be samples
(1) Measurements after irradiation
a) Aspect
b) Dimension
c) Weight
d) Hardness
(2) Measurements after cutting
a) Aspect & weight
b} SEM observation
c) XRD analysis
c) He/T release

fi
[Utilization of WWR-K]

- Material testing

- Isotope production

- Neutron physics

o __x.|1| 5 v :
2 ‘,_’_'_. i !_. -~
e | B

enral Technical ata of WWR-K

Reactor type . Light water tank type
Thermal power : 6MW
Flux (max.)

Thermal 0 1.4x10" n/fcm?s

Fast :1.6x10"% nfcm?/s
Moderator . Light water
Coolant . Light water
Control rod “B4C @
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@ === Preparation of Beryllium Samples @
S-200F Beryllium (VHP) Reference
Down-Selection Process for Be Grades
— Purity & Isotropy Combination : S-65H
— Strength & Isotropy Combination :1-220H
Shape of Be samples
i S-200F S-65H I-220H
Properties
GS Elements (%)
Factor | Grade | (\m) [ Be [BeO | Al | Fe | si | Ni | Ti | C
Reference | S-200F | 10.3 | 99.0 | 1.0 | 0.05 | 0.12 | 0.03 | 0.01 | 0.01 | 0.06
Isotropy | S-65H | 6.9 | 99.4 | 0.7 | 0.04 | 0.08 | 0.02 |0.02 | 0.02 | 0.007
Isotropy |I-220H| 56 |98.6 | 1.9 0.01|0.06  0.02 0.02(0.02 | 0.03

(Fabricated by Materion Corporation)

@

q b‘ ATITUTE GF sCLBAR PHYBICE

Irradiation Field in WWR-K

@

Irradiation Test

Be samples

Beginning of irradiation test

tFA-1

O

FA-2 with control rods

O :
Q : Channel with shim rods
{ Y

LTA

WRR-K core

End of irradiation test
: Bervllium

©) : Iradiation charnel
@ : Displacer (hollow tube)

Calculation Result

(by 3D code MCU-REA)

Mettron flue density (cmr2 g1

Channel ID

{5.5cm above the battorn)

Thermal Fast

(En<0.4eV) (En = 1.15MeV)
The beginning of irradiation test
4-5 (14+01E+14 | (20+0.2E+13
10-2 (44+04E+13 | (46204)E+12
5-9 (59£01E+13 | (79103)E+12
The end of irradiation test
4-5

(1L.0£0.1)E+14

(144202E+13

-5 (center)

(1.85£0.1)E+14

(2.7£0.2E+13

8-9 (center))

(79+0.1E+13

(7.4+0.2)E+12

Dicision of irradiation conditions

1t irradiati
[ =

on test
1.5 x 1020 /cm?

2™ irradiation test

r
Irradiation

T =40°C (coolant temp.)

4.0 x 10° /cm2
Temperature

)
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@ ~= PIEs of Irradiated Be Samples @

m Experimental device

. F e He/T release measurements were carried |
Dismount Ofeontaimr out with experimental installation VIKA.

Measurement Items
a) Aspect
b) Dimension
c) Weight
d) Hardness
o
i ‘. NL : Pump HBP-5 DM, NS : Pump NORD-100, NS2 : Magnet-discharge pump NORD-250,
" BL : Nitrogen trap, PT : Thermocouple vacuum meter, P4 : Jonlzation vacuum meter, CV | Work chamber,
V@ Wacuum valve, Sy : Omegatron-type sensor of the PMO-13 mass spectrometer EFDO-2.
3 Sz ¢ Quadruple mass spectrometer RGA-100
Measurement Items — It‘:ms - 3‘?:;‘3:500{
a) Aspect & weight angeo .wo mperature rom
. Pressure in the chamber work volume at 1773 K 10° Pa
b) SEM observation
i Inaccuracy of the temperature automate +0.5°C
¢) XRD analysis maintenance with respect to a specified one T
c) He/T release Range of the sample heating rate from 2 to 50K/min (@

ay === Results of PIEs (1) @

400 - . .
gk 1.5x102° /cm? | 4.0x102° /cm? Irradiation Temp. : 40°C
Grade
. 350} |-e—:s-200F &
- - & - 5-65H
P % E —&— : [-220H
S-200F ( E 300
L)
4 i S
LT -y | _
L]
- S-65H (un-irr.)
5-65H F § 200
L S5
AR 150}
I Fare ¥ 1
100 L L 1 L
I-220H 0 1.0 2.0 3.0 4.0 5.0
Neutron Fluence (x1020 /cm?)

Hardness of irradiated Be was increased

Surface changes of irradiated Be occurred with increasing the neutron fluence.

with increasing the neutron fluence.
(polished surface - tarnished surface) @
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g§ === Results of PIEs (2) @

Crystal structure Observation and grain size

S65H |2

100 4 = 1% Metallografic ; Av. grain
80 1 E%m & @ @i Observation SEM Observation | ;. eter
60 88 g€ = = E8 & o T |
5| T e e
.g 20 1 -,_..l I | J,‘_LF,!!‘_‘{_'Q i S-200F | ol : () 15 m
£ 0
S g {5-200F
? 0] l
— 607
40 1
'E 201 LJ | [ T <
g Rl e S-65H 11 ym
% 120 1-220H 5-65H 5-200F 1-220H
=, 60: ‘ggg a, A | 2.286420,0004 | 2.206940.0006 | 2.267240.0012
40*: Eg% || ¢ & |25843200006 | 3.5649200010 | 3.58430.002
201 HJ!_TJ_ 1 ) ] _illl_ P25 ot
1} : : : 1-220H | b 7.9 um
40 &0 80 100 120 140 R v
Angle of diffraction (degree)
- No change of crystal structure before/after - - = =
neutron irradiation (Be, BeO) [ - Cohesion of BeO in grain boundaries
- No differences in the lattice values

g e Results of PIEs (3) @

Tritium release spectrum He/T release amounts

5.0

Heating

= 5 A R Sample ID Tritium 4He
Heting 10 Einn sample | corditions) | Rote | gomTig) | pmig
E 4.0 -O-D gég?: A BS-1-1 (melted) | 20 273 436
2 A~ 1-220H : 565H |BS-1-2(melted) | 40 23.5 496
E 30 BS-1-3 (melted) 10 22.4 551
ﬁ.a BS-2-1 (melted) | 10 27.8 481
=1 i BS22
X 20 ] S200F | i 1o 1175%C) 20 28.0 80
X | BS-2-3(melted) | 40 37.5 479
!
10 / I: BS-3-1 (meitsd) | 20 25.9 407
. J 1220+ [FEE R 10 8.5 119
0 P Iicr=" 2k ey - Do ﬁfﬁm (o to Imf;,;
0 200 400 600 800 1000 1200 1400 Hedaimoncy| 49 | 445 | &l

Temperature (°C) Tritium release amount : 29.6ppm-T/g
Tritium release peaks : 900 to 1200°C Helium release amount : 483ppm/g
(I-220H : about 1150°C) Helium release : more than M.P.
' (Helium was difficult to release up to the M.P.
(see the results of Be-2-2 and BS-3-2)). @
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Conclusions @

.
-,

Three kinds of industrial Be grades such as S-200F, S-65H and I-220H
were prepared and irradiated in WWR-K at about 40°C to fluences of
1.5x102° and 4.0x102° /cm?. After irradiation tests, PIEs were carried out
and the results of this study are given below.

(1) The surfaces of the irradiated Be samples changed from the polish
to the tarnish after irradiation. It seems that the corrosion and
cohesion of BeO occurred in the surface of Be samples. No effect of
crystal structure of Be occurred up to 4.0x102° /cm?2.

(2) The hardness of the irradiated Be samples increased with increasing
the neutron fluence because of neutron irradiation embrittlement .

(3) Tritium (T,) was released in the range from 900 to 1200°C and
helium (*He) was difficult to release up to the melting point.
Amounts of *He and released T, were in good agreement for all
irradiated Be samples, and He/T values were 483 ppm/g and 30

ppm-T/g, respectively. o

j§ === @

Appendix
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€y ~—"“Research and Test Reactors in the World @

about 200 reactors in the world

-8
e
< .» ASIA *-"“' o fm___ﬂm%
.:", ‘P?‘% oty & 28, %\//
sidal = o .
ol : » I .
; 2 \uz 4.t
‘ '%-{/"' America g W
: iy e LS (NGO) % }
(ﬂ . . 5
Beryllium is used in the research o _'f‘:o
and testing reactors of 30% in the .
world. i @l : Nouse beryllium reflector
P L _'\“‘“““Hp @l : use beryllium reflector
il Ref. http://www.iaea.or.at/worldatom/rrdb/ <
- Sy ' by
- A-1

“’Chemical compositions of coolant in WWR-Kz»

Index Name Index magnitude

pH at 25 °C 5.0t06.5
Specific Electric Conduction at 25 °C (mOhm/cm) 4.0

Hardness (mg-equiv./kg) < 3.0

Ion Chloride Mass Concentration (mg/kg) <50
Aluminum Mass Concentration (mg/kg) <50

Iron Mass Concentration (mg/kg) < 50

Copper Mass Concentration (mg/kg) <10

Fission Product Total Activity (Bq/kg) < 2.5x107

A-2
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Appendix A Program

Time
14:00 - 14:05
{5 min)

14:05- 14:25
{20 min)

14:25- 14:40
{15 min)
14:40 - 15:50
{15 min)
{15 min)
{15 min)
(15 min)
{10 min)
15:50 - 16:10
16:10 - 16:50
{15 min)
{15 min)
{10 min)
16:50 - 17:30
{15 min)
(15 min)
{10 min)

17:30 - 18:00
(30 min)

18:00 - 18:10
(10 min)

18:10

Monday, October 28, 2013
Hotel Edelweiss

San Carlos de Bariloche — Rio Negro — Argentina

[Tentative Agenda]

Topics

Opening on the 8th Meeting

Special Lecture
Construction Plan of New Hot Laboratory for Convergence of the Fukushima
Nuclear Plant Accident. (Tentative title)

Report of BeWS-11 in Barcelona, Spain

Status of Beryllium Study (Utilization, Handling, Storage, Nuclear
Calculation Property Evaluation, etc.) in Nuclear Fields in Each Country
Status of Beryllium design study in INVAP.

Beryllium Usage at the University of Missouri-Columbia Research Reactor.
Status of Beryllium Study in JAEA.

Status of Beryllium Study in KAERI.

Discussion.

Coffee brake

Status of Beryllium Study (Production, Property Evaluation, etc.) in
Nuclear Fields

Recent activities in the MTR field for Be reflectors.

Beryllium Research in NGK and New Proposal for MTR Reflector
Development.

Discussion.

Evaluation of Irradiated Bervllium Grades as MTR Reflector

Swelling and Thermal Effect on Beryllium on a Reflector assembly.

Trittum and Helium Release Properties for Different Grades of Beryllium
Metals.

Discussion.

Discussion Topics

(1) Irradiation Tests for Life time Expansion.

(2) Strategy of Beryllium Recycle.

(3) Contribution on Beryllium study for MTR Reflectors.

Summary in the 8th meeting and Next Meeting

Adjourn

The 8™ Specialist Meeting on Recycling of Irradiated Beryllium

Presenter

(INVAP)

H. Kawamura (JAEA)

C. Dorn (Materion)

R. Cocco (INVAFP)
L. Foyto (MURR])
K. Tsuchiva (JAEA)
M. S. Cho (KAERI)
All Participants

E. Vidal (Materion)
K. Nojiri (NGK)

All Participants

E. Fresquet (INVAP)
K. Tsuchiya (INP-KZ)

All Participants

All Participants

All Participants
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Appendix B List of participants and Photograph

List of participants in the 8th Specialist Meeting on Recycling of Irradiated Beryllium

Name Country Institution
Leslie P. Foyto U.S.A University of Missouri Research Reactor (MURR)
Ralph A. Butler U.S.A University of Missouri Research Reactor (MURR)
Christopher K. Dorn U.S.A Materion Brush Inc.
Edgar Vidal U.S.A Materion Brush Inc.
Andrea Borio di Tigliole Austria International Atomic Energy Agency (IAEA)
Man Soon Cho Korea Korea Atomic Energy Research Institute (KAERI)
Kee Nam Choo Korea Korea Atomic Energy Research Institute (KAERI)
Hiroshi Kawamura Japan Japan Atomic Energy Agency (JAEA)
Kunihiko Tsuchiya Japan Japan Atomic Energy Agency (JAEA)
Tomoaki Takeuchi Japan Japan Atomic Energy Agency (JAEA)
Masayashu Ito Japan Japan Atomic Energy Agency (JAEA)
Keigo Nojiri Japan NGK Insulators, Ltd.
Masashi Shikata Japan Mitsubishi Heavy Industries Ltd.
Masakazu Tanase Japan Chiyoda Technol Corporation
Anibal Blanco Argentina | National Commission of Atomic Energy (CNEA)
Patricio M. dos Reis Argentina | National Commission of Atomic Energy (CNEA)
Ezequiel Fresquet Argentina | INVAP S. E.
Viviana Ishida Argentina | INVAP S. E.
Roxana G. Cocco Argentina | INVAPS. E
Fatima Francioni Argentina | INVAPS. E
Photograph
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Appendix C Discussion Items from the 1* to 7 Meetings

Discussion Items in Specialist Meeting (1)

1st Meeting in INL (July 18, 2007)

1) Low Uranium Beryllium
e 30appm uranium impurity in typical beryllium material
— Target values : about 1lappm
2) Disposal of Irradiated Beryllium
e Storage of irradiated beryllium in MTR site
— Investigation of amount of irradiated beryllium
3) Beryllium Strength
e Selection of Beryllium grades for lifetime expansion
— Investigation of Beryllium grades
4) Recycling
e Kg-scale recycling test with dry procedure
— Proposal in ISTC Project
5) Availability
e Beryllium utilization
— 3 billets in ATR (Be grade : S-200F)
— Beryllium frames in JMTR (Be grade : S-200F)

Discussion Items in Specialist Meeting (2)

2"d Meeting in Lisbon (December 7, 2007)

1) Beryllium Recycling Study
e Storage of irradiated beryllium in MTR site
— ~7ton (ATR), ~3ton (JMTR), ~3.5ton (EU), ~3 ton (RF)
e Explanation of Beryllium recycling in ISTC Project
— kg-scale recycling test in Kazakhstan
2) Material Selection of Beryllium Grades as MTR Reflector
® Properties and comparison of Beryllium grades
— Reference (S-200F), Purity (S-65C),
Isotropy (S-65H), Strength (I-220H)
e Proposal of High-irradiation tests for lifetime expansion
— Proposal of international cooperation for irradiation tests
— Proposal in ISTC project with SM-3
3) Other
e Establishment of International Committees
— Consideration of framework in the meeting
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Discussion Items in Specialist Meeting (3)

3rd Meeting in JAEA (July 18, 2008)

1) Beryllium Recycling Study
e Explanation of Beryllium recycling in ISTC Project
— Not approve the work plan in ISTC Project, yet.
2) Material Selection of Beryllium Grades as MTR Reflector
e Selection of Beryllium grades
— Reference (S-200F), Isotropy (S-65H), Strength (I-220H)
— Investigation of irradiation specimens
® Proposal of High-irradiation tests for lifetime expansion
— Selection of MTR for irradiation tests (JRR-3, ATR, SM-3)
3) Other
e Establishment of International Committees
— Consideration of framework in the meeting

Discussion Items in Specialist Meeting (4)

4th Meeting in Idaho Falls (Oct. 1, 2009)

1) Status of Beryllium Recycling Study
e Status of Irradiated Beryllium Handling at ATR
—Storing the used beryllium in the reactor canal
e Status of Irradiated Beryllium Recycling between JA & KZ
—Recycle about one kilogram of irradiated beryllium supplied by
JAEA to IAE-NNC.

2) Goals of Beryllium Recycling
e]s the need for the recycling of irradiated beryllium universal
among test reactor facilities and their governing organizations?
eWhat should be the ultimate goal of a "recycling” program?
—Discussion continually

3) Other
e Thoughts on Be Swelling & What Can Be Done About It
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Discussion Items in Specialist Meeting (5)

5th Meeting in NRI (June 24, 2010)

1) Status of Beryllium Study
e Beryllium management in NRI
e R&D of beryllium in EU
— Nuclear fusion reactor development
e Irradiation Test for lifetime expansion in KZ

2) Beryllium Recycling
® The BR2 will be shutdown in 2016 according to the MYRRHA
plan and also the tritium lab will stop.
e Test result of beryllium processing by wet method (ISTC 3381)
e Transportation of irradiated beryllium from JPN to KZ
(ISTC K-1566)

3) Other

Discussion Items in Specialist Meeting (6)

6th Meeting in Oarai (December 5, 2011)

1) Status of Beryllium Study
¢ Beryllium management in MURR and SAFARI
¢ R&D of beryllium in KAERI, JAEA and MBBe&C

2) Beryllium Recycling
e Status of recycling tests of irradiated beryllium in KZ
(ISTC K-1566)

3) PIE Technology
® TEM Observation in NFD

4) Other
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Discussion Items in Specialist Meeting (7)

7th Meeting in MURR (October 22, 2012)

1) Status of Beryllium Study
e Beryllium management in MURR and SAFARI
e R&D of beryllium in KAERI and JAEA
e Beryllium production and study in MBBe&C and NGK

2) Beryllium Recycling

e Status of recycling tests of irradiated beryllium in KZ
(ISTC K-1566)

3) PIE Technology

e Characterization of Irradiated Beryllium in ATR, JAEA
and KAERI

4) Other
e Evaluation method development of Deformation in INVAP
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