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Summary of the 10th IEA International Workshop on Beryllium Technology 

19-21 September, 2012, Karlsruhe, Germany 

 

  

The 10th IEA Beryllium Workshop (BeWS-10) was organized by the Karlsruhe Institute 
of Technology (KIT).  The International Organizing Committee (IOC) and all participants 
expressed their appreciation to the Local Organizing Committee for the truly excellent 
organization of the workshop at KIT.  The participants came mainly from Europe, U.S.A., 
Russia, Japan, and Kazakhstan.  The workshop was supplemented by the BeYOND 
industrial forum presenting a communication platform for researchers and industry with the 
aim of bringing the ITER program to life and to prepare a “fast track” for DEMO. 

The BeWS-10 was divided into one plenary and five technical sessions.  Due to the 
relatively high number of participants (64), parallel technical sessions had to be organized 
during the last day.  The plenary session delivered a comprehensive overview of the Be-
related activities in Europe, U.S.A., RF, and Japan.  Of special importance were the reports 
from the ITER International Organization (IO) and Fusion for Energy (F4E).  A separate 
technical session was devoted to the results of the beryllium irradiation program HIDOBE-01.  
For the first time, various beryllium grades were irradiated at fusion-relevant temperatures up 
to approximately one-sixth (1/6) of DEMO expected end-of-life accumulation of helium. 

Another highlight was an extensive technical session on beryllide intermetallic 
compounds where mainly the results of Broader Approach activities were reported.  An 
important breakthrough is a successful fabrication of TiBe12 pebbles at IFERC, Rokkasho, 
Japan.  However, the experimentally obtained two-phase composition should be still 
optimized in favor of single TiBe12 phase.  Important results on oxidation/steam interaction, 
swelling, and tritium release for beryllides were also delivered.  Two sessions were devoted 
to technology and safety.  The modeling session included for the first time presentations 
related to zirconium as far as Be and Zr are supposed to show certain analogous behavior 
with respect to their radiation resistance. 

The workshop program and the list of participants are attached as appendices. 

Following the recommendations of the IOC made at BeWS-9, the BeWS-10 Local 
Organizing Committee invited key people from the ITER IO and F4E to present their 
organizations’ official views on beryllium activities for fusion applications.  Those 
presentations clearly enhanced the relevance of the technical program. 

Participation of industry partners was also improved:  in addition to Materion Brush Inc. 
(formerly Brush Wellman Inc.), representatives of IBC Advanced Alloys Corp. (Canada) and 
Ulba Metallurgical Plant (Kazakhstan) were present.  Small business companies were 
represented by KBHF/GVT (Karlsruhe) and Kompozit JSC (Russia).  For the first time, two 
representatives from CERN, The European Centre for Nuclear Research in Switzerland 
participated in the BeWS-10. 

The following decisions were taken at the IOC meeting on 19.09.2012:  Dr. G. 
Longhurst was awarded an honorary IOC membership for his long-standing activities in the 
organization of the BeWS series.  It was then suggested to pay tribute to the memory of Prof. 
M. Dalle-Donne (a BeWS founder) by establishing a special review lecture to be given at 
each future Beryllium Workshop by a distinguished expert. 

The current plan is that the next IEA Be Workshop, BeWS-11, will be held in Lisbon, 
Portugal in September 2013, in conjunction with the ISFNT conference to be held in 
Barcelona, Spain. 
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Beryllide R&D as Advanced Neutron Multiplier for DEMO Reactors in Japan 

Masaru Nakamichi, Kazuo Yonehara and Takeo Nishitani 

Fusion Research and Development Directorate, Japan Atomic Energy Agency, 
2-166, Omotedate, Obuchi, Rokkasho, Kamikita, Aomori, 039-3212, Japan 

Abstract 
Advanced neutron multipliers with lower swelling and higher stability at high temperature are 

desired in pebble bed blankets, which will give big impact on the DEMO design such as the blanket 
operating temperature. Beryllium intermetallic compounds (beryllides) such as Be12Ti are the most 
promising advanced neutron multipliers. However, synthesis and granulation of beryllide is very difficult 
because it is too brittle. Therefore, the establishment of the fabrication technique for beryllide is a key 
issue of the advanced neutron multiplier development. Development of advanced neutron multiplier has 
been started between Japan and the EU in the DEMO R&D of the International Fusion Energy Research 
Centre (IFERC) project as a part of the Broader Approach (BA) activities. In Japan, beryllide fabrication 
R&D is being carried out in the Beryllium Handling Room that has been installed in the DEMO R&D 
Building at IFERC in the Rokkasho BA site. In this facility, synthesis, treatment, machining and 
characterization of beryllide are performing. Recently, synthesis and granulation of beryllide have 
succeeded in this facility. 

1. Introduction 
In parallel to the ITER program, Broader Approach (BA) activities are being implemented by the EU 

and Japan, aiming at early realization of the fusion energy [1]. The BA activities comprise the 
International Fusion Energy Research Center (IFERC) [2], the International Fusion Materials Irradiation 
Facility-Engineering Validation and Engineering Design Activities (IFMIF-EVEDA) [3], and the Satellite 
Tokamak [4]. IFERC consists of three sub-projects; a fusion demonstration reactor (DEMO) Design and 
R&D Coordination Center, a Computational Simulation Center, and an ITER Remote Experimentation 
Center. The IFERC and IFMIF/EVEDA projects are carried out mainly at Rokkasho BA site of the Japan 
Atomic Energy Agency (JAEA), and the Satellite Tokamak project is at Naka site of JAEA. The 
construction of the Rokkasho BA site was completed at March 2010 as shown in Fig.1.  

Fig.1 Bird’s eye view of the Rokkasho BA site. 



Based on the common interests of the EU and Japan in DEMO, R&D on beryllium intermetallic 
compounds (beryllides) as advanced neturon multiplier [5-6], lithium-containing ceramics as advanced 
tritium breeder [7], reduced activation ferritic/martensitic (RAFM) steels as structural material [8], 
SiCf/SiC composites as a flow channel insert material and/or alternative structural material [9], and 
tritium technology relevant to the DEMO operational condition are carried out through the BA DEMO 
R&D program [10]. 

In the Rokkasho BA site, the DEMO R&D Building with research equipment was completed by 
March 2011 (see Fig.2). Beryllium handling equipment, a tritium handling glove box, major material 
analysis apparatuses such as an electron probe micro analyzer (EPMA), a transmission electron 
microscope (TEM), a scanning electron microscope (SEM), a focused ion beam (FIB), a X-ray diffraction 
analyzer (XRD) and an inductively coupled plasma mass spectrometer (ICP-MS) have been installed.  
The Radio-isotope (RI) handling equipment at the Rokkasho BA site is the first and quite unique facility 
in Japan, where tritium, beta and gamma RI species, and beryllium can simultaneously be used.  We 
obtained the license of the tritium handling with usage amount of 7.4 TBq/day and 29.6 TBq/year, and 
storage amount of 7.4 TBq.  The experiments with tritium and activated specimens started in May 2012.

This paper describes the installation of the Beryllium Handling Room and the recent progresses of 
R&D on beryllides as advanced neutron multipliers in the IFERC project carried out in the Rokkasho BA 
site.   

Fig.2 Schematic drawing of the DEMO R&D Building. 

2. Beryllium Handling Room 
Beryllium and its alloys (> 3 wt.% Be) are defined as specified chemical substances in Japan. 

Beryllium safety handling is provided in detail in the ordinance on prevention of hazards due to specified 
chemical substances based on the industrial safety and health act.  The administrative government agency 
is the ministry of health, labour and welfare. Regulating requirement level is different between purpose 
for manufacturing and that for experimentation and research. The major regulatory requirement compared 
with purposes is shown in Table 1. Because this purpose of the installation of the Beryllium Handling 
Room is for experimentation and research, the notification to the regulatory agency is necessary due to a 
hazardous chemical property of beryllium without manufacturing license.  



Table 1 Major regulatory requirement compared with purposes. 
Purpose 

Items Manufacturing Experimentation and research 

Manufacturing license Necessity Un-necessity*1

Maximum concentration of Be (<0.002mg/m3) Necessity Necessity 
Local exhaust ventilation system Necessity Un-necessity*2

Appointment of operations chief Necessity Un-necessity
Establishment of work procedure Necessity Un-necessity
Periodical voluntary inspection of machines Necessity Un-necessity 
Medical examination Necessity Necessity

*1: Notification of ventilation system is necessary to regulatory agency without the manufacturing 
license.
*2: Sealed structure or local exhaust ventilation system is required. 

The partitions of the Beryllium Handling Room and the local exhaust ventilations are shown in Figs. 
3 and 4, respectively. The room consisted of a beryllium handling area, an exhaust system room and an 
entrance area. The apparatuses in the beryllium handling area were connected to the exhaust blower of the 
local ventilation system through the pre-filter and the HEPA filter. The maximum concentration of 
beryllium was limited to <0.002 mg/m3. The pressure drop and static pressure estimated using the local 
exhaust ventilation schematics and the controlled air velocity (1 m/s) of the handling port in the hoods 
were used to decide the specifications of the exhaust blower. 

Fig.3 Partitions in the Beryllium Handling Room. 

Fig.4 Schematics of the local exhaust ventilation system. 



                    
             a) Plasma sintering device                   b) Beryllium handling worker 

Fig.5 Plasma sintering device and workers handling beryllium with personal protective. 

Figure 5 shows the plasma sintering device and a worker with personal protective wear handling 
beryllium. The protective wear included a Tyvek suit, impervious gloves, protective mask and shoes to 
prevent exposure to beryllium. 

3. Beryllide R&D 
Metal beryllium (Be) pebbles are the neutron multiplier in test blanket modules for ITER [11]. 

However, Be pebbles may not be suitable for the DEMO blanket due to swelling and stability issues with 
water steam [12]. Thus, beryllium intermetallic compounds (beryllides) have become promising materials 
for advanced neutron multipliers [5-6]. Establishing the fabrication technique for beryllides is a key issue 
in developing advanced neutron multipliers.  

Beryllide synthesis were carried out through plasma sintering, a non-conventional consolidation 
process. The flow diagram of the plasma sintering method is shown in Fig.6. The plasma sintering 
process consisted of plasma generation, resistance heating and pressure application [13-15]. The plasma 
discharge results in particle surface activation that enhances sinterability and reduces high temperature 
exposure. Pressure application assists the densification process by enhancing sintering and thus further 
reducing the high temperature exposure of the consolidating powders. Although hot isostatic pressing 
(HIP) and arc-melting methods have been proposed for beryllide synthesis, the plasma sintering method 
has the advantages of being a simple process with a lower impurity level in the products, as compared 
with existing methods. 

Fig.6 The outline of the plasma sintering method 

Synthesis of intermetallic compounds starts with mixed elemental powder particles. In this process, 
the starting powder is loaded into the punch and die unit, and biaxial pressure is applied for cold 



compaction. An electric current is applied to create the plasma environment and thus activate the particle 
surfaces. The powder compact is resistance heated while uniaxial pressure is still applied to the material 
in the sintering mold. Synthesis of Be-Ti intermetallic was carried out using mixed Be and Ti powders by 
the plasma sintering method. The effects of sintering temperature on beryllide consolidation was 
evaluated. Sintering temperatures used in the experiment were 1073, 1173 and 1273 K. Heating and 
cooling rates were 100 and 30 K/min, respectively. This preliminary fabrication test of beryllide started 
with elemental powders. Beryllium powder with 99.9 wt.% purity from RARE METALLIC Co. Ltd. and 
titanium powder with 99.9 wt.% purity from KOJUNDO CHEMICAL LABORATORY Co. Ltd. were 
mixed for 30 min using pestle and mortar. The mixed powder composition was 92.3 at.% Be and 7.7 at.% 
Ti. This ratio is stoichiometric value of Be12Ti composition. 

The effects of sintering temperature on beryllide consolidation was evaluated by X-ray diffraction 
(XRD) and microstructural analysis [6]. The formation of Be12Ti, Be17Ti2 and Be2Ti intermetallics was 
identified for each temperature from the result of XRD analysis. The area of each element or composition 
at each sintering temperature was determined in the cross-section micrographs from the results of an 
Electron Probe Micro Analyzer (EPMA) (see Fig.7). The elemental content of Be and Ti in the plasma 
sintered material decreased by consolidation enhancement with increasing sintering temperature, with 
only about 2 % of the elemental phases remaining in 98 % beryllides such as Be12Ti, Be17Ti2 and Be2Ti
intermetallics for 1273 K processing. In particular, the area fraction of Be12Ti that is target composition 
was reached about 90%. This experiments show that the intermetallic compound beryllide can be directly 
synthesized by the plasma sintering method from mixed elemental powders of Be and Ti at a temperature 
lower than the melting point. 

Fig.7 Result of area comparison of each element and composition of Be-Ti intermetallic with sintering 
temperature by EPMA analysis [6]. 

In order to fabricate the beryllide pebbles, beryllide with shapes of block and/or rod is necessary 
when a melting granulation process is applied such as a rotating electrode method. A plasma sintering 
method has been proposed as new joint technique of beryllide. It was clarified that the beryllide could be 
simultaneously synthesized and jointed by the plasma sintering method in the insert material region 
between two beryllide blocks. Beryllide rod of Be12Ti with 10 mm in diameter and 60 mm in length has 
been successfully fabricated by the plasma sintering method. Using this plasma-sintered beryllide rod, 
prototype pebble of beryllide was performed by a rotating electrode method as one of the melting 
methods. The prototype pebbles of Be12Ti with 1 mm in average diameter were successfully fabricated. 
These recent results concerning joint and granulation of beryllide will be presented and published in this 
BeWS-10 [16] in detail. 



4. Conclusion 
Beryllides are the most promising advanced neutron multipliers. The establishment of the fabrication 

technique for beryllides is a key issue of the advanced neutron multiplier development. In this study, it 
was reported on the status of beryllide development in Japan. 

The Beryllium Handling Room was constructed at the Rokkasho BA site for the R&D of beryllides. 
Beryllide fabrication trials showed that Be-Ti intermetallic beryllide could be synthesized using the 
plasma sintering method from mixed elemental powders at a temperature lower than the melting point. 
The plasma discharge activated the particle surfaces, enhanced sinterability and reduced high temperature 
exposure. The applied pressure assisted the densification process and further enhanced sintering; this 
reduced the surface exposure of the consolidated powders at high temperature. 
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You may have known us as:

We are now:  
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Materion (MTRN)

• An Advanced Material Company
– Lighter, stronger, faster, smaller, reliable

• Strong Global Positions in Attractive and Growing Markets

• Solid Record of Long-term Growth

• Strong Value Added* Margins

• Market Cap:  $410 Million

• Annual Sales:  $1.4 Billion (Forecast 2012)

• Strong Balance Sheet:  Debt/Debt + Equity <23%

• EBITDA**:  $90-95 Million (Forecast 2012)

*  Excludes  metal pass-through
** Earnings before interest, taxes, depreciation and amortization

5

A Global Platform

Operations in US 
and 11 Countries

Significant International Sales*
Q2 2012

38%

6

• Customers in >50 countries
• Expanded presence in Asia *Percentage of value added sales



Identify High Growth Secular Markets

7

Market

Q2 2012
% of Value-
added Sales Trends Key Drivers

Consumer Electronics 26%
• Smartphone growth
• Tablet computers & LEDs
• Miniaturization

Industrial Components & 
Commercial Aerospace 19%

• New airplane builds & retrofits
• Increasing air travel
• Heavy equipment builds

Defense & Science 11%
• DoD & foreign military budgets
• Demand for communications satellites
• High performance optical devices

Automotive Electronics 10%
• Increasing global car production
• HEV/EV lithium ion battery components
• Engine control & electronic systems

Energy 8%
• Directional drilling
• Nuclear
• Solar, batteries & smart grid devices

Medical 8%
• Glucose testing
• Blood analysis test coating for medical diagnosis
• Diagnostics equipment

Telecommunications 
Infrastructure 6%

• Global 3G/4G builds
• Base stations
• Undersea fiber-optics expansion

Unique Global Positions – Advanced Materials

• Only Fully Integrated Producer of Beryllium and 
Beryllium Alloys in the World

– Over 75 years of reserves at Utah

8

Leading Global 
Position

• Unique Copper-Nickel-Tin Material ToughMet®
– Multiple advanced applications growing at over 30% 

annually

• Precision Optical Coatings – Visible to Infrared 
Bandwidth

– “Go To” Supplier for defense, thermal imaging, space 
and medical applications

• High Purity Gold Products for Semiconductor 
Fabrication (Wireless & LED)

– Offering “full metal management” capabilities

�

�

�

�

• Blood Analysis Test Coatings for Medical Diagnosis
�

8



Successful Repositioning – Snapshot

9

2002 2011

Revenue $373M � $1.5B

Revenue % in 
Advanced Materials 47% � 76%

Debt-to-Debt-Plus-Equity 43% � 17%

Working capital *
% of sales 41% � 23%

Cyclicality High � Lower

Growth Low � Higher

* A/R, Inventory & A/P

High Value-Added Business Model

10

1. Identify high growth 
secular markets

2. Target the fastest growing 
niches of those markets

3. Expand with 
innovative 
products

4. Add synergistic 
acquisitions

5. Ensure 
financial 
discipline

kets



A Strong Record of Synergistic Acquisitions

Impact

Acquisitions 2005 - 2012
Add complementary 

products / technology
Expand market 

position
Accretive in 

year 1

OMC – shield kit cleaning – 2005 � � �

TFT – thin film coatings – 2005 � � �

CERAC – inorganic chemicals  – 2006 � � �

Techni-Met – thin film coatings – 2008 � � �

Barr – thin film coatings– 2009 � � �

Academy – precious metals – 2010 � � �

EIS Optics – thin film coatings – 2011 � � TBD

AMC – metal matrix composites – 2012 � � TBD

11
Added over $440M to sales and approximately 30% of company profit in 2011$

Value Added Sales:  By Segment

Technical Materials
6%

Advanced Material 
Technologies

43%

Performance Alloys
42%

Beryllium & 
Composites

9%

Q2 2012
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Value Added Sales:  Beryllium and Composites

Defense & Science
47%

Industrial 
Components & 

Commercial 
Aerospace

25%

Medical
9%

Telecommunications 
Infrastructure

9%

Energy
1%

Other
9%

Q2 2012

A-6

Continually Develop Innovative Products

• Leveraging customer-centric product development

• Active research programs to take advantage of 
secular trends

• Key product areas include
– LEDs
– Medical
– Commercial Optics
– Computer Hard Drives
– Energy
– Science
– Commercial Aerospace
– Hybrid & Electric Vehicles
– Wireless

14



Company Core Technologies

1. High Purity Gold and Silver for Industrial Applications 

2. Powder Science and Processing (Vacuum, Hot and Cold Isostatic 
Pressing ) … Metal and Chemical

3. Full Metal Processing Technology (Melting, Casting, Rolling, Extrusion)

4. Selective Electroplating

5. Light Wave Management and Coating Technology

6. Thin Film Large Area Coating

7. Numerous “Specialties” … Cladding, Electron Beam Welding, Diffusion 
Bonding

8. Shield Kit Cleaning

9. Chemical Synthesis

10. Amorphous Metals
A-8

New Product and Technology Development

Beryllium and Composites
– Nearer net shape fabrication (hot isostatic pressing)
– Truextent™ speaker diaphragms
– Investment Casting
– Amorphous Metals
– SupremEX™ Aluminum Metal Matrix Composites
– Low cost BeO
– Advanced Beryllium processing methods.

Performance Alloys
– ToughMet® Alloy for High Volume Bearing Applications
– BrushForm 158 for Voice Coil Motor (VCM) applications
– Materion R270 Strip
– “Next Generation” Alloy for Oil & Gas

Technical Materials
– Hybrid & Electric Vehicle Battery Components
– Power Electronics
– Smart Grid Meters
– Computer Hard Drives (Dual Stage Activation)
– Medical Applications

A-17



New Product and Technology Development

Advanced Material Technologies
Materials

– Optics Coating Materials and Large Format Components

– Thin Film Electrodes (medical diagnostics)

– Expanded refining/chamber services – Complement to Thin Film Materials & Coating 
businesses

– Nanotechnology Materials

– Materials for High Brightness LEDs

– Specialty Inorganic Compounds (Solar, Security)

– Precious Metal Materials – rod, bar, sheet, slugs, etc.

– Global Refining and Metal Recovery and Management Services

– Ultra high purity Precious Metals for medical and semiconductor applications

– Next generation magnetic data storage thin film head materials

A-15

New Product and Technology Development

Advanced Material Technologies

Coatings

– Precision Optical Thin Film Coatings (specialty filters)

– Large format Thin Film Materials for large area coatings (Energy, Solar)

– Solar Panel Thin Film, Concentrator Materials and Barrier Film Coatings

Packaging

– Optical package for New Photonics applications

– RF packages for the latest transistor technology (3G and 4G infrastructure)

– MEMS and Photovoltaic Packaging Materials

A-16



Business  Overview

World Leader in Beryllium Containing Materials 

• Fully Integrated  Beryllium Materials Supplier
(mine – manufacture – sales – distribution - technical support)

• Over 1000 Employees at 10 Locations 

• Manufacturing: 
• Delta, UT; Elmore, OH; Lorain, OH; Reading, PA , Freemont, CA, Tucson, AZ

• The Elmore plant is the company’s largest. 

• Sales are 50% outside North America and Growing

19

Delta Facility



Statistics

� 73 employees - 43 hourly 
� 1,250 hectares (3,080 acres) -Mill
� 3,000 hectares (7,400 acres) -Mine
� 9,300 m2 (100,000 ft2 ) of building space
� 5th largest private sector employer in Millard Co.
� Facility established in 1968-69 production began in Sept. 1969 

(mine land purchases began earlier in the 60's)

Delta Mine Operations

Topaz Mine

Unloading Ore at Mill



Delta Mill Operations

Wet 
Grind

Leach

CCD

Solvent Extraction

Delta Mill Operations

Beryl PlantBeryl Ore

Beryl Furnace

Beryllium 
Hydrolysis



Elmore Manufacturing Facility

25

Elmore Facility – Statistics

� 640 employees  
� 180 hectares (439 acres)
� 93,000 m2 (1,000,000  ft2)  of building space 
� Second largest private sector employer in Ottawa County

26



Major Product Forms - Alloy

• Strip
• Rod 
• Wire
• Plate
• Bar
• Tube
• Billet
• Casting Alloys
• Machined Parts

27

Primary Operations

Direct Chill Casting

28



Strip Operations

Hot Rolling

Slab Milling

Cold Rolling
29

Strip Operations

Anneal & Pickle

Age

Finish Pickle

30



Extrusion

Billet Prep

Drawbench

Bulk Products Manufacturing

31

Material selection is based on combinations            
of mechanical and physical properties

Strength
Conductivity, resistivity
Formability, ductility, crimpability
Stability
Stiffness
Magnetic permeability
Corrosion resistance
High Temperature Properties
Damage tolerance

Copper Alloys

32



Elmore Manufacturing Facility

33

Beryllium & Composites Manufacturing

� Business: Production of Be and Be containing materials.  

� Markets: Defense, Aerospace.

� Satellites, optical systems, nuclear, avionics, inertial guidance. 

� Processes: 

� Extractive metallurgy

� Powder Metal production and consolidation

� CNC machining

� Casting

� Research and Development:

� Advanced materials processing (I/C, amorphous alloys)

� Applications Engineering and Project Management - SPADE  

34



Materion Brush Beryllium Products & Composites

Why Beryllium?
Our materials enable engineers to design and build lighter, faster, accurate, and more 
reliable systems.

• Lighter than Aluminum

• Stiff

• Transparent to X-rays

• Unique nuclear properties

• Dampens vibration

• Good thermal properties

35

Products

Beryllium:

• Seven commercial grades of Beryllium 
metal:  

– S200F, S200FH, S200FC,            
I70, S65, I220, I220H

– Block, Parts, Sheet, Extrusions

• Beryllium Foil – multiple grades  
(Materion Electrofusion)

• Ultra High-purity Beryllium

• Beryllium hydroxide

• Beryllium fluoride 

36



Products

Aluminum Beryllium:

• AlBeMet:   AM162

• Investment Castings  - AlBeCast
– Grades 910 and 920

Beryllium Oxide:        Materion Ceramics, Tucson, AZ 

• Powder and consolidated ceramic products.

Composite Materials:
•E-materials:  Be – BeO composite (20%, 40%, 60% BeO)
•SupremEX – Metal Matrix Composites (Al based composites)

37

The NEW Pebble Plant
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Pebble Plant Expansion

Why new plant?
• Old Pebble Plant :

• 40 years old
• Obsolete Equipment
• Poor Condition

Need for new plant to compete 
in 21st Century.

Government – Industry Cost Share

40

Pebble Plant cost :  $100 million
• Materion cost share:       $25 M 
• US Government share:   $75 M

Defense Production Act Title III Program.



Pebble Plant…….Nov 2008

Pebble Plant …….Jan 2009



………………………... April 2009

Pebble Plant ………June 2010



Pebble Plant Opening

Robert Latta – US Congress

Marcy Kaptur – US Congress
Richard Hipple – CEO Materion

Pebble Plant - Today



Plant Design Goals:

• Use lessons learned from the “old plant”.

• Design with high level of safety.

• Highly automated operation.

• Use best available environmental technology. 

47

Pebble Process Overview

Be 
Hydroxide 

(Utah)

Wet Plant

ABF Salt 
Production

Fluoride 
Furnace

Reduction 
Furnace

Pebble 
Finishing

Recycle

Pebble to 
Production 
Facility



Pebble Plant

Pebble Plant

First Pebble April 2011



Current Production Status

• Pebble quality meets all 
specifications.

• Characterization of 
product completed in 
mid-2012.

51

Current Production Status

We are operating the plant at needed 
levels to satisfy market demand,  

with additional available capacity.

52



Strategic Goal Satisfied

Long Term Supply of Beryllium 

Assured 

at MATERION.

Thank You



Forward-Looking Statements
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Upgrading of S-65 Be Specification for ITER First Wall

57

October 25, 2011

Aaron B. Sayer, P.E. 
Materion

Outline

• Grade Comparison

• Reasons for Improvement

• Production Flow Chart

• Micrographs

• Properties

• S-65 Specification Change – What’s New?
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Comparison of Possible Beryllium Grades 
for ITER First Wall

3MC42Z

Chemical element
ITER I/O 

Spec
S-65 E 
(new)

S-65 C 
(old)

JET    
S-65 H CN-G01 CN-G01m Sample 1 Sample 2

Spec from 
BeWs 8, 2007

Beryllium Assay, % minimum * 99.0 99.2 99.0 99.0 >99 >99 99.02 98.84 98.8
Beryllium oxide, % maximum 1.0 0.9 1.0 1.0 0.9-1 0.7 0.95 1.35 1.3
Aluminium, % maximum 0.06 0.05 0.06 0.06 0.006 0.006 0.018 0.012 0.02
Carbon, % maximum 0.10 0.09 0.10 0.10 0.06 0.05 <0.05 0.05 0.1
Iron, % maximum 0.08 0.08 0.08 0.08 0.06 0.06 0.16 0.13 0.15
Magnesium, % maximum 0.06 0.01 0.06 0.06 0.005 0.005
Silicon, % maximum 0.06 0.045 0.06 0.06 0.01 0.01 0.021 0.013 0.02

Uranium, % maximum ** 0.0030

0.015   
(will meet 
0.0030 for 

ITER)

0.04 0.04 n/d 0.0005 0.002

Other metallic impurities, % maximum 0.04 0.04 0.04 <0.04 <0.04

Physical Properties Per paper******
UTS (MPa) 290 290 290 290 340 420
TYS (MPa) 205 205 205 205 210 303
Elongation (%) 3 3 3 3 >=3 3

Items in red do not meet the ITER I/O specification

* Difference (i.e. 100% - other elements)
** Proven method of measurement of Uranium content shall be proposed by Manufacturer of material and agreed with DA and IO.
*** The content of other elements (e.g. Cr, Ni, Cu, Ti, Zr, Zn, Mn, Ag, Co, Pb, Ca, and Mo) shall be reported for information.
****"Recent Progress of Plasma Facing Material Research at SWIP", X. Liu, et al, Southwestern Institute of Physics, China
*****Progress in Production and Characterization of RF Beryllium for ITER Fist Wall, Presentation given at 8th IEA Be WS, Lisbon, Portugal, December 2007.  
I. Kupriyanov, et al, Federal Agency of Atomic Energy, Russia
******Characterization of Chinese Beryllium as the Candidate Armor Material of ITER First Wall, X. Liu et al, Southwestern Institute of Physics, China

Chinese **** Russian TGP-56FW*****

Actual Results

Published Results Published Results

Additional Elemental Reductions in S-65
Rev. E

Element % Maximum

Cr 0.01

Ni 0.025

Cu 0.025

Ti 0.025

Zr 0.025

Zn 0.005

Mn 0.005

Ag 0.005

Co 0.005

Pb 0.005

Ca 0.005

Mo 0.005



Reasons for Improvement

• 3MC42Z ITER I/O Beryllium Specification, “Material 
Specification for the supply of Beryllium blocks for the 
ITER First Wall application”

– Uranium of 30 ppm

• Refinements and adjustments to the process for reduced 
Uranium led to reduction of other elements and an 
increase in %Be.

– BeO, Al, C, Mg, Si, Cr, Ni, Cu, Ti, Zr, Zn, Mn, Ag, Co, Pb, Ca, Mo

Uranium Reduction in S-65

• Discovered that steps can be taken to remove uranium 
from beryllium with the following results:

– Product A: 3 – 6 ppm Uranium
– Product B: 20 – 70 ppm Uranium

• In addition, Materion has a process to reduce Product A 
Uranium further:

– Less than 5 ppm Lot
Fluorometric 

(ppm U)
Neutron Activation

(ppm U)

Lot 1 2

Lot 2 3

Lot 3 1 1.0

Lot 4 2.9

Lot 5 1 1.0

Lot 6 1.2

Lot 7 1.9

Lot 8 0.8

Average 1.7 1.5



Uranium in S-65 for ITER

• First production S-65 lot shipped to ITER IO Specification 3MC42Z in 
2011.

– Not all Uranium reduction methods used
– Uranium by GDMS: 7 ppm

S-65 Flow Chart

Beryllium Feed ChippingVacuum Cast
ingot

Powder BlendingImpact Grind Vacuum Hot Press 
Consolidation

Density
Check chemistry 
and mechanical 

properties



Impact Ground S-65 Powder

S-65 Mechanical Properties 2000 – 2011
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S-65 Specification Changes

3MC42Z

Chemical element
ITER I/O 

Spec
S-65 E 
(new)

S-65 C 
(old) Typical

Beryllium Assay, % minimum * 99.0 99.2 99.0 99.4
Beryllium oxide, % maximum 1.0 0.9 1.0 0.66
Aluminium, % maximum 0.06 0.05 0.06 0.03
Carbon, % maximum 0.10 0.09 0.10 0.03
Iron, % maximum 0.08 0.08 0.08 0.075
Magnesium, % maximum 0.06 0.01 0.06 0.005
Silicon, % maximum 0.06 0.045 0.06 0.025

Uranium, % maximum ** 0.0030

0.015   
(will meet 
0.0030 for 

ITER)

0.04 0.001

Other metallic impurities, % maximum 0.04 0.04

Physical Properties
UTS (MPa) 290 290 290 386
TYS (MPa) 205 205 205 234
Elongation (%) 3 3 3 4

Materion Markets Overview



Positioned in Diverse Set of High-Growth Markets

A-18

Growth

Entered multiple leading-edge growth markets since 2002

Defense

Commercial Aerospace 

Medical
DevicesDisk 

Drives 

Optics

Telecom
Infrastructure

LED’s

Alternative 
Energy

LCD

Space / 
Science

Notebooks

Cellular phones 
(smartphones), 

Tablet computers

Heavy 
Equipment

I/O Connector 
Contacts

Battery Contacts

Internal Antenna Contacts

Grounding Clips 
and Audio Jacks

Micro Mezzanine 
Connectors for
LCD Screen

Internal Electronics and LED

• Thin Film Materials – Power 
amplifiers, LED, SAW and 
BAW devices, filters, and ICs

• Hermetic Solutions for SAW

• Refining / Recycling

• Precision Parts Cleaning

Other Smart Phone Applications:

• Circuit Board and IC Inspection

• RoHS Compliance Assurance

• Cellular Infrastructure with High Power 
RF Packaging

• Voice Coil Motor (auto-focus lens 
stabilizer)

Internal Electronics

• Precursor materials for GaAs 
wafer production

Applications: Smart Phones

A-19



Avionics/Electrical 
Systems Airframe Structure

Landing Gear 
Attachments

Engine and Pylon 
Attachments

Flight Control 
Mechanisms Horizontal Stabilizer & 

Rudder Attachments

Hydraulic Systems

Fuel Systems

Wing Attachments 

Doors & Hatches Landing Gear 
Components

Flight Attendant 
Jumpseat Spring

Safety Slide 
Mechanism

Other Aerospace Applications:
• Baggage Inspection
• Nondestructive Evaluation (Cracked 

Component Detection)

A-20

Applications: Aerospace

Under Water Wellhead Equipment

Directional Drilling 
Equipment 
MWD, LWD, MPT SystemsDrill Bits

Structural Rig 
Components

Wellhead Control Equipment

Other Oil & Gas Applications:
• Artificial Lift Equipment

• Elemental Analysis

• Down Hole X-Ray Inspection

blow out preventers, hydraulic 
actuators, control fluid couplings

Applications: Oil & Gas

A-21



Technology: Amorphous Silicon 
(a-Si, tandem and multi-junction)  
Thin Film (PVD) Materials
Silicon based photovoltaic cells
Front and back contact layers
TCO Transparent Conductive Oxide layers

Technology: Cadmium Telluride 
(CdTe) 
Thin Film (PVD)  Materials
Cadmium based solar cell architecture. N and 
P type Cadmium Semiconductor materials
TCO Transparent Conductive Oxide layers
Front and Back-contact layersTechnology: Copper 

Indium Gallium Selenide 
(CIGS) 
Thin Film (PVD) Materials 
as well as Powders for 
Printing CIGS applications 
Copper Indium Gallium 
Selenide thin film and screen 
printing applications for flexible 
and rigid solar cells. 

Technology: Concentrator Photovoltaic 
(CPV)
Thin Film (PVD) Materials
Solar technology based on concentrating  Solar 
rays into a semiconductor device via large lens. 
Anti-Reflection Coating Materials
Precious metal contact materials

Micro Electronic Packaging Products:
Bonding Ribbon - Au & Ag 
Lead-free Solders
Metalized Ceramic  Substrates 

Technology: Flexible Solar Cells / 
Building Integrated Photovoltaic:
Thin Film Services:
Solar cells built in flexible substrates to 
accommodate applications such as roofing tiles 
or defense.

Technology: Crystalline 
Silicon (Si)
Interconnect Materials
Front and backplane systems for
high efficiency designs.

Applications: Solar Energy

A-22

Cardiac Rhythm Management
• Electronic Interconnects/Components

• Niobium/Titanium Electron Beam Weld

Insulin Pump
• EMI Shielding and Grounding

• Electrical Terminals in Connectors

Seizure Control
• Thin Film Deposition Implantable 

Electrode – Parkinson's disease 
(R&D)

External Glucose Analysis
• Subcutaneous sensors for glucose measurement

Subcutaneous Glucose Analysis
• Thin Film Coatings – Electrode Monitoring device

Radiation Therapy –
Neutron Reflectors

X-Ray Mammography

Other Medical Applications:
• DNA Sequencing Optics

• CT Scan

• Diagnostic X-Rays

• Advanced Drug Delivery Components

• Diagnostic Electronic Components

• Anesthesia Monitoring Components

• Operating Instruments

Applications: Medical
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Applications: Telecommunications Infrastructure

Base Stations

• Coaxial Connectors

• High Power Amplifiers

Local Area Networks

• Shielding

• Modular Jacks

• PCB Sockets

• Processor Sockets

Other Telecommunications Infrastructure 
Applications

• Undersea Repeater Housings

A-24

Lithium Ion Battery 
Interconnects

Battery Management 
Resistors

Electronic Power 
Steering Modules ABS Leadframes

Engine Efficiency Oxygen 
Sensors

Mirror & Windshield Electronic 
ConnectionsAir Bag Sensors

Lamp Socket Connectors

Auto Dimming Mirror 
Connectors

Hybrid Vehicle Motor & 
Module Connectors

Window and Door 
Switches

Fuel Pump and Fuel       
Level Sensors

Battery  
Terminals Engine Ignition and 

Control Modules

Battery & Relay Control 
Modules

Turn Signal and Emergency    
Flasher RelaysOn Board        

Telematics

Applications: Automotive Electronics

A-25

Night Vision Optics

Speed Control Optics

Camera Optics



Applications: Defense

• Infrared Sensors for Fighter 
Jet and UAV Optical 
Targeting

• Electronic Packaging for 
Defense Avionics, Radar 
and Electronic 
Countermeasure Systems

• Structural and Electronic 
Components for Satellites

• X-ray Windows in Security 
Imaging Systems

• Laser Protection Optical 
Coatings

• Night Vision System Optics

A-26



Sepmber 19-21, 2012 10th IEA Be WS, Karlsruhe, 
Germany

1

Overvier of Beryllium R&D 
Activities for Fusion in Russia

      I. Kupriyanov1, G. Nikolaev1, R. Giniyatulin2,
      V. Sizinev 3

1 A.A. Bochvar Research Institute of Inorganic Materials, 
Moscow, Russia

2 Efremov Research Institute, S.-Peterburg, Russia
3 JSC “Compozit”, Korolev, Moscow reg.

Sepmber 19-21, 2012 10th IEA Be WS, Karlsruhe, 
Germany

2

Basis direction of R&D activities:

1. R&D for armor of ITER First Wall;
2. R&D for  solid breeder blanket

Outline



Sepmber 19-21, 2012 10th IEA Be WS, Karlsruhe, 
Germany

3

1. R&D for armor of ITER First Wall

R&D has been focused on:

• Complex HHF qualification testing of  TGP-56FW grade 
performed in the frame of ITER IO qualification program;

• Optimization of dimensions of armor plates and further 
qualification of Be/Cu joints;

• Optimization of process of beryllium plates fabrication for 
armour of ITER first wall components, focused on the 
preparation of industrial base for manufacturing beryllium 
armour plates and the development of more effective 
method of beryllium plates fabrication;

• Investigation of beryllium for first wall erosion in the ITER-
like plasma-wall interaction conditions using QSPA-Be
plasma gun facility

Sepmber 19-21, 2012 10th IEA Be WS, Karlsruhe, 
Germany

4

Performance of complex HHF 
qualification testing procedure of  

TGP-56FW grade
Background
Beryllium was chosen as an armour material of the ITER 
Fist Wall. 
•ITER Final Design Report 2001 identified the reference 
grades S-65C ( Brush Wellman) and DSHG-200 (Russian 
Federation). The main criterion of this choice was 
excellent thermal fatigue/thermal shock behavior of these 
Be grade. 
•Later, Russian ITER Parties proposed our advanced grade 
- TGP-56FW for application as armour of the ITER first 
wall.
•To assess the performance of this new grade IO and 
Russian Parties agreed on a program to perform the HHF 
qualification testing of the TGP-56FW.
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HHF qualification testing procedure 
of  TGP-56FW grade

The program for HHF qualification included several 
tests such as:
1. Thermal shock resistance:
Single tests- 1.2-5 MJ/m2, �t = 5 ms, heated area: 

5×5mm2

Multiple tests- 1.2 and 1.5 MJ/m2, 1000 shots, �t = 5 ms
2. Vertical displacement event (VDE) simulation 

testing (at 40 MJ/m2, 1 shot, 0.2 s, 10×10mm2) and 
following thermal shock tests (at 40 MJ/m2,1 shot, 
0.2 s, 5×5mm2)

3. Thermal cyclic fatigue tests after 
VDE simulation testing 
(at 80 MW/ m2 (2 MJ/m2), 1000 shots,
���������	
���×10mm2)

(All tests were performed in the JUDITH-1 facility 
at Forschungszentrum Juelich)

Sepmber 19-21, 2012 10th IEA Be WS, Karlsruhe, 
Germany
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Before testing

After testing

Design  and a view of water-cooled mock-ups 
(for JUDITH-1 facility)

TGP-56FW S-65C

VDE testing (40 MJ/m2, 1 shot, 0.2 
s, a = 10 10 mm2)
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• HHF behavior of TGP-56 grade under different 
thermal loads expected in ITER FW does not concede 
the S-65C grade behavior.

•TGP-56FW beryllium grade has successfully passed 
through HHF qualification procedure and approved by 
the ITER IO for the application as an  armor material 
for the FW.

Conclusions on HHF qualification tests

Sepmber 19-21, 2012 10th IEA Be WS, Karlsruhe, 
Germany
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Optimization of dimensions of armor 
plates and further qualification of 

Be/Cu joints
Background
• RF is responsible for production and delivery 

of ~40% First Wall plates (270 m2);
• According to recent IO estimations, ~50%

(~350 m2) of FW surface will be exposed by 
scaled up stationary heat loads– up to 5 
MW/m2;

• All RF share is related to high loaded part of 
FW

• Because of increase of heat loads, design of 
FW plates was revised
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Optimization of dimensions of armor 
plates and further qualification of 

Be/Cu joints

    In 2010-2012 some R&D 
were performed in RF (mainly 
in Efremov Institute) :

1. Reasoning and development 
of new design of FW plates 
adopted to operation at heat 
loads up to 3-5 MW/m2;

2. Optimization of plates 
dimensions

3. Further qualification of Be/Cu 
joints New design of FW panel 

(above), consists of 
individual fingers (below)

Wing

finger

Sepmber 19-21, 2012 10th IEA Be WS, Karlsruhe, 
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Optimization of dimensions of 
armor plates

Original dimensions of Be plates (before revision)
– 80x80x10 mm 
Now the following Be plates dimensions are under 
consideration:

– Thickness of plates – 6-8 mm;
– Plates dimensions –from ��
���to ��
�� mm.

Reduction of plates dimensions is caused by the 
necessity:

- To provide required quality of Be/Cu joints by 
reduction of thermal stress on the interface Be-
CuCrZr 

- To limit max temperature of Be surface down to 500-
600oC at heat loads up to 5 MW/m2.

Finalization of Be plates dimensions ~ beginning of 2013  
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General requirements:

1. Totally 180 FW panels (1.5 �� 1.0�0.2 m) with 
beryllium armor to be produced;

2. Total area of beryllium armor 270 m2;
3. Total weight of final products - 4 t (for plates 

thickness 8 mm)

Development of process of 
manufacturing of beryllium plates for 

armour of ITER FW

Preliminary time schedule:

•Signing of PA – end of 2013
•Fabrication of prototype - 2013-2014 
•Shipment of products to ITER place - 2014-
2019

Sepmber 19-21, 2012 10th IEA Be WS, Karlsruhe, 
Germany

12

Two general direction of R&D:

1. Manufacturing of Be plates from TGP-56FW (60%):
���������2�	
��� (for thickness 8 mm)

Collaboration of Bochvar Inst., Efremov Inst, Basalt 
plant and Ulba plant

2. Manufacturing of Be plates from S-65C (40%):
40%=11���2=1.6 � (for thickness 8 mm)
Collaboration of Efremov Inst, Materion Brush, Komposit

Development of process of 
manufacturing of beryllium plates for 

armour of ITER FW
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General R&D:

1. Development of basis technology of produced of 
TGP-56FW grade (2007-2010);

2. Development of industrial technology and 
processes of manufacture of Be plates (2010-
2013);

3. 
���������������������������������
���� ��������ghjvs���!�������" – 2010-2014
(CIP press -2010-2011, VHP press -2011-2012);

4. 
�����������������������high quality Be 
ingots(2012-2015).

Manufacturing of Be plates from TGP-
56FW

Sepmber 19-21, 2012 10th IEA Be WS, Karlsruhe, 
Germany
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General R&D:

1. Development and optimization of machining 
processes of manufacture of Be plates from S-65C 
blocks (2008-2011);

2. Procurement and implementation of new 
equipment (2009-2012);

3. Manufacturing and delivery of S-65C blocks 
(2012-2014).

Manufacturing of Be plates from S-65 C
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Investigation of Be first wall erosion 
in the ITER-like plasma-wall conditions

Objectives (important for the ITER lifetime and safety 
evaluation) :
- Data on Be erosion in the ITER-like plasma-wall interaction 
for the evaluation of Be armor lifetime;
- Data on erosion products (dust, films) and mix materials
under ITER-relevant transient loads (ELMs, disruptions, 
radiative heat).rradiative heat).r

•The new plasma gun QSPA-Be 
facility has been prepared to 
operating with beryllium at 
Bochvar Institute.
•Mock ups have been 
manufactured which design 
allowed changing beryllium 
targets. QSPA-����Q=50 ���
�t��������

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOObbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjjeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttttiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiivvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvveeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss (Objectives (important for the ITER lifetime and safety 
evaluation) :
- Data on Be erosion in the ITER-like plasma-wall interaction 
for the evaluation of Be armor lifetime;
- Data on erosion products (dust, films) and mix materials
under ITER-relevant transient loads (ELMs, disruptions, 
radiative heat).

Sepmber 19-21, 2012 10th IEA Be WS, Karlsruhe, 
Germany
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Mass loss/gain and surface structure of Be 
grade TGP-56FW were studied after plasma 

heat loads of 0.5-1.5 MJ/ m2

•The dependencies of mass loss/gain on shots number were 
obtained. 
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Several processes take place
simultaneously on the surface areas
subjected to plasma stream loading:
- Melting of surface in plasma steam
and displacement of melt on the
surface of the mock up;
- Re-solidification of displaced melt;
- Porosity formation in re-solidified
displaced melt;
- Formation of cracks due to high
thermal stresses in surface layer;
- Deposition of sputtered metal in
form of films, flakes, macro- and
micro- particles.

Evolution of surface structure was investigated.gggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggggg

In spite of the intensive surface melting and a high erosion, the
disintegration of all beryllium samples investigated did not
happen.

0.5 MJ/m2

(see details in I.Kupriyanov present. on BeWS-10)
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2.1 HIDOBE IEA irradiation experiment

HIDOBE -01 HIDOBE -02
Fluence (E>0.1 MeV 1026 n/m2) 1.5 3
Fluence (E>1 MeV 1026 n/m2) 0.7 1.4
Helium production in Be (appm) 3000 6000
Tritium production in Be (appm) 250 700
Neutron damage in Be (dpa) 17.9 35.8
Helium production in Be-Ti (appm) 2740 5480
Tritium production in Be-Ti (appm) 235 562
Neutron damage in Be-Ti (dpa) 19.5 38.9
Temperatures (°C) 425, 525, 650, 750 425, 525, 650, 750

Objective: to gain the necessary information on 
irradiation properties (swelling, tritium retention, 
thermal properties, etc.) of various modifications of 
beryllium (#�-pebbles, dense and porous #�) and 
Titanium Beryllides (Be12Ti5, Be12Ti7) under the the 
irradiation close to the operation conditions of Be in 
the HCPB DEMO.

2. R&D for  solid breeder blanket



Sepmber 19-21, 2012 10th IEA Be WS, Karlsruhe, 
Germany

19

Preparation and performance PIE of 
Russian beryllium samples irradiated to 
3000 appm He in HIDOBE-1 irradiation 

experiment

(see details in S. van Till present. on BeWS-10)

Recently, the PIE test matrix of RF Be samples was developed 
and agreed between NRG and Bochvar Institute. This PIE 
program are include:

•Standart measurements (weight, dimensions, dose rate, 
density, helium pycnometry, surface structure observation);
•Tritium release experiments;
•Thermal diffusivity measurements (LFA);
•Microstructure examination (optical, SEM).

Six grade of Be (four densens an two porous grades) will be 
investigate.
Investigation are on going (complition in Dec. 2012-Jan. 2013)

Sepmber 19-21, 2012 10th IEA Be WS, Karlsruhe, 
Germany

20

2.2 Fabrication and investigation of 
beryllium pebbles with different grain sizes 

and fine grain structure
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%Several experimental batches of Be 
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1.3 mm and different grain sizes have 
been fabricated by powder metallurgy. 
Two of them (~0.6-0.8 kg ) with average 
pebble size of 1.2 – 1.3 mm and two 
average grain sizes (~ 13-14 �m and 
~50-55 �m) were characterized. 
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•Packing density at free filling ~59
and 56.8% of theoretical density of
beryllium;
•After vibration (50 Hz, 2 hours)
packing density increased up to
~66.6 % and ~61.4 %.

~50-55 �m~ 13-14 �m(funded by F4E -Contract EFDA 05/994)
(see details in I.Kupriyanov poster on SOFT-27)
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• The main R&D activities on Be for fusion in RF are 
directed on FW application.

• R&D activities on Breeder Blanket are performed 
mainly in collaboration o foreign partners. 

7. Summary

Sepmber 19-21, 2012 10th IEA Be WS, Karlsruhe, 
Germany
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Thank you!
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Development and qualification of beryllium 
materials for the EU Test Blanket Module: 

Strategy and R&D achievements

M. Zmitko
TBM & MD Project Team, Fusion for Energy (F4E), Barcelona, Spain
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– The European Breeder Blanket concepts 
– Test Blanket Modules (TBM)

• Project organization
• Technical information
• Time schedule
• TBM testing at ITER

– Beryllium as multiplier material for BB
• Requirements
• Development and procurement strategy
• On-going and future activities
• Some R&D results

Presentation Outline
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The European Breeder Blanket concepts

4

European breeder blanket concepts

HCPB
He-Cooled Pebble Bed

HCLL
He-Cooled lithium Lead

Structural 
material

Ferritic-Martensitic
steel (EUROFER)

Ferritic-Martensitic
steel (EUROFER)

Coolant Helium
(8 MPa, 300/500�C)

Helium
(8 MPa, 300/500�C)

Tritium 
breeder, 
multiplier

Solid (pebbles bed)
Li2TiO3/Li4SiO4, Be

6Li enrich. 40-70%

Liquid (liquid metal)
Pb-15.7at.%Li

6Li enrich. 90%

Tritium 
extraction

He purge gas
(~1 bar)

Slowly re-circulating 
PbLi; extraction 
outside the blanket

Breeder
Blankets
modules
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ITER, a unique opportunity to test  Breeder 
Blanket mock-ups:

‘Test Blanket Modules’ (TBMs)

TBMs mission in ITER

ITER should test Tritium 
Breeding Module concepts that 

would lead in a future reactor 
to tritium self-sufficiency and to 

the extraction of high grade 
heat and electricity production

� 

� 

•  To develop and build the European Test Blanket 
Module (TBM) Systems for ITER 
 

•  To develop numerical tools for analysis of TBM 
tests and design of DEMO breeder blankets 

6



The TBM program in ITER has been
established by the IC

7

2
18 16

• “Council Decision on the Establishment of 
the Test Blanket Module (TBM) Program” , 
IC-3, 19-20 Nov.2008

• “Report from the Second Meeting of the Test 
Blanket Module Program Committee (TBM-
PC-2) (29-30 September 2009)”, confirming 
TBM Port Allocation, endorsed by the IC-5.

• Recently, proposal from KO to install a 
Helium-Cooled Ceramic TBS replacing the 
US DCLL TBS considered up-to-now

ITER Port #
(‘Port Master’, PM) TBM Concept 1 TBM Concept 2

#16
(PM: EU)

HCLL (He-Cooled Lithium-Lead)
(TBM Leader: EU)

HCPB (He-Cooled Pebble Bed)
(TBM Leader: EU)

#18
(PM: JA)

WCCB (Water-Cooled Ceramic Breeder)
(TBM Leader: JA)

HCCB (He-Coolant Ceramic Breeder)
(TBM Leader: KO)

#2
(PM : CN)

HCCB (He-Cooled Ceramic Breeder)
(TBM Leader: CN)

LLCB (Lithium-Lead Ceramic Breeder)
(TBM Leader : IN)
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Test Blanket Modules (TBM)

HCLL TBM

(Helium-Cooled Lithium Lead) TBM

HCPB TBM

(Helium-Cooled Pebble Bed) TBM

1,66 m

ITER Equatorial Port #16

Back plate 4

Back plate 3

Back plate 2

Back plate 1

PbLi internal pipes

PbLi outlet pipe
+manifold

He inlet pipe

He outlet pipe

PbLi inlet pipe
+manifold

Breeder unit

Stiffening grid

Stiffening rod bolt

First wall

Stiffening rod

Cover

He by-pass pipe

Back plate 5

Back manifold

Tie Rod

Be
Ceramic
Breeder

He coolant

Purge gas

Plasma

Manifolds

Breeder Unit

TBM Port Plug

AEU

Pipe forest



HCPB TBM (solid tritium breeder)

ceramic 
pebbles

Be
Ceramic
Breeder

He coolant

Purge gas

Be
pebbles

9

– From L.V. Boccaccini , SOFT-2010

The TBM systems extend from
Vacuum Vessel to Port Cell and buildings

Port Cell
Port
Interspace

Port DuctTBM

10



EU TBS Sub-Systems
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TBMs Project

TBM Systems (and 
support equipment) 
ready to operate in 

ITER

1.1 - HCLL TBS
1.1.1 TBMs
1.1.2 Ancillary Syst.
1.1.3 DACS
1.1.4 TBS Intg. Eng.

1.3 - HCPB TBS
1.3.1 TBMs
1.3.2 Ancillary Syst.
1.3.3 DACS
1.3.4 TBS Intg. Eng.

1.5 – Port Cell Int. Eng.

1.6 – SUPPORT 
EQUIPMENT

TBMs prototypes 
qualification prior to 

ITER

1.2 - HCLL TBM/S 
PROTOTYPICAL 
PERF. EVAL./DEMO 
(*)

1.4 - HCPB TBM/S 
PROTOTYPICAL 
PERF. EVAL./DEMO 
(*)

Tests in ITER (and 
associated 

maintenance, PIE)

1.10 – TESTS IN 
ITER & PIE (*)

Project & System 
Engineering 
Management

1.11 – PROJECT 
/TECHNICAL 

MANAGEMENT

1.11.1 Proj. Man.

1.11.2 TBS Tech. 
Man.

1.11.2.1 HCLL TBS 
Techn. Man.

1.11.2.2 HCPB TBS 
Tech. Man.

Project Data (all 
types: tests, 
engineering, 

qualification, PM, 
etc.)

1.12 - DATA

Development and 
validation of DEMO 
relevant Materials, 

Blanket 
Technologies and 
Predictive Tools to 

be used/validated in 
TBMs

1.7 - MATERIAL 
DEV/CHARACT.

1.8 - TECHNO 
DEV/QUALIF

1.8.1 Box fab.

1.8.2 Be coating

1.8.3 Anti-corr./perm.

1.8.4 Sensors

1.9 - PREDICTIVE 
TOOLS DEV/QUALIF

1.13 - SUPPORT 
TEST FACILITIES

EU TBM project scope

Hardware

Qualification

Testing

Validated Technologies / 
Materials / Predicitve tools

Management

Data 
Collection

12



Master schedule (prior to ITER operation)
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Adopted Strategy for the TBM 
Programme Integration (IRP v2.0)

	4 versions per each TBM are considered with 
specific objectives as follow:

� Learning/validation phase
� the Electro Magnetic module (EM-TBM): H phase, H-He 
phase;
� the Thermal/Neutronic module (TN-TBM): D-phase;

� DEMO-relevant data acquisition phase
� the Neutronic/Tritium & Thermo-Mechanic module (NT/TM-
TBM): DT1 phase;

� DEMO-relevant data acquisition phase (2nd 10 years)
� the INTegral TBM (INT-TBM): DT2 (high duty, long pulses)

14



ITER Experimental Programme
Complete

Tokamak Core
First

Plasma
Hydrogen/ Helium 
Phase Complete

Deuterium Phase 
Complete

Start Torus PumpDown

First Plasma
Plasma Restart

Plasma Development, H&CD Commissioning, Diag, Control, TBMs

Full H&CD, H-modes, ELM Mitigation

D Plasmas on W-Divertor

DT Plasmas

CFC/W Divertor Changeout

TBMs

Full Heating capability

H-mode Studies (D)
Trace-T Studies

Q=10 Q=10 Long Pulse

DT Hybrid
DT Non-inductive

T-Plant Commissioning

Tritium Introduction

~10% T-throughput

TBM Programme EM-TBM TN-TBM NT/TM-TBM INT-TBM

Blanket
Divertor
NBI 1+2

Diagnostics
Diagnostics

H-mode Studies (He)

Hydrogen Commissioning

Diagnostics

ECRH + ICRF

Nuclear authorization

TBMs

Nuclear readiness

15
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Breeder Blankets functional materials –

Beryllium multiplier materials development and 
qualification
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Functional materials development & qualification
Requirements

General requirements come from DEMO objective with a 
short-term objective to characterized/qualify Functional 
Materials (FMs) for a use in the ITER TBM

• Withstand stresses induced under DEMO-relevant operating 
conditions without excessive fragmentation (CB, Be)

• No degradation of heat transfer parameters of the pebble beds 
during operation for temperature control (CB: Tmax = 920 C; Be: 
Tmax = 650 C)

• Compatibility between the ceramic/Be/Pb-Li and EUROFER (up to 
max. T~ 550 C)

• Neutron irradiation resistance under given operation conditions and 
for the required life-time (CB, Be); withstand operation conditions
without significant changes of thermo-physical and chemical 
properties (Pb-Li)

• Low tritium residence time/tritium retention in the Li-ceramics and 
Be pebbles to minimize tritium inventory (safety aspect); possibility 
to extract efficiently bred tritium => low tritium inventory in Pb-Li

• As low as possible activation under neutron irradiation (impurities 
level control; e.g. U, Co, Bi)

• Limit hydrogen and passive heat release during accidental 
conditions below safety limits (Be/steam/water interaction; Pb-
Li/water interaction) 

1 mm Be pebbles
NGK (JA)

Rotation Electrode 
Process (REP)

Pb-15.7at%Li alloy 
ingots

MHD mixing
Hidrovats (Latvia)

18

Beryllium multiplier materials

• Tritium breeding ratio 

ceramic breeder/Be 
volume ratio = 1/4

• Single size pebble bed
• 1 mm Be pebbles

produced by  Rotation 
Electrode Process

• Alternative: Advanced Be 
materials - Beryllium 
alloys (e.g. Be12Ti)
• Better oxidation resistance
• Lower swelling
• Better tritium release 

characteristics
• Smaller reactivity with steel

Be BeO Al Fe Mg Si Co U

>99 <0.5 <0.09 <0.10 <0.08 <0.06 <0.001 <0.01

Chemical composition of Be pebbles proposed for TBM 
application (in wt%)

Beryllium multiplier materials
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Development strategy and
Future perspectives

Development, qualification, procurement plan for 
functional materials (e.g. status review, suitability for 
design needs, additional tests/experiments)

Optimization of 
production processes
(e.g. thermal treatment, 
fabrication routes, 
impurity level etc.)

Design, realization and 
evaluation of the 
experiments (e.g. effect of 
irrad., compatibility, tritium 
interaction/release, PBTM)

HCLL & HCPB TBMs 
design qualification

Updating of the functional materials’ 
database (MAR, MDBH)

Technical specification, procurement and characterization of the functional 
materials for the TBM mock-ups and TBMs

20

Development and further optimization of fabrication routes
• Optimization of ceramic and Be pebbles fabrication processes with respect to the 

production yield, pebbles’ characteristics and mechanical properties
• Scaling of the laboratory developed production methods
• Production of Be pebbles with small grains (tritium release)
• Development of a suitable fabrication route for Be-alloy material(s) (e.g. Be12Ti)
• Development of an alternative fabrication route for Be pebbles
• Control of undesired impurities level in the functional materials (FM) (e.g. Co, U, Bi)
• In general, availability of Be materials for DEMO and future FPR

Beryllium Materials development & qualification
Technical issues

Availability of the materials properties needed for a proper TBMs design
• Effect of neutron irradiation on thermo-mechanical properties of Be pebbles and Be 

pebble bed as function of irradiation temperature and neutron dose taking into 
account material swelling, thermal expansion and thermal creep

• Tritium retention/release characteristics as a function of irradiation temperature, 
neutron dose, purge gas chemistry, material properties

• Compatibility with structure material under neutron irradiation
• Interaction of air/steam with Be/Be-alloy pebbles
• Thermal conductivity in pebble beds under compressive loads
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Procurement of FMs for 
TBMs Proto. Mock-ups 

(P-Supp)

R&D
(EFLs)

Optimization & Qualification
(Industry + support EFLs)

Procurement for Prototypical MUs & TBMs
(Fab. Industry, characterization EFLs)

FPA-380, Lot 3 (FMs qualification)

GRT-30-1 (Dev. Plan)

Functional Materials development & qualification
Procurement strategy scheme

FMs for 
PMU 

available

Nov-2011

MAR & MDBR
for CDR, PDR

TechSpec.

Dec-2014

Jun-2016

GRT-30-3 (HIDOBE-01 PIE)

GRT-30-2 (Altern. Be pebble)

Procurement of FMs for 
1st TBM (EM-TBM)

(P-Supp)
FMs for 
1st TBM 
available

Dec-2019
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Current F4E’s Beryllium related activities
(1)

TBMs functional materials (Be, ceramic breeder, Pb-Li) 
development/qualification [grant F4E-2009-GRT-030]:

• Action 1: Elaboration of the Development /qualification 
/procurement plan for functional materials

• Action 2: Screening of an alternative production 
route/capacity for Be pebbles

– Task 1: Description/screening of an alternative production 
route/capacity for Be pebbles and fabrication of a small batch of 
material for preliminary characterization 

– Task 2: Preliminary characterization of the produced the Be 
material

– Task 3: Characterization of Be pebbles supplied by Bochvar
Institute, RF [Be pebbles produced by ball milling process using vacuum hot 
pressed (VHP) Be billets of different grain sizes (10-30 
�, 30-60 
� and >100 

�) as an initial Be material]

• Action 3: Post Irradiation Examination of Be materials 
irradiated in HIDOBE-01 campaign



Framework Partnership Agreement for the Activities in support of the conceptual 
and preliminary design of the European Test Blanket Systems (F4E-FPA-380)

• Action 3: Qualification of Functional Materials for TBM Applications �� duration 48 
months, Specific grants, max. F4E contribution 2.3M€

– Optimization/adjustment of the production processes/routes for Be materials in order to improve their 
properties/characteristics and to allow their scalability to an industrial application level.

– Characterization of the newly produced Be materials in the terms of geometrical characteristics, 
chemical and phase composition, porosity, density, microstructure (e.g. revealing a typical grain size), 
mechanical properties (e.g. mechanical strength, ductility), pebble bed characteristics (e.g. pebble bed 
density, packing factor), interaction with air/steam and tritium release characteristics.

– Preliminary qualification of the Be materials under TBM-relevant operative conditions (i.e. 
temperatures, loadings, purge gas flow and chemistry, neutron irradiation parameters) implying in 
design and realization of newly identified tests/experiments focused on determination of missing 
properties and characteristics, and on the materials performance.

– Evaluation of the performed tests/experiments, including the irradiation campaigns performed under 
the past EFDA framework (e.g. PIE of HIDOBE, HICU campaign), aiming at determination of the Be 
materials properties and characteristics (e.g. microstructure, geometrical, chemical and mechanical 
properties, pebble beds thermo-mechanical behavior, compatibility with structure material, 
performance under neutron irradiation like swelling, creep, thermal conductivity, tritium retention and 
release characteristics).

– Update of the existing materials’ properties database in the form of MDBRs (Material Database Report) 
and MAR (Material Assessment Report) to be used for TBMs design qualification.

Current F4E’s Beryllium related activities
(2)
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HIDOBE irradiation program & PIE
Post Irradiation Examination:
-Dimensional stability, porosity
-Microstructure (OM, SEM, TEM)
-Tritium release (TPD)
-Mechanical / thermal properties 
-Interaction with air & steam

Objectives :
(i) Beryllium behaviour under 
DEMO relevant He/dpa ratios and
temperatures
(ii) Tritium inventory as affected by 
microstructure, swelling, creep
(iii) Pebble beds thermo-
mechanical behaviour under 
neutron irradiation

HIDOBE-01 irradiation rig:
3000 appm He (DEMO: ~18,000 appm)
Irradiation completed - 665 FPD
Start of PIE in 2010, completed 
2012 (F4E-GRT-030/A3)

HIDOBE-02 irradiation rig:
6000 appm He
Irradiation completed - 1274 FPD
PIE planned for 2013-14
(F4E-FPA-380/A3)
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Irradiation temperature, K

OM & SEM - Be pebble Tirr = 675

BeO layer

Be surface with channels

Tritium release - Be pebble Tirr = 425

Vickers hardness versus 
irradiation temperature

Irradiation rig 
dismantling in Hot Cell



Grant F4E-2009-GRT-030, Action 3
HIDOBE-01 PIE plan
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Grant F4E-2009-GRT-030, Action 2
Screening of an alternative production 

route/capacity for Be pebbles
Characterization of Be pebbles supplied by Bochvar Institute, Russian Federation
Be pebbles produced by ball milling process using vacuum hot pressed (VHP) Be billets of different 
grain sizes (10-30 
�, 30-60 
� and >100 
�) as an initial Be material

Be pebbles 
(10-30 ��
grain size)

TPD; heating 
rate 5 K/min

Preliminary comparison of various properties of Be pebbles 
frm point of view of TBM application

Be bed 
packing factor



Summary
• Beryllium multiplier materials

– The 1 mm Be pebbles at present the reference multiplier material 
for the EU HCPB concept; will be used in the first HCPB TBMs,

– At later stages of ITER operation beryllides (e.g. Be12Ti) could be 
tested when the level of maturity achieved,

– HIDOBE-01 and HIDOBE-02 irradiation results � a crucial 
milestone for the qualification of the reference Be material 

– Further development and qualification of Be materials in the view 
of Conceptual Design Review (CDR) and Preliminary Design 
Review (PDR) with ITER IO (by 2014/2015)

– Update of MDBR and MAR; finalization of the Technical 
Specification for Functional Materials procurement

– Procurement and supply of Functional Materials (incl. Be pebbles) 
for TBM prototypical mock-up by Jun-2016

– Procurement and supply of Functional Materials (incl. Be pebbles) 
for the 1st EM-TBM by Dec-2019

27

Thank you for your attention
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NRG CONTRIBUTION TO THE
F4E GRT030 ACTION 3

HIDOBE-01 PIE
COORDINATION AND RESULTS

A.V. Fedorov, S. van Til, 
A.J. Magielsen, M. Stijkel, 

H.L. Cobussen, V.M. Smit-Groen

BEWS-10,
Karlsruhe

Outline
• Introduction. HIDOBE-01 and HIDOBE-02 experiments

• Design
• Irradiation history

• HIDOBE-1 PIE (Post Irradiation Examination )
• Coordination (NRG, KIT, AEUL, ITN). Sample matrix
• Results

• Dimensions and density (emersion & picnometry)
• Tritium release
• XRD
• Microscopy (OM and SEM)

• Conclusions



HIDOBE objectives
European programme (EFDA) and IEA collaboration with RF and JP:

• Irradiation behaviour of Beryllium under DEMO blanket relevant dpa/He ratio’s 
and temperatures

• Study tritium inventory and influence of swelling, creep and microstructure on 
tritium inventory

• Study thermo-mechanical behaviour under irradiation
• Achieve 30% of DEMO End-Of-Life Helium production

3

HIDOBE -01 HIDOBE -02
Fluence (E>0.1 MeV 1026 n/m2) 1.5 3
Fluence (E>1 MeV 1026 n/m2) 0.7 1.4
Helium production in Be (appm) 3000 6000
Tritium production in Be (appm) 250 700
Neutron damage in Be (dpa) 17.9 35.8
Helium production in Be-Ti (appm) 2740 5480
Tritium production in Be-Ti (appm) 235 562
Neutron damage in Be-Ti (dpa) 19.5 38.9
Temperatures (°C) 425, 525, 650, 750 425, 525, 650, 750

Irradiation 649 FPD
Oct2007

1274 FPD
Aug 2011

PIE 2009-2012

F4E-2009-GRT-030 (Action-1) Task-2 “Development / 
Qualification / Procurement Plan for Be pebble materials”

HIDOBE irradiation in HFR, Petten

4

• Irradiation in C7 in two Quattro channels (diameter about 
29 mm and about 400 mm total stack height)

• In C7 position � (En >1.0 MeV) is 1.6�1018 n m-2s-1 ,
resulting in 3.3�1024 n m-2 per cycle.

4

HIDOBE-01

HIDOBE-02



Design of irradiation assembly
• 13 drums in 9 sections separated by heat barriers/radiation 

shields
• 24 thermocouples distributed in axial and radial direction
• Temperature control by gas mixtures (and gamma heating) 
• 4 temperature levels (not independently controlled)

• 400 to 425°C
• 525 to 550°C
• 650 to 700°C
• 750 to 800°C

6

Temperature field calculations



Test matrix
Supplier Name BeO

(wt%)
Density
(g/cm3)

Specimen sizes
(mm)

specification

1 RF/VNIINM DDR grade 3.5-4.0 1.88 Ø6x2, Ø3.5x6, Ø3.5x2.5 grain size 5-8 micron
2 RF/VNIINM TIP grade 1.2-1.4 1.86 Ø6x2, Ø3.5x6, Ø3.5x2.5 grain size 10-14 micron
3 RF/VNIINM TIP-56 grade 0.4-0.6 1.85 Ø6x2, Ø3.5x6, Ø3.5x2.5 grain size 20-25 micron
4 RF/VNIINM TIP-200 grade 0.2-0.3 1.85 Ø6x2, Ø3.5x6, Ø3.5x2.5 grain size 55-60 micron
5 RF/VNIINM Porous Be 1.5 1.44 Ø6x2, Ø3.5x6, Ø3.5x2.5 ~20% porosity
6 RF/VNIINM Porous Be 1.5 1.25 Ø6x2, Ø3.5x6, Ø3.5x2.5 ~30% porosity
7 EU/FZK NGK pebbles 0.36 0.5 pebbles
8 EU/FZK NGK pebbles 0.36 1.0 pebbles (2003)
9 EU/FZK NGK pebbles 1.0 pebbles (2001)
10 EU/FZK NGK pebbles 0.36 2.0 pebbles
11 JP/JAERI Be Electrode 0.02 1.84 Ø8x2 discs
12 JP/JAERI Be12Ti-5at%Ti 0.26 2.12 Ø8x2 discs
13 JP/JAERI Be12Ti-7at%Ti 0.27 2.25 Ø8x2 discs
14 JP/JAERI JP pebble 1 0.21 1.0 standard
15 JP/JAERI JP pebble 2 0.22 1.0 standard
16 JP/JAERI JP pebble 3 0.23 1.0 low cost
17 JP/JAERI JP pebble 4 1.10 1.0 low cost
18 JP/JAERI JP pebble 5 1.35 1.0 low cost
* grade 1  to 4, one specimen D3.5x6 and D3.5x2.5 will be covered with BeO coating, 5 um
* grade 1  to 4, two TEM specimens will be cold worked

PIE Plan: Test matrix F4E GRT030 ACTION 3

Dimensions +
Mass He Pycno TEM CREEP Oxidation

Chem. 
Analysis

Grade Supplier name specs Temperatures NRG NRG NRG KIT UL NRG KIT KIT KIT ITN ITN
7 EU/FZK NGK pebbles 0.5 mm 425, 525, 650, 750 4 4 2 8 3 2 2 2 2
8 EU/FZK NGK pebbles 1.0 mm (2003) 425, 525, 650, 750 4 4 4 2 2 2 4 4 2 2
9 EU/FZK NGK pebbles 1.0 mm (2001) 425, 525, 650, 750 4 4 2 8 3 2 2 4
10 EU/FZK NGK pebbles 2.0 mm 425, 525, 650, 750 4 4 8 2 2 2 4 4

(not in GRT-030) 16 16 16 10 8 8 12 8 4 4

Unconstrained pebbles Tritium release

Total amount of measurements

SEM + OM

Dimensions +
Mass He Pycno

Grade Supplier name specs Temperatures NRG NRG NRG KIT UL NRG KIT
7 EU/FZK NGK pebbles 0.5 mm 425, 525, 650, 750 4 4 4 1 1
8 EU/FZK NGK pebbles 1.0 mm (2003) 425, 525, 650, 750 7 7 4 2 2
9 EU/FZK NGK pebbles 1.0 mm (2001) 425, 525, 650, 750 3 3 4 1 1
10 EU/FZK NGK pebbles 2.0 mm 425, 525, 650, 750 4 4 4 1 1

18 18 8 8 0 5 5

Tritium release SEM + OMConstrained pebble beds

Total amount of measurements

Dimensions +
Mass He Pycno Oxidation

Chem. 
Analysis XRD

Grade Supplier name specs Temperatures NRG NRG NRG KIT ITN ITN NRG
11 JP/JAERI Be Electrode ��8 x 2 425, 525, 650, 750 4 4 2 2 1 1 2
12 JP/JAERI Be12Ti-5at%Ti ��8 x 2 425, 525, 650, 750 8 8 2 2 1 1 4
13 JP/JAERI Be12Ti-7at%Ti ��8 x 2 425, 525, 650, 750 8 8 2 2 1 1 2

20 20 6 6 3 3 8Total amount of measurements

Beryllides
Tritium 
release

Instituto Tecnológico e Nuclear 



Geometric dimensions

constrainedunconstrained

unconstrained pebbles

Be-Be5Ti-Be5Ti - 525 Be5Ti - 750Be5Ti - 650

beryllides



Density measurements. 
Immersion and Pycnometry.

constrainedunconstrained

porosity immersion pycnometry

open yes no

closed yes yes

Dimensions and density of pebbles

Relative dimension increase of average pebble diameter
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Dimensions and density of beryllides

Conclusions on dimensions and 
density measurements

• Unconstrained pebbles showed moderate swelling which increased with the 
irradiation temperature ( < 3% at 750�C). In accordance, the pebble density 
measured by immersion and pycnometry decreased with the irradiation 
temperature.  

• Constrained pebbles showed considerably higher swelling, up to 14 %, for all 
grades, as compared to unconstrained pebbles. 

• Beryllides showed significantly less swelling compared to the reference 
beryllium sample:  ~12% versus 22% at 750�C. However, this moderate 
swelling of beryllides did not result in any measurable decrease in density.



Tritium release measurements

Irradiation Ndpa
1) NHe

2) N3H
3)

temperature
	Co 	E>1.0 MeV

[1025m-2] [1025m-2]
750 ºC 6.50 8.92 18.1 2950 285
650 ºC 6.02 8.07 16.3 2680 252
525 ºC 5.21 6.94 13.9 2300 213
425 ºC 4.12 5.69 11.3 1890 176

1)  Displacements per atom (N dpa) produced in Be
2)  amount of Helium produced (N He )
3)  amount of Tritium produced (N 3H)

'fast' 
fluence

‘thermal’ 
fluence [appm][appm](in Be)

Temperature Programmed Desorption (TPD)

• Heating ramp of 0.5oC/min up to ~950oC
• Purged with reference gas (He+0.1%H2)
• Distinction between HT and HTO
• Online measurement with ICs
• Cumulative release with bubblers � LSC

• Comparison with ‘nuclear’  measurements + calculations
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TPD results on unconstrained pebbles

0 200 400 600 800

0

1

2

3

4

5

6

x 10
11

T �C

T/
se

c/
m

g

HT 425�C
HT 650�C
HTx10 750�C

0 200 400 600 800 1000
-1

0

1

2

3

4

5

6
x 10

11

T �C

T/
se

c/
m

g

HT 525�C
HTx100 750�C
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Observations:
• Two contributions are identified: 

1) irregular bursts at 600-820 �C,
2) well defined high temperature release at 880 �C

• Position of the high temperature peak (880 �C) does not depend on the tritium 
inventory and apparently defined by helium release

• The 0.5 mm pebbles (consisting of 1-2 grains) do not show the burst release at 600-
820 �C
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TPD results on beryllium and beryllides
pellets
Observations:
• Tritium release in Be pellets proceeds in the way 

similar to Be pebbles:  one well defined peak at 
~850-900 �C, preceded by moderate irregular 
release above 600-700 �C . 

• In case of beryllides the release peak becomes 
broader and shifts to 700-800 �C
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Tritium retention
• Tritium retention in Be pebbles/pellets 

is about 100% below 525oC and
decreases to 75% at 650 oC, and to 
only few percent at 750 oC

• Both BeTi grades show ��
������������
at 425oC and virtually no retention at 
higher temperatures



19

XRD results: Be pellets

BD-2 - 525 �C

BD-1 - 425 �C

BD-4 - 750 �C

P. Kurinskiy et al., JNM 367(2007) 1069

Lattice damage 
produced during 
irradiation (15-20 dpa) is 
expected to be annealed 
at higher irradiation 
temperatures

20

XRD results: Beryllides

P. Kurinskiy et al., JNM 367(2007) 1069

Be5Ti - 4 - 525 �C

Be5Ti - 2 - 425 �C

Be5Ti - 8 - 750 �C

Be5Ti - 6 - 650 �C

Be7Ti - 7 - 750 �C

Be7Ti - 2 - 425 �C
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SEM results. State of the surface

1 mm pebbles, Tirr = 525 �C

2 mm pebbles, Tirr = 650 �C

22

OM&SEM results: Interconnected bubbles
0.5 mm pebbles, Tirr = 650 �C

2 mm pebbles, Tirr = 750 �C1 mm pebbles, Tirr = 525 �C
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OM&SEM results: Network of channels
2 mm pebbles, Tirr = 750 �C 1 mm pebbles, Tirr = 525 �C

2 mm pebbles,  Tirr = 750 �C
same morphology?

24

OM&SEM results: irradiation and TPD
2 mm pebbles, Tirr = 525 �C + TPD at Tmax = 900 �C
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OM&SEM results: constrained pebbles
2 mm pebbles, Tirr = 750 �C

26

SEM results: constrained pebbles
1 mm pebbles, Tirr = 750 �C

PBA, TE#3, Tmax = 500-590 �C

SEM observation  can be 
explained if we assume 
that bubbles are formed in 
the basal planes 
separated with ~10-20 �m
bubble-free slabs



Conclusions-1/2

1. HIDOBE-01 PIE program gas generated fast amount of experimental data on beryllium 
behavior under neutron irradiation at the irradiation following irradiation conditions:

- Helium production ~ 3000 appm (6000 appm per fpy at HCPB DEMO)
- Tritium production ~ 175-300 appm (50-100 appm per fpy at HCPB DEMO)
- Temperatures: 425, 525, 650 and 750 �C (300-650 �C in HCPB DEMO)
- Damage : 11-18 dpa (3-17 dpa per fpy in HCPB DEMO)

2. From all irradiated materials the PIE test matrix (F4E GRT030 Action 3) included NGK 
(Europe) pebbles ( 4 grades, constrained and un-constrained), and Be, Be-5%Ti, and B-
7%Ti pellets (Japan).

3. Dimensions/density measurements (geometrical, immersion, pycnometry) have 
demonstrated:

- moderated swelling of unconstrained pebbles: < 3% (diameter) at 750�C
- higher swelling of constrained pebbles: < 14% (diameter) at 750�C
- low swelling for beryllide pellets: < 12% (volume) compared to 22% of reference 

Be pellet
- for all materials swelling increased with the irradiation temperature
- for all materials/grades (except for beryllides) density, measured by immersion 

and pycnometry, in correspondence with swelling results, decreased with the 
irradiation temperature.

Conclusions-2/2
4. TPD measurements have shown that:

- tritium retention in Be pebbles/pellets is about 100% below 525 �C, decreases to 
75% at 650 �C, and vanishes to only few per cent at 750 �C.

- Both BeTi grades show ��
��of T retention at 425 �C and virtually no retention at 
higher temperatures

- all TPD spectra measured on Be pebbles/pellets are dominated by one peak at 
~880 �C. The peak position is very little affected the amount of released tritium and 
irradiation temperature

- In TPD spectra measured on beryllides the release peak is shifted to lower 
temperatures: 600-700 �C. 

5. In XRD spectra the Be-hcp and Be12Ti were identified. Qualitatively the contribution of the 
crystalline phases increase with the irradiated at higher temperatures, which suggests 
that the lattice damage (11-18 dpa) is annealed during irradiation.

6. OM and SEM observations can be summarized as follows:
- For all irradiation temperatures except for 425 �C the oxide layer is cracked, chipped 

off, perforated with holes/channels
- Individual chains of bubbles observed at 425, 550 �C develop into a broad network 

of channels with walls of hexagonal shape (which suggests recrystallization). These 
features are most dramatically demonstrated at the pebbles investigated after the 
TPD studies (maximum annealing temperature 900 �C. 

- Development of this network of channels is apparently governed by helium transport 
and defines the position of the tritium release peak in the TPD spectra. 
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HFR

Microscopy constrained beds

5 pebble beds from two temperature zones (3x 750 and 2x 525)

Sample code SEM code Grade T irradiation, °C
Unconstrained
38sPC 0140-1A 0.5mm 525
2sPC 0140-1B 

650

43sPC 0140-2A 1.0mm (2001) 425
42sPC 0140-2B 525

46sPC 0140-3A 1.0mm (2003) 525
9sPC 0140-3B 750

14sPC 0140-4A 2.0mm 650
13sPC

Constrained
2mPC1
2mPC2

1bPC3
1bPC2
1bPC1

0140-4B 

0160-6E
0160-6E

0160-2A
0160-2B
0160-2C

1.0mm (2003)
1.0mm (2001)

0.5mm 
1.0mm (2003)
2.0mm

750

525

750



‘425oC’- and ‘525oC’- samples virtually unchanged. 
Low amount of small pores in 525oC samples

Show grains with polarized light microscopy, 
then use SEM for high resolution images

Microscopy cross section

Tirr 750oCTirr 525oC

Microscopy cross section (2) 

Around Tirr 650oC varying porosity, at least 
coalescence of bubbles at grain boundaries.

Tirr 750oC show large pores, often rectangular 

Tirr 650oC

Tirr 750oC



Microscopy cross section (3)

Any sample, annealed to 950oC in out-of-pile 
tritium release, show high density porosity and
intensive cracking 

Relation between stresses induced by
swelling, He bubbles and vacancy mobility

�overpressurized bubbles
�local stresses induce vacancy mobility?

No clear explanation for loss of ‘rectangular’ pores 
between 750 and 950oC, but dependency on t and T 
of anneal seems evident

Possible crystallization of pores at long t (during two 
year irradiation)

Annealed 950oC

‘narrow’ pore distribution ~15
m

Dismantling: Extracting issues

ALL pellets in drums 8 and 9 stuck

~75% (18/24) 2.0 mm pebbles in drum 10 stuck

~45% (9/21) 2.0 mm pebbles in drum 11 stuck

(Inner Diameter of small stacks in Drum 10/11: 2.6 mm)

Dismantling experiment succesful;

Sample recovery >85% succesful



Dismantling: Extracting pebbles

Dismantling: Extracting pellets
First ‘pushing device’ (left) was 
developed. This turns out to be ‘too 
imprecise’ for pellets.

A ‘suction cup device’ (bottom) was 
developed to take out pellets, one by 
one.

Total of 451 pellets in all B and C 
drums.



Dimension measurements (microscopy):

-Amount of pebbles
-Maximum, minimum, average size
-Roundness
-Comparison with pre-irradiation data

(e.g. swelling)

First detailed view of pebbles

Work detail Task 2 : NRG (3)

Be 5% Ti Be 7% Ti Be electrode

According to NRG detailed work instructions

Technical Progress – Dummy study



Technical progress

2010: All measurements completed on:
- unconstrained pebbles (except microscopy)
- pellets samples

2011: - Completed SEM unconstrained pebbles (surface + x-section)
- Performed dummy study on impregnation of pebble beds
- Prepared constrained pebble beds + transport to KIT
- ‘Dimensions’ and tritium release measurements near completion

Of constrained: 1 drum fully impregnated (microscopy possible)

Due to budget not yet finished:
Dimension, density (one drum left = 3 samples)
Half of the agreed upon T-release (= 4 measurements)
SEM on constrained pebble beds (= 5 beds x 2 views)

Technical progress

2011: - Completed SEM unconstrained pebbles (surface + x-section)
- Performed dummy study on impregnation of pebble beds
- Prepared constrained pebble beds + transport to KIT
- ‘Dimensions’ and tritium release measurements near completion

Of constrained: 1 drum fully impregnated (microscopy possible)

2012: - Finished remaining dimension / density measurements
- Finished remaining tritium release measurements
- Finished microscopy and SEM on constrained beds



Distance,

cm

Neutron

flux, cm-2s-1

Temp.

°C

Damage,

dpa/fpy

He,

appm/fpy

T,

appm/fpy
2.3 – 3.8 1.06
10+15 615 17 5700 86
3.8 – 6.8 1.03
10+15 16.5 5539 84
6.8 – 9.8 0.96
10+15 15.4 5162 78
9.8 – 12.8 0.88
10+15 14.1 4732 71
12.8 – 15.8 0.79
10+15 12.7 4248 64
15.8 – 18.8 0.70
10+15 11.2 3764 57
18.8 – 21.8 0.61
10+15 9.8 3280 49
21.8 – 24.8 0.53
10+15 8.5 2850 43

24.8 – 27.8 0.46
10+15 7.4 2474 37

27.8 – 30.8 0.39
10+15 6.3 2097 32

30.8 – 33.8 0.33
10+15 5.3 1775 27

33.8 – 36.8 0.28
10+15 4.5 1506 23

36.8 – 39.8 0.24
10+15 3.8 1291 19

39.8 – 42.8 0.20
10+15 3.2 1075 16

42.8 – 45.8 0.18
10+15 400 2.9 968 15

Table 3.2-1 Operation conditions for beryllium pebbles in HCPB DEMO blanket in spherical layers where the distance is 
measured from the inner surface of the first wall [Fish04] and F4E-2009-GRT-030 (Action-1) “TBMs Functional Materials 
(Be, ceramic breeder, PB-Li) , Development/Qualification Task-2 Final Report ,“Development / Qualification / Procurement 
Plan for Be pebble materials”
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ABSTRACT 
 
Beryllium is planned to be used as a neutron multiplier in the Helium Cooled Pebble Bed 
(HCPB) European concept of a breeding blanket of DEMO. In the neutron multiplier set 
beryllium will be used in a form of a pebble bed. Small constrained beryllium pebble beds as 
well as unconstrained beryllium pebbles have been irradiated within HIDOBE-01 experiment at 
HFR, Petten, the Netherlands. Beryllium pebbles with 1 mm diameter produced by Rotating 
Electrode Method (REM) were investigated after irradiation at 630, 740, 873, and 948 K up to 
helium production of 3000 appm. Intensive pore and bubble formation occurs in beryllium after 
873 K irradiation. In the contact zones of the pebbles enhanced pore formation takes place. 
Oxidation of beryllium pebble external surfaces is accompanied by partial destruction of oxide 
layers owing to their high brittleness. Strong interactions between beryllium pebbles and 
platinum foil, as well as between beryllium and stainless steel at contact zones occur at 873 and 
948 K. The TEM study of beryllium pebbles with a diameter of 1 mm showed the formation of 
gas bubbles as discs with a hexagonal shape for all four irradiation temperatures. The discs were 
located in the (0001) basal plane with a height directed along the “c” axis. The average 
diameters of the bubbles increase from 7.5 to 80 nm with the increase of the irradiation 
temperature, the bulk densities accordingly decrease from 4.4·1022 to 3.8·1020 m-3. The 
calculated swelling of the pebbles increases from 0.5 to 6.5 % with increase of the irradiation 
temperature from 630 to 948 K. 
 
Keywords: beryllium pebble; neutron irradiation; helium bubble; Wickers hardness. 
 
 
1. Introduction 

 

In the European Helium-Cooled Pebble Bed (HCPB) blanket of a DEMO fusion power reactor 
beryllium pebbles with 1 mm diameter are planned to be used as a neutron multiplier [1]. Fusion 
neutron irradiation causes formation of radiogenic gases in beryllium, in particular, about 20,000 
appm of helium can be produced in the beryllium pebbles up to the end-of-life of the HCPB blanket 
[2]. Fast neutron irradiation in a research nuclear reactor of small beryllium pebble beds at fusion 



reactor temperatures allows to reproduce and model thermo-mechanical, swelling and other issues 
for the beryllium neutron multiplier of the HCPB blanket. 

 

2. Experimental 
 

This work was performed using beryllium pebbles from NGK Insulators, Ltd having diameter of 
0.5, 1 (of the 2001 and 2003 heats) and 2 mm produced by Rotating Electrode Method (REM) [3]. 
These pebbles contain in wt. %: 0.36 BeO, 0.094 Fe, 0.048 Al, 0.029 Si, 0.024 Mg, <0.001 Co, 
<0.005 Sc, <0.01 U. 

 

 
 
Fig. 1. Containers for irradiation of constrained beryllium pebble beds (a, b) and unconstrained 
pebbles (c). 
 
 

Three different container types with beryllium pebbles were used in the HIDOBE-01 irradiation 
experiment at the HFR, Petten (Fig. 1) [4, 5]. Two of them have been made as small constrained 
pebble beds which contain 0.5, 1, and 2 mm pebbles located in various sections on height (Fig. 1 a, 
b). The constrained pebble beds were filled by pebbles and closed with a screw-cap with a torque 
wrench. To prevent chemical interaction of beryllium pebbles with stainless steel walls a thin 
platinum foil has been placed between beryllium and steel as a barrier. Third container type was 
used for irradiation of beryllium pebbles after free filling (unconstrained state) (Fig. 1 c). In the 
paper the 1 mm pebbles were studied only. Irradiation parameters of the beryllium pebbles and 
pebble beds are presented in Table 1. Only average irradiation temperatures are presented in the 
table but the full irradiation history, target and real irradiation temperatures within HIDOBE-01 
experiment can be taken from [6]. 

 

a b c 



Table 1. Irradiation parameters of unconstrained beryllium pebbles (P) and pebble beds (PB) from 
HIDOBE-01. 

Type Dpebble, mm Average Tirr, K F, 1026 m-2, 
E>0.1 MeV 

D, dpa 4He, appm 3H, 
appm 

P 1, 2001/ 
1, 2003 

630 5.69 11.3 1890 176 
740 6.94 13.9 2300 213 
873 8.07 16.3 2680 252 
948 8.92 18.1 2950 285 

PB 0.5 873 8.07 16.3 2680 252 
1, 2003 873 8.07 16.3 2680 252 

2 873 8.07 16.3 2680 252 
1, 2001 948 9.40 19.2 3090 306 
1, 2003 948 9.40 19.2 3090 306 

 
 

For transmission electron microscopy (TEM) investigations the irradiated beryllium pebbles were 
crushed on small pieces (5-10 m) using a special developed crushing tool. After the crushing 
procedure the beryllium powder was deposited on a TEM copper greed covered by a thin carbon 
film (Fig. 1). Only a few places located at edges of the beryllium particle were be transparent for 
the electron beam and accordingly suitable for the TEM study. The TEM investigations were 
performed using an FEI Tecnai 20 FEG microscope with an accelerating voltage of 200 kV, the 
scanning unit for performing scanning TEM (STEM) equipped with a high-angle annular dark field 
(HAADF) detector, an energy-dispersive X-ray (EDX) detector and also a Gatan image filter for 
EELS measurements. The microscope was operated at 200 kV accelerating voltage. 
 
 
3. Results and discussion 
 

3.1 Optical investigations 
 

The microstructures of irradiated unconstrained beryllium pebbles strongly depend on irradiation 
temperatures (Fig. 2). No pore or bubble formations occur at 630 and 740 K (Fig. 2 a, b). 
Irradiations at 873 and 948 K cause pore formation resulting swelling up to highest value of about 7 
% [5]. 

Cross sections of high temperature irradiated constrained beryllium pebble beds with remained 
impregnated pebbles are shown in Fig. 3. The rest of the pebbles from the irradiated pebble beds 
were used for investigations as separate objects. Overviews of beryllium pebble bed cross sections 
show intensive pore formation but with peculiar features such as strong non-uniformity of the pore 
formation process from pebble to pebble and enhanced pore formation near to contact zones of the 
pebbles. The beryllium pebbles produced by REM have a very non-homogeneous microstructure 
state because the crystallization of small melted beryllium drops occurs very quickly under 
production. As a result the pebbles can have different finale microstructure parameters such as 
technological pore dimensions and their amount, internal stress distribution and so on. These 
circumstances as well as possible variety of irradiation temperatures on pebble bed cross section 
can lead to different intensity of radiation-induced pore formation in different pebbles. 



    

    
 
Fig. 2. Overviews of unconstrained beryllium pebbles with diameter of 1 mm, 2003 after irradiation 
at 630 K (a), 740 K (b), 873 K (c), and 948 K (d). 

 

Partial defragmentation of the pebbles takes place. It can be caused by weakening of grain and 
sub-grain boundaries after global high temperature condensation of helium atoms on the boundaries 
with bubble formation. The increase of irradiation temperature from 873 K (Fig. 3 a) to 948 K (Fig. 
3 b) results in an acceleration of all radiation-induced processes in the pebbles (growth of pore 
dimensions, higher swelling and defragmentation, etc.). 

 

   
 
Fig. 3. Overviews of beryllium pebble beds with 1 mm pebbles after irradiation at 873 K (a) and 
948 K (b). 
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Fig. 4 shows changes in beryllium pebbles with a diameter of 1 mm from constrained pebble bed 
irradiated at 873 K. Strong diffusive penetration of beryllium into platinum occurs at contact zones 
between pebbles and platinum foil (Fig. 4 a, b) [7, 8]. This is accompanied by intensive pore 
formation in beryllium (large pores) as well as in platinum (much smaller pores) caused probably 
by stress-enhanced diffusion of vacancies to the compressed zones [9]. The linear coefficient of 
thermal expansion for beryllium at 873 K is by a factor of one and a half above platinum [10]. 
Therefore the temperature variations caused by the reactor cycles have produced cyclic stress 
loading to the platinum foil. The duration of each loading is equal to the duration of corresponding 
reactor cycle (in total 649 days at full reactor power for 25 cycles). Strong surface oxidation of the 
irradiated beryllium pebbles takes place (Fig. 4 c, d). The thickness of beryllium oxide layers may 
reach 20 m. But the layers, being friable and brittle, can easily separate from the pebble surface 
under loading from next pebbles. 

The degree of damage at the interface of pebbles and platinum foil can vary significantly (Fig. 4 
e). Mostly, a strong embrittlement of platinum under neutron irradiation occurs at 873 K. In the case 
of intensive pore formation in irradiated pebbles an interconnected pore network with open 
channels to external surface might be formed. Easy penetration of oxygen from the purge gas along 
these channels into the pebble causes strong internal oxidation of the pores (Fig. 4 f). An example 
of pebble bed dense packing after end of irradiation is shown in Fig. 4 g. Ability to local 
deformation in contact zones of a pebble may be explained by its comparatively lower strength or 
hardness to next pebbles (non-stability caused by REM production). Other possible reasons for this 
effect could be local temperature fluctuations under irradiation or different orientations of pebbles 
to contacting point (micro-hardness varies of 20 % from grain to grain in a pebble). As a result 
enhanced pore formation in the vicinity of pebble surfaces takes place for more deformed pebbles 
from the pebble bed. Fig. 4 h shows a formation of solid metallic matrix instead of separate pebble 
packing. It was established that the white matrix was formed from small platinum foil fragments 
which could be transported to this place together with interacted beryllium pebble fragments from 
wall of the pebble bed under the sample preparation for optical examination. As a result the 
changed orientation of the fragment on 90° creates the impression of permanent metallic matrix. 
More pronounced damages of the beryllium pebble bed occur under neutron irradiation at higher 
temperature of 948 K (Fig. 5). 

Defragmentation of irradiated pebbles and platinum foil reflects a high brittle state of this 
materials caused by joint influence of negative factors such as high temperature, damage dose and 
helium accumulation (Fig. 5 a). Interactions between platinum foil and irradiation container from 
AISI 321 stainless steel with formation of intermediate phase layer takes place (Fig. 5 b) [11]. It is 
important to note the strong damage of beryllium pebbles in contact zones with a thermocouple tube 
from stainless steel (Fig. 5 c) [12]. Some pebbles may poorly contact among themselves in the 
pebble bed that does not lead to strong damage of beryllium at contact zones however this can lead 
to sintering of contacting pebbles (Fig. 5 d, e). Fig. 5 e also includes square impressions of the 
indenter of Vickers micro-hardness measurements. A quite significant difference between their 
sizes can be noticed that means to be the corresponding large differences in values of the measured 
micro-hardness for one pebble. Some pebbles have many cracks through the matrix which are 
sometimes parallel to a contacting damaged zone (Fig. 5 f). 

 

 

 

 



  

  

  

  
 

Fig. 4. Irradiation of the beryllium pebble bed with 1 mm pebbles at 873 K results strong interaction 
of beryllium with platinum foil (a) and pore formation in contact zones both for platinum and 
beryllium (b), formation of oxide surface layer (c) which often goes from the pebble surface out (d), 
strong damages of platinum foil and beryllium pebble with cracks formation (e), internal oxidation 
of large pores in beryllium pebble (f), pore formation in contact zones between pebbles (g), 
formation of metallic matrix between pebbles (h). 
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Fig. 5. Irradiation of the beryllium pebble bed with 1 mm pebbles at 948 K results strong interaction 
of beryllium pebble with platinum foil (a), interaction of platinum foil with stainless steel container 
(b), interaction of beryllium pebbles with a stainless steel tube of a thermocouple (c), deformation 
with sintering and pore formation in contact zones between pebbles (d, e), crack formation in a 
beryllium pebble (f). 

 

Despite of quite large differences in values of Vickers micro-hardness for different investigated 
pebbles a good reverse linear correlation on irradiation temperature by fitting of the experimental 
hardness values has been obtained (Fig. 6). The largest radiation hardening occurs at lowest 
irradiation temperature. The complete recovery of hardness to non-irradiated state values takes 
place only at the maximum irradiation temperature. The final microstructure of beryllium after high 
temperature irradiation results in a superposition of several phenomena such as accumulation of 
radiogenic helium and tritium, subsequent formation and coalescence of pores and bubbles. In 
addition the high dose neutron irradiation forms point defects, dislocation networks and leads to 
annealing of internal stresses at higher temperatures. The decrease of micro-hardness with 
irradiation temperature is a result of above mentioned phenomena. The scatter of the measured 
values for each irradiation temperature reaches 20 % and can be explained by different orientation 
of grains of the observed pebbles. 
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Fig. 6. Vickers hardness of 1 mm beryllium pebbles versus irradiation temperature. 

 

 

3.2 TEM investigations 
 

The powder pieces of several micrometer size adhere to the carbon film were planned to be 
characterized in the TEM study. However, the pieces of other compositions (pollution particles) can 
also be present on the carbon film. Summarizing the investigations results it can be concluded that 
only from 1/4 to 1/3 of total amount of the adhered particles were detected as beryllium particles 
from one crushed beryllium pebble. In order to be sure that investigated particles consist of 
beryllium analytic EELS investigations were performed. The Be-K energy edge is located at 111 
eV and herewith it is not detectable with EDX method. In Fig. 7 two beryllium EELS spectra after 
background subtraction with energy edge at 104 eV are shown. The different energy loss near edge 
fine structure (ELNES) for both these spectra suggests the different chemical states of beryllium. 
For example, the spectrum shown in Fig. 7 a was measured on the thinnest edge of the beryllium 
particle, where the beryllium was possibly oxidized. The spectrum shown in Fig 7 b was obtained 
from thicker particle area and reflected the fine structure of metallic beryllium. In order to avoid 
wrong interpretation all investigated particles were verified using EELS method. 
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Fig. 2. EELS spectra with energy edge at 104 eV which indicate the presence beryllium but 
in different chemical states: oxidized (a) and non-oxidized one (b). 

 

 

The TEM characterization of beryllium powder particles was possible on their thin edges only. 
The areas on the edges are in the mostly cases wedge-shaped, so the investigated arranges are not 
homogenously thick. This leads to the strong contrast variation through images. The micrographs 
obtained by TEM investigations of beryllium pebbles irradiated at 630, 740, 873, and 948 K are 
shown in Fig. 8-11 respectively. One should be mentioned that beryllium, as the most materials 
with the hcp lattice, breaks along (0001) basal plane during preparation by crushing method. The 
beryllium particles with thin edges are oriented in the most cases with “c” axis perpendicular to this 
plane therefore the most bubbles are imaged near “c” axis. It could be observed that the bubbles in 
the most cases are outlined as discs with a hexagonal shape. 
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Fig. 8. Bubbles in beryllium pebbles irradiated at 630 K. 
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Fig. 9. Bubbles in beryllium pebbles irradiated at 740 K. 
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Fig. 10. Bubbles in beryllium pebbles irradiated at 873 K. 
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Fig. 11. Bubbles in beryllium pebbles irradiated at 948 K. 

 

The size distributions (Fig. 12) were calculated for all four specimens irradiated at different 
temperatures. For irradiation temperature of 630 K more than 60 % all bubbles have sizes between 
7 and 8 nm. Only small fraction of bubbles shows sizes larger than 10 nm. The bubbles are mainly 
homogenously distributed in the specimens. Their sizes or bulk density can be varied on structural 
inhomogeneity caused by presence of grain and sub-grain boundaries or dislocations. In Fig. 8 an 
increased concentration of bubbles along a grain boundary is marked by an arrow. For both left and 
right sites from the grain boundary the closed chains of bubbles are visible. The chains of bubbles 



might be formed on former sub-grain boundaries which already were in the pebble before 
irradiation. The sizes of the bubbles in the 740 K specimen are varied from 12 to 23 nm. 80% of all 
bubbles have diameters from 14 to 19 nm. For the 873 K specimens the bubble sizes are varied 
from 40 to 100 nm with a maximum at approximately 75 nm. Bubbles with sizes above 100 nm 
were not detected in the specimen. The bubbles in the specimen irradiated at 948 K show a width 
size distribution from 40 to 140 nm. The maximum at approximately 75 nm is only slightly larger 
than for the 873 K specimen, however the fraction of bubbles which size exceed 100 nm was 
already estimated to 20%. 

Finally, it can be concluded that the observed size distributions of the bubbles are strong depend 
on irradiation temperature. In particular, for two lowest temperatures (630 and 740 K) the bubbles 
in irradiated beryllium pebbles have quite small diameters (5-20 nm) which vary in corresponding 
narrow intervals (sharp peaks in Fig. 4). For two highest irradiation temperatures (873 and 948 K) 
the bubbles have at several times larger diameters (40-140 nm) with extended distributions on sizes 
(broad peaks). A threshold temperature can be between 740 and 873 K at which probably the 
diffusion of helium in beryllium sharply increases. 
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Fig. 12. Distributions on diameters of bubbles in irradiated beryllium pebbles. 

 

 

The obtained results are in a good agreement with earlier works on TEM investigations of 
beryllium after irradiation at high temperatures. In particular, D.S. Gelles and H.L. Heinish in [13] 
irradiated beryllium in the FFTF/MOTA, USA at 673 K up to 8 dpa (80 appm 4He) and at 773 K up 
to 1.25 dpa (10 appm 4He). Following irradiation at 673 K a high density of small c-type 
dislocation loops in the bulk and a high density of small helium bubbles (1.5-10 nm) K only on 
grain and sub-grain boundaries were observed. The irradiation at 773 K revealed no small loops and 
larger bubbles (10-20 nm) which were located on dislocations and grain boundaries. L. Coheur et 
al. [14] investigated beryllium irradiated in the BR2 reactor, Mol, Belgium at 489, 746 and 880 K 
up to 2.12-2.55 dpa (560-690 appm 4He) and observed bubbles on grain boundaries at 746 and 880 
K only. But at all three irradiation temperatures there were also found a high density small stacking 
faults and dislocation loops. I.B. Kupriyanov et al. [15, 16] observed gas bubbles in different 



beryllium grades produced by VNIINM, Russia and Brush Wellman, USA after irradiation in the 
SM reactor, Dimitrovrad, Russia at 923-973 K up to 1.8-3 dpa (640-1140 appm 4He). It was found 
that the bubble formation took place on the grain boundaries, inside the grains and on the interface 
of matrix-second phase. The bubbles had a disk-like hexagonal faceted form and lied in the (0001) 
basal plane. The average diameters of the bubbles were of 15-20 nm, the thickness was of 2-2.5 nm. 
In [17] beryllium was irradiated in the BOR-60 fast reactor at 673 K up to neutron fluence of 
1.6·1027 m-2, E>0.1 MeV (9800 appm 4He). Numerical bubbles with a hexagonal disc shape located 
in the basal plane were observed by TEM investigations. The bubbles had a diameter around 50 nm, 
a thickness of 5-10 nm, a bulk density of 8.5·1021 m-3. So, the published data on TEM 
investigations of neutron irradiated beryllium reveals that the gas bubbles with small sizes are 
formed at temperatures since 673 K [13]. The bubbles with identification as disk-like hexagonal 
faceted form located in the (0001) basal plane were observed in [17] at temperature of 673 K but at 
high helium accumulation in irradiated beryllium. At higher irradiation temperatures of 923-973 K 
[15, 16] the hexagonal faceted bubbles like discs were already observed after 640-1140 appm 
helium production in beryllium. 

The parameters of the bubbles as hexagonal faceted discs present in Table 2. The average 
diameter Daver measured in the (0001) basal plane and the average thickness Haver measured in the 
“c” axis direction. The average sizes were calculated on the base of statistical date used for 
calculation of size distribution (see Fig. 7) following the formula: 

 

     <D> = (sum Di)/N    (1), 

 

where Di is a diameter of a bubble from “i” size interval, N is a total amount of the bubbles in the 
measurements. 

 

Table 2. Parameters of gas bubbles in beryllium pebbles irradiated at HIDOBE-01. 

Tirr, K Daver, 

nm 

Haver, 

nm 

N, m-3 Daver/Haver D/H for 

Be hcp 

lattice 

630 7.5 3 4.4·1022 2.5  

1.3 740 18 9 2.7·1021 2 

873 70 15 1.2·1021 4.7 

948 80 28 3.8·1020 2.9 

 

Both Daver and Haver increase with the increase of irradiation temperatures but the ratio the 
diameter to the thickness of the bubbles is not constant value and depends on irradiation 
temperature. In particular, for 630, 740 and 948 K the ratio values vary from 2 to 3, but for 873 K it 
is about 5, i.e. much higher. This means that at 873 K the size of a bubble along (0001) basal plane 
increases much quicker than along “c” axis. Therefore, the accelerated diffusion of helium in 
beryllium at 800-850 K first starts along basal plane. The increase of the irradiation temperature to 



948 K leads to a comparatively increase the helium diffusion along “c” axis that returns the ratio 
Daver/Haver in the typical value between 2 and 3. 

The bubbles in the form of hexagonal faceted discs which were observed at this study in highly 
neutron irradiated beryllium pebbles look like as an elementary hexagonal cell of the beryllium hcp 
lattice but having of course much larger sizes. If to compare the Daver/Haver ratio to the D/H for 
beryllium hcp lattice (the last column in Table 2) one could be marked that the bubble ratio is 
significantly higher than the beryllium cell one. This can mean that the basal plane is a preferable 
plane for condensation of radiogenic helium atoms during irradiation which probably deform the 
lattice at this plane more than in the “c” axis direction. 

The observed gas bubbles induce a swelling of the irradiated beryllium pebbles. The measured 
swelling S obtained by calculation using the bubble parameters increases with the increase of the 
irradiation temperature (Fig. 13). These experimental swelling values can be compared to the 
theoretical values calculated using the empirical expression from [18, 19]: 

 

    Stheor = M·T·exp [-Q/(4kT)]·(F)3/2  (2), 

 

where T is the irradiation temperature in K, F is the fast neutron fluence with En >1 MeV in n/cm2, 
Q = 2.1 eV/at is the activation energy, k = 8.617·10-5 eV/K is Boltzmann’s constant, M is a 
structure-sensitive factor which varies as (0.31-1.65)·10-34 K-1 (n/cm2)3/2, at this study M = 0.8 10-34 
K-1 (n/cm2)3/2 was chosen. The measured values are in excellent agreement with the calculated ones 
for lowest irradiation temperatures of 630 and 740 K and in increasing discrepancy at higher 
temperatures. To explain this effect the existing limitation on bubble sizes observed by TEM should 
be took into account. The maximum size of a bubble which is still visible by the electron 
microscope used at this study cannot exceed 200 nm. Therefore an input of bubbles with larger 
sizes to the TEM swelling is not included. But observations of cross sections of the same irradiated 
beryllium pebbles by optical microscope show the presence gas bubbles with sizes up to several 
tens microns. Hence, the large bubbles give the missing part in the swelling obtained using only 
TEM observations. 

A very limited experimental data on swelling for both high temperature and high dose neutron 
irradiated beryllium exists in literature. G.A. Sernyaev [20] presents the 18 % swelling for the hot 
pressed DGP-56 Russian beryllium grade irradiated at 923-973 K up to neutron fluence of 1.02·1026 
m-2, E>0.85 MeV corresponding to 4100 appm helium accumulation. The swelling was measured 
by hydrostatic method, thereby sure taking into account large bubbles invisible by TEM. In [15, 16] 
the 2.1 % swelling is revealed for the TshG-56 vacuum hot-pressed Russian beryllium grad after 
irradiation at the same temperatures but up to lower helium content of 1080-1140 appm. 
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Fig. 13. Swelling of beryllium pebbles from HIDOBE-01 versus irradiation temperature. 

 

 

4. Conclusions 
 

Internal stresses in beryllium pebbles from the pebble beds caused by swelling are mainly 
localized in the regions close to contact zones between pebbles. This effect is accompanied by 
intensive formation of pores in the near surface regions what is probably induced by a stress-
enhanced diffusion of vacancies and helium atoms towards stressed zones. 

Defragmentation of beryllium pebbles at high irradiation temperatures was observed in some 
cases. This could be explained by a weakening of grain boundaries and sub-boundaries when 
condensation of helium atoms in parallel with bubble formation occurs. A transfer of fragments 
from beryllium pebbles from one part of the pebble bed to another one through free gaps could 
happen. 

Strong oxidation of the external surfaces of beryllium pebbles with formation of thick brittle 
beryllium oxide layers was observed. Peeling and destruction of the brittle oxide layers can lead to a 
transfer of small beryllium oxide particles through the gaps between pebbles. 

Strong interaction between beryllium pebbles and platinum foil at contact zones takes place. This 
process is accompanied by a significant damage of the platinum foil caused by beryllium diffusion 
into platinum with the formation of pores. 

Strong interaction between beryllium pebbles and austenitic stainless steel with formation of 
thick corrosion damage layer occurs. 

It was established by TEM investigations that for all four irradiation temperatures gas bubbles 
were formed as discs with a hexagonal shape. HRTEM investigations showed that the discs were 
located in the (0001) basal plane with a height directed along the “c” axis. The TEM imaging of the 
bubbles depends on orientation of the image plane varying from a regular hexagon to an elongated 



shape as a line segment with an intermediate state as a rectangle. The orientation of the bubbles is 
the same in a separate grain. The average diameters of the bubbles increase from 7.5 to 80 nm with 
the increase of the irradiation temperature since 630 until 948 K, the bulk densities accordingly 
decrease from 4.4·1022 to 3.8·1020 m-3. The swelling of the pebbles calculated using the bubble 
parameters increases from 0.5 to 6.5 % with the increase of the irradiation temperature. 
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Introduction

Be is very reactive in the presence of oxygen with complete
combustion at high temperatures (above 900 oC).

The influence of radiation effects on the oxidation behavior
is important for the possible applications in fusion reactors.

We performed oxidation studies of Be pebbles after exposure
to neutron irradiation up to 3000 appm of He production
(~18 dpa) in the HFR (Petten).

Samples
Be pebbles: (3 pebbles of each batch were measured)
2spc/2: unconstrained 0.5 mm NGK pebble irradiated at 750oC (drum 10)
39spc/2: unconstrained 0.5 mm NGK pebble irradiated at 525oC (drum 12)
46spc/2: unconstrained 1.0 mm (2001) NGK pebble irradiated at 525oC (drum 12)
47spc/2: unconstrained 1.0 mm (2001) NGK pebble irradiated at 425oC (drum 13)

Analytical Techniques

Ion Beam Techniques: Rutherford Backscattering Spectromety (RBS) 
and Particle  Induce x-Ray Emission (PIXE).

Scanning Electron Microscopy (SEM) 



Ion Beam Techniques
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Concentration (�g/g)
39 s 47 s

Mg 149 � 22 49 � 7
Al 672 � 54 269 � 21
Si 635 � 51 1387 � 111
P 18 � 1
Cl 13 � 1 91 � 10
K 12 � 4
Ca 129 � 19 60 � 9
Ti 32 � 7 19 � 4
V 9 � 1
Cr 131 � 10 107 � 8
Mn
Fe 1107 � 68 813 � 50
Ni 101 � 14 81 � 10
Cu 62 � 7 96 � 10

Element Concentration
(μg/g)

Mg 116 � 30
Al 376 � 35
Si 305 � 27
Ti 42 � 9
V 19 � 3
Cr 102 � 12
Mn 104 � 13
Fe 1050 � 122
Ni 153 � 27
Cu 113 � 51
Zr 31 � 9
Au 20 � 2
U 103 � 28

NGK pebbles (1 mm) - 2001

Chemical Composition

Irradiated samples

47s pc2 - 1 mm, 425ºC
irradiated

Be Fe

13
20

μm

Max

Min

O

Impurity maps



1 mm Pebble 
After irradiation

Air/Steam interaction: Chemical reactivity

� low temperature (<700 oC)- Parabolic regime  (�m2 = kpt)

� Intermediate range (700-900 oC)- Combination of processes (�m = kpt)

� High temperature >900 oC)- Catastrophic behavior (autocatalytic)

Be + H2O            BeO + H2 



Be Oxidation in air

(F. Druyts et.al. FED 58-58(2001) 695-700)

Be Oxidation in O2

(J. Roth et.al. JNM 250(1997)23-28)



Oxidation in Air (55-60% Humidity)
1 mm Irradiated Pebbles
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After oxidation18 h in N2O2(60%)

Oxide grains and oxidised 
grain boundaries 

Grain composition:
Mixed oxides



Oxide flaking!

Summary
• Irradiated samples up to 525 oC show similar distribution of

the chemical species over the near surface region of the samples
compared to not irradiated samples.

• At 625 oC an increase on the oxide content is observed.
• Oxidation at 700 oC in air (20% humidity) show little effect on

the oxide layer after 1 h.
• Analysis of the oxidation results at 55-60% air humidity and

60%O2+N2 at 700 oC shows the formation of a protective oxide
layer.

• No evidence for any influence of irradiation on the oxidation
behavior at 700 oC.
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39s pc2 - 0.5 mm, 525ºC
irradiated

Annealed 700ºC – 1h - air

Be Fe
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Analysis of Tritium Retention in 
Beryllium Pebbles in EXOTIC, 

PBA AND HIDOBE-01
Experiments

Alexander Fedorov,
Sander van Til,

Lida Magielsen,
Marcel Stijkel

NRG, Petten,
The Netherlands
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Outline of the talk

• Introduction
• Design of irradiation experiments
• Results of Temperature Programmed Desorption 

(TPD), Scanning Electron and Optical Microscopy 
• EXOTIC-8
• PBA
• HIDOBE-01

• Discussion
• Conclusions 
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DEMO HCPB. Beryllium operation parameters

300 tons � 90 T appm (100% retention) =  9 kg of tritium!

parameter units
Pebble diameter mm 1
Packing factor % 63
Temperature window �C 300-650
Purge gas He+0.1%H2

Life time hours 20 000 
Amount tons 300
Neutron flux �1015 cm-2s-1 0.18-1
Tritium production appm/fpy 15-86
Helium production appm/fpy 968-5700
Damage dpa 3-17

Chakin et al, report F4E-2009-GRT-030 (PNS-TBM) Action 1 – Task 2

4

High Flux Reactor in Petten

HB: Beam Tubes

PSF: Pool Side Facilities

CR CR CR

CR CR CR

+   Beryllium reflector

6,9
1.9
1.1

Fuel
Experimental or isotope 
production position

CR Control rod

High availability 275 to 290 FPD per year

Neutron flux ~ 3�1014 n/m2s  (thermal) 
~ 1.7�1014 n/m2s (fast)
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Exotic- 8/3, 8/7 and 8/8 irradiations

6

Pebble Bed Assembly (PBA) Irradiation
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HIDOBE-01
HIDOBE-01 targets of 3000 appm He production, 
which is about 10 % of the expected end-of-life value 
for the DEMO reactor

HIDOBE-02 with target of 6000 appm He is 
accomplished 

8

Temperature Programmed Desorption set up

Important:

• Ionization chamber IC1 (or IC2) signal is proportional to tritium in both molecular 
forms: HTO and HT

• Ionization chamber IC3 signal is proportional to tritium in a molecular form of HT
• Absolute amount of released tritium is measured with LSC

Purge gas: 45 ml/min of He+0.1%H2 Anneal rate = 0.5 �C/min
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Measured tritium inventory

units E-8/3 E-8/7 E-8/8 PBA HIDOBE-01

T measured μCi/mg 0.6-1.7 1.1-3.9 0.3-1.8 55-64 480-540 (425�C)
645-762 (525�C)
450-645 (650�C)

6-50 (750�C)
T calculated μCi/mg 1.32 5.61 3.09 61 566 (425�C)

685 (525�C)
810 (650�C)
917 (750�C)

He calculated appm 100 283 259 183 1850-2980

Tirr �C 650-690 460-620 510-600 220-480
320-570

425,525,650,750

10

Tritium retention in irradiated 
beryllium
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EXOTIC-8: Low temperature
HTO release
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Deuterium implantation/exposure 
experiments in the literature

5 keV D implantation
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A.V. Markin et al. / Journal of Nuclear 
Materials 233-237 (1996) 865-869

A.V. Fedorov, A. van Veen, G.J. 
Busker, Proc. 3rd BeWS, 1997,Mito, 
Japan, p152

0.7 keV D implantation Surface exposure to D

Lossev, J. Kuppers, JNM 196-198
(1992) 953-957
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HIDOBE-01 TPD results

0 200 400 600 800

0

1

2

3

4

5

6

x 10
11

T �C

T/
se

c/
m

g

HT 425�C
HT 650�C
HTx10 750�C

0 200 400 600 800 1000
-1

0

1

2

3

4

5

6
x 10

11

T �C

T/
se

c/
m

g
HT 525�C
HTx100 750�C

0.5 mm pebbles 2 mm pebbles 

Observations:
• Two contributions are identified: 

1) irregular bursts at 600-820 �C,
2) well defined high temperature release at 880 �C

• Position of the high temperature peak (880 �C) does not depend on the tritium 
inventory and apparently defined by helium release

• The 0.5 mm pebbles (consisting of 1-2 grains) do not show the burst release at 600-
820 �C

14

HIDOBE-01: State of the surface

1 mm pebbles, Tirr = 525 �C

2 mm pebbles, Tirr = 650 �C
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OM&SEM results: Network of channels
2 mm pebbles, Tirr = 750 �C 1 mm pebbles, Tirr = 525 �C

2 mm pebbles,  Tirr = 750 �C
same morphology?
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HIDOBE-01: irradiation and TPD 

2 mm pebbles, Tirr = 750 �C + TPD at Tmax = 900 �C

The final structure 
does not depend on 
Tirr (Tritium content); 
but is defined by Tmax
and Helium content.
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Discussion

Solubility
ES = 1 eV (Swansiger)

Diffusion
Em = 0.3 eV (Abramov)
Em = 0.2 eV (Jones and R. Gibson)

Dissociation
ED = 0.8-1 eV (Wampler)
ED = 0.87 eV (450 K) (Be, Lossev&Kuippers)
ED = 0.61 eV (320 K) (BeO, Lossev&Kuippers)

Permeation (gas driven)
ES + Em = 0.28-0.91 (Al’tovskiy)

Trapping at Helium bubbles
Tdiss = 873 K, ES = 2.7 eV (Wampler)
Tdiss = 1000 K, ES = 2.7 eV (Fedorov)
Tdiss = 850-1050 K, ES = 2.2-2.8 eV (no 
He, Markin)

Why tritium does not permeate from helium 
filled voids until 800 �C (1023 K) ?

ES EC

ED

EA

EB EmEdiss=2.25

1/2T2

T2
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Modeling of TPD results 
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Modeling of HIDOBE and HCPB 
irradiation conditions
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Conclusions

1. Tritium retention in beryllium under irradiation below 600�C is ~ 100%. Tritium does not 

effectively permeate out of the helium-tritium filled bubbles (or cavities) until 650 �C.

2. At irradiation temperatures above 600 �C tritium retention decreases and drops to less 

than 5% at 750�C

3. At least three release mechanisms are identified:

1. Surface release at ~ 180-210 �C in HTO molecular form, with associated               

ED = 0.8-1 eV

2. Burst type release observed at 600-800 �C (can disappear if pebble size 

comparable to the grain size)

3. High temperature release at ~880 �C (does not depend on the tritium content!) 

4. At 800-900 �C Helium forms an extended network of channels, which are apparently

responsible for the tritium release
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HFR
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Discussion

Solubility
ES = 1 eV (Swansiger)

Diffusion
Em = 0.3 eV (Abramov)
Em = 0.2 eV (Jones and R. Gibson)

Dissociation
ED = 0.8-1 eV (Wampler)
ED = 0.87 eV (450 K) (Be, Lossev&Kuippers)
ED = 0.61 eV (320 K) (BeO, Lossev&Kuippers)

Permeation (gas driven)
ES + Em = 0.28-0.91 (Al’tovskiy)

Trapping at Helium bubbles
Tdiss = 873 K, ES = 2.7 eV (Wampler)
Tdiss = 1000 K, ES = 2.7 eV (Fedorov)
Tdiss = 850-1050 K, ES = 2.2-2.8 eV (no 
He, Markin)

ES=1
EC=0.2

ED=0.8

EA=2

EB=0.4 Em=0.3
Ediss=2.25

1/2T2

T2

0.6

Why tritium does not permeate from 
helium filled voids until 800 �C (1023 K) ?
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Extra slides
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Extra slides
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Extra slides
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HIDOBE-01: Interconnected bubbles
0.5 mm pebbles, Tirr = 650 �C

2 mm pebbles, Tirr = 750 �C
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HIDOBE-01: irradiation and TPD
2 mm pebbles, Tirr = 525 �C + TPD at Tmax = 900 �C
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Experiment units HIDOBE-01

Duration FPD 649

� (En>1 MeV) �1025 m-2 5.6-8.9

Tirr �C 425, 525, 650, 750

Tritium in Be appm 176-285

Helium in Be appm 1890-2950

HIDOBE-01
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Physical properties of beryllium

  EXOTIC-8/3,-8/7,-8/8 PBA HIDOBE-01 

Producer Brush Wellman NGK NGK 

Theoretical density, g/cm3 1.850 1.850   

Pebble density, % TD 98 n.a.   

Closed pore volume, % 0.86 n.a.   

Pebble size, mm 0.08-0.18 0.7-1.3 0.42-0.6 (0.5 mm) 

0.85-1.18 (1mm) 

1.70-2.36 (2 mm) 

Pebble bed density, g/cm3 1.17 1.14   

30

Exotic- 8/3, 8/7 and 8/8 irradiations

Experiment units E-8/3 E-8/7 E-8/8

Duration FPD 201 648 450

� (En>0.1 MeV) �1025 m-2 1.3 3.7 3.0

Tirr �C 330-680 460-620 510-600

Tritium in Be appm 0.41 1.73 0.95

Helium in Be appm 100 283 260

Ceramic material Li2TiO3+Te Li2TiO3 Li4SiO4

Be provider: FZK(KIT) plasma spray
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Pebble Bed Assembly (PBA) Irradiation

Experiment units PBA

Duration FPD 294

� (En>0.1 MeV) �1025 m-2 2.4-3.6

Tirr �C 220-480 TE#2 (upper bed)
320-570 TE#2 (lower bed)

Tritium in Be appm 19

Helium in Be appm 183

Be provider: FZK(KIT) plasma spray

32

PBA: TPD results
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Pebble Bed Assembly (PBA) Irradiation

Positions of thermocouples Axial temperature profile
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Chemical composition of beryllium
Element units EXOTIC-8/3, 8/7, 8/8 

Brush Wellman 

PBA, NGK pebbles HIDOBE-01, NGK pebbles 

Be wt % 99.4 n.a. 99.0-99.5 

BeO wt % 0.34 n.a. 0.36 

Fe wt % 0.09 0.09 0.088-0.094 

C wt % 0.07 0.07  

Al wt % 0.04 0.04 0.047-0.48 

B wt % - 0.04  

Mg wt % <0.01 0.02 0.018-0.024 

Si wt % 0.03 n.a. 0.027-0.029 

Cl wppm < 100 100  

F wppm 80 80  

Mn wppm 80 80  

Ni wppm 60 60  

Cu wppm 40 40  

Co wppm 5 10 < 10 

W wppm 100 100  

U wppm 30 100 < 100 
Cr wppm 50 50  

Sc wppm   < 50 



35

Computed tomography on neutron 
irradiated beryllium

A. Möslang et al, JNM 2008

Helium 480 appm,

Tritium 12 appm,

Tirr = 770K,

Tann =  1500 K

36

Irradiation in High Flux Reactor, Petten
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Helium Cooled Pebble Bed EU concept
9Be+n 
2 4He+2n (En > 2.7 MeV)

9Be+n
6He+3H (En > 0.6 MeV)
6He
6Li+�-+�
         6Li+n
4He+3H+4.8 MeV

9Be+n
7Li+3H (En > 10.5 MeV)
7Li+n
4He+3H+n (En > 2.5 MeV)

or Li2TiO3 pebbles

Li4SiO4 pebbles Be pebbles



PRELIMINARY RESULTS ON PIE 
OF RUSSIAN PELLET GRADES

IRRADIATED IN HIDOBE-01

S. van Til, A.V. Fedorov
A.J. Magielsen, M. Stijkel, 

H.L. Cobussen

HIDOBE-01
12 drums

3 drum types
19 different grades of beryllium

i.e.- pebbles (4xEU, 5xJP) 
- pellets (6xRF, 3xJP)

4 temperature zones 
425oC, 525oC ,650oC ,750oC

B: 425oC

C: 425oC

B: 525oC

C: 525oC

B: 650oC

C: 650oC

B: 750oC

C: 750oC

A: 750oC

A: 650oC

A: 525oC

A: 425oC

Drum 2-3

Drum 4-5

Drum 6-7

Drum 8-9

Drum 10

Drum 11

Drum 12

Drum 13

Supplier Name BeO
(wt%)

Density
(g/cm3)

Specimen sizes
(mm)

specification

1 RF/VNIINM DDR grade 3.5-4.0 1.88 Ø6x2, Ø3.5x6, Ø3.5x2.5 grain size 5-8 micron
2 RF/VNIINM TIP grade 1.2-1.4 1.86 Ø6x2, Ø3.5x6, Ø3.5x2.5 grain size 10-14 micron
3 RF/VNIINM TIP-56 grade 0.4-0.6 1.85 Ø6x2, Ø3.5x6, Ø3.5x2.5 grain size 20-25 micron
4 RF/VNIINM TIP-200 grade 0.2-0.3 1.85 Ø6x2, Ø3.5x6, Ø3.5x2.5 grain size 55-60 micron
5 RF/VNIINM Porous Be 1.5 1.44 Ø6x2, Ø3.5x6, Ø3.5x2.5 ~20% porosity
6 RF/VNIINM Porous Be 1.5 1.25 Ø6x2, Ø3.5x6, Ø3.5x2.5 ~30% porosity
7 EU/FZK NGK pebbles 0.36 0.5 pebbles
8 EU/FZK NGK pebbles 0.36 1.0 pebbles (2003)
9 EU/FZK NGK pebbles 1.0 pebbles (2001)
10 EU/FZK NGK pebbles 0.36 2.0 pebbles
11 JP/JAERI Be Electrode 0.02 1.84 Ø8x2 discs
12 JP/JAERI Be12Ti-5at%Ti 0.26 2.12 Ø8x2 discs
13 JP/JAERI Be12Ti-7at%Ti 0.27 2.25 Ø8x2 discs
14 JP/JAERI JP pebble 1 0.21 1.0 standard
15 JP/JAERI JP pebble 2 0.22 1.0 standard
16 JP/JAERI JP pebble 3 0.23 1.0 low cost
17 JP/JAERI JP pebble 4 1.10 1.0 low cost
18 JP/JAERI JP pebble 5 1.35 1.0 low cost
* grade 1  to 4, one specimen D3.5x6 and D3.5x2.5 will be covered with BeO coating, 5 um
* grade 1  to 4, two TEM specimens will be cold worked



Loading matrix (+ retrieved)

3

Total 
a* c O samples

1 RF/VNIINM DDR grade Swelling �3.5x5.5 425, 525, 650, 750 2 1 1 16
Tritium �3.5x2.5 425, 525, 650, 750 7 2 1 40

425, 525 4 4 0 16
650, 750 6 2 0 16

disc 6 �6x2 425, 525, 650, 750 3 0 0 12
2 RF/VNIINM TIP grade Swelling �3.5x5.8 425, 525, 650, 750 2 1 1 16

Tritium �3.5x2.5 425, 525, 650, 750 7 2 1 40
425, 525 4 4 0 16

650, 750 6 2 0 16
disc 6 �6x2 425, 525, 650, 750 3 0 0 12

3 RF/VNIINM TIP-56 grade Swelling �3.5x6.1 425, 525, 650, 750 2 1 1 16
Tritium �3.5x2.5 425, 525, 650, 750 7 2 1 40

425, 525 4 4 0 16
650, 750 6 2 0 16

disc 6 �6x2 425, 525, 650, 750 3 0 0 12
4 RF/VNIINM TIP-200 grade Swelling �3.5x6.4 425, 525, 650, 750 2 1 1 16

Tritium �3.5x2.5 425, 525, 650, 750 7 2 1 40
425, 525 4 4 0 16

650, 750 6 2 0 16
disc 6 �6x2 425, 525, 650, 750 3 0 0 12

5 RF/VNIINM Porous Be ~20% porosity Swelling �3.5x6 425, 525, 650, 750 12
Tritium �3.5x2.5 425, 525, 650, 750 24
disc 6 �6x2 425, 525, 650, 750 12

6 RF/VNIINM Porous Be ~30% porosity Swelling �3.5x6 425, 525, 650, 750 12
Tritium �3.5x2.5 425, 525, 650, 750 24
disc 6 �6x2 425, 525, 650, 750 12

* - a: annealed, c: coldworked, O: BeO coated samples 496

Grd. Supplier name
Num /Temperature

grain size 5-8 
micron, ~3.5-
4.0wt% BeO

�3x0.4

specs Specimen size Temperatures

TEM �3x0.4

grain size 10-
14 micron, 
~1.2-1.4wt% 
BeO

TEM

grain size 55-
60 micron, 
~0.2-0.3wt% 
BeO

TEM �3x0.4

grain size 20-
25 micron, 
~0.4-0.6wt% 
BeO

3
3
6
3

TEM �3x0.4

3
6

Tirr total RF pellets loaded RF pellets retrieved
425 drum 2 70 70
425 drum 3 22 22
525 drum 4 70 70
525 drum 5 22 22
650 drum 6 69 53
650 drum 7 22 22
750 drum 8 70 0
750 drum 9 22 16

total 367 275

PIE plan
Boundary conditions:
• Budget:   ~100k€
• Runtime: ASAP – ~15.12.2012

The following measurements are planned:
• Dimensions and densities
• Tritium release
• Diffusivity / Conductivity : LFA
• Microscopy (SEM/OM + microhardness?)

4



RF HIDOBE-01: global PIE plan

5

Total measurements (still decide on a,c or O)

DimDens T-release LFA TEM

OM / 
microhar

dness SEM
1 RF/VNIINM DDR grade Sw elling �3.5x5.5 3 3

Tritium �3.5x2.5 7 2
disc 6 �6x2 2 3 2 2

2 RF/VNIINM TIP grade Sw elling �3.5x5.8 0
Tritium �3.5x2.5 7 2
disc 6 �6x2 2 3 2 1

3 RF/VNIINM TIP-56 grade Sw elling �3.5x6.1 0
Tritium �3.5x2.5 7 2
disc 6 �6x2 2 3 2 1

4 RF/VNIINM TIP-200 grade Sw elling �3.5x6.4 0
Tritium �3.5x2.5 7 3
disc 6 �6x2 2 3 2 1

5 RF/VNIINM Porous Be ~20% porosity Sw elling �3.5x6

Tritium �3.5x2.5 3 3
disc 6 �6x2 4 4 2 2

6 RF/VNIINM Porous Be ~30% porosity Sw elling �3.5x6

Tritium �3.5x2.5 3 3
disc 6 �6x2 4 4 2 1

53 18 20 0 12 8
a=annealed ; c = cold-worked ; O = BeO-coated

grain size 10-14 micron, 
~1.2-1.4w t% BeO

grain size 20-25 micron, 
~0.4-0.6w t% BeO

grain size 55-60 micron, 
~0.2-0.3w t% BeO

Grd. Supplier name specs Specimen size

grain size 5-8 micron, ~3.5-
4.0w t% BeO

Dismantling: Extracting pellets

First ‘pushing device’ (left) was 
developed. This turns out to be ‘too 
imprecise’ for pellets.

A ‘suction cup device’ (bottom) was 
developed to take out pellets, one by 
one.

Total of 451 pellets in all B and C 
drums.



Results on TIP and DDR grades (immersion)

7

Results on 20% and 30% porous beryllium

8



9

TPD results

1F1: DDR grade 425 �C
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3G1: TIP grade 425 �C

Conclusions

• The PIE plan and sample matrix are defined
• Most of the specimens are retrieved from the drums and 

are schedules for measurements
• The measurements and analysis of the data are in 

progress

10



Dimensions and densities

Dimensions of most pellets:

Ø3.5mm x 2.5mm  
� volume ~ 0.025 cm3

Problem for:
immersion?   

(only 40-50 mg)
pycnometry?
     (<10% chamber vol. 

Incl. calibration 
volume?)

No hassle of shooting pebbles

11

425 525 650 750

1 RF/VNIINM DDR grade �3.5x5.5 a , c , O
�3.5x2.5 c, O a , c, O c , O
�6x2 a a

2 RF/VNIINM TIP grade �3.5x5.8

�3.5x2.5 O a , c  , O a, c , O
�6x2 a a

3 RF/VNIINM TIP-56 grade �3.5x6.1

�3.5x2.5 O a , c, O a , c , O
�6x2 a a

4 RF/VNIINM TIP-200 grade �3.5x6.4

�3.5x2.5 c, O a , c, O c , O
�6x2 a a

5 RF/VNIINM Porous Be �3.5x6

�3.5x2.5 1 1 1
�6x2 1 1 1 1

6 RF/VNIINM Porous Be �3.5x6

�3.5x2.5 1 1 1
�6x2 1 1 1 1

a=annealed ; c = cold-worked ; O = BeO-coated
total/T 14 16 16 7
total 53

Grd. Supplier name size

DimDens

Tritium release

volume ~ 0.025 cm3

Either 
0.5K/min or 
1.0 K/min

12

425 525 650 750

1 RF/VNIINM DDR grade �3.5x5.5 a , c , O
�3.5x2.5 a a
�6x2

2 RF/VNIINM TIP grade �3.5x5.8

�3.5x2.5 a a a
�6x2

3 RF/VNIINM TIP-56 grade �3.5x6.1

�3.5x2.5 a a
�6x2

4 RF/VNIINM TIP-200 grade �3.5x6.4

�3.5x2.5 a, O a, c, O
�6x2

5 RF/VNIINM Porous Be �3.5x6

�3.5x2.5 1 1 1
�6x2

6 RF/VNIINM Porous Be �3.5x6

�3.5x2.5 1 1
�6x2

a=annealed ; c = cold-worked ; O = BeO-coated
total/T 7 2 8 3
total 20

Grd. Supplier name size

T-release



LFA

Measurement details?

Ø6.0mm x 2mm  

Texp    ����irr  ?

Other prerequisites?

13

425 525 650 750

1 RF/VNIINM DDR grade �3.5x5.5

�3.5x2.5

�6x2 a a a
2 RF/VNIINM TIP grade �3.5x5.8

�3.5x2.5

�6x2 a a a a
3 RF/VNIINM TIP-56 grade �3.5x6.1

�3.5x2.5

�6x2 a a a
4 RF/VNIINM TIP-200 grade �3.5x6.4

�3.5x2.5

�6x2 a a a
5 RF/VNIINM Porous Be �3.5x6

�3.5x2.5

�6x2 1 1 1 1
6 RF/VNIINM Porous Be �3.5x6

�3.5x2.5

�6x2 1 1 1

a=annealed ; c = cold-worked ; O = BeO-coated
total/T 6 4 6 4
total 20

Grd. Supplier name size

LFA

OM/SEM
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425 525 650 750 425 525 650 750

1 RF/VNIINM DDR grade �3.5x5.5 a a
�3.5x2.5

�6x2 a a
2 RF/VNIINM TIP grade �3.5x5.8

�3.5x2.5

�6x2 a a a
3 RF/VNIINM TIP-56 grade �3.5x6.1

�3.5x2.5

�6x2 a a a
4 RF/VNIINM TIP-200 grade �3.5x6.4

�3.5x2.5

�6x2 a a a
5 RF/VNIINM Porous Be �3.5x6

�3.5x2.5

�6x2 1 1 1 1
6 RF/VNIINM Porous Be �3.5x6

�3.5x2.5

�6x2 1 1 1

a=annealed ; c = cold-worked ; O = BeO-coated
total/T 3 3 4 2 1 2 3 2
total 12 8

Grd. Supplier name size

SEMOM

Overlap in samples between OM and SEM

- Microhardness available?
- 4 x samples in 1 holder? 

- (same shape / size) 
- little variation in hardness(?)

- Orientation pellets to be decided



Request (actions)
Check estimated hours (once more)

15

Measurement
Man 

hours
Man hour

Costs (in €) 
Required 
resources

Resource 
hours

Resource
Costs (in €) Remarks

Cost per 
test

Dose rate measurements (G1) 0.5 60 G1 0.5 45 105

Set of
Dimension (optical)
Density (immersion)

He-Pycnometry
Mass

Tritium release (TPD) 5 625 TPD Glove box (Use >24h)
350

** max. 1 
measurements/week; incl 
LSC (bubbler) 975

Dissolution H-3 (LSC) 3 375 cabinet, LSC 3 60 435
Dissolution Li (MS) 3 375 cabinet, MS 3 350 MS hours + prep in zuurkast 725

LFA (glove box g-cell) 2 240 GB behind G 8 160 Sample limit of 2 mSv/hr 400

OM (x-section) 4 380 F-cells in HCL 4 280 incl. initial sample 760
SEM (x-section) 2 240 F-cells in HCL 4 280 530

TEM 4 480 TEM in JGL 4 280 760

375
when done in one 'go' ; incl. 

dose rate 435

** TPD price alternatively estimated

3
Glove boxes

 T-lab 3 60

Planning (work- and runtime)

Loading matrix (+ retrieved)

16

Total 
a* c O samples

1 RF/VNIINM DDR grade Swelling �3.5x5.5 425, 525, 650, 750 2 1 1 16
Tritium �3.5x2.5 425, 525, 650, 750 7 2 1 40

425, 525 4 4 0 16
650, 750 6 2 0 16

disc 6 �6x2 425, 525, 650, 750 3 0 0 12
2 RF/VNIINM TIP grade Swelling �3.5x5.8 425, 525, 650, 750 2 1 1 16

Tritium �3.5x2.5 425, 525, 650, 750 7 2 1 40
425, 525 4 4 0 16

650, 750 6 2 0 16
disc 6 �6x2 425, 525, 650, 750 3 0 0 12

3 RF/VNIINM TIP-56 grade Swelling �3.5x6.1 425, 525, 650, 750 2 1 1 16
Tritium �3.5x2.5 425, 525, 650, 750 7 2 1 40

425, 525 4 4 0 16
650, 750 6 2 0 16

disc 6 �6x2 425, 525, 650, 750 3 0 0 12
4 RF/VNIINM TIP-200 grade Swelling �3.5x6.4 425, 525, 650, 750 2 1 1 16

Tritium �3.5x2.5 425, 525, 650, 750 7 2 1 40
425, 525 4 4 0 16

650, 750 6 2 0 16
disc 6 �6x2 425, 525, 650, 750 3 0 0 12

5 RF/VNIINM Porous Be ~20% porosity Swelling �3.5x6 425, 525, 650, 750 12
Tritium �3.5x2.5 425, 525, 650, 750 24
disc 6 �6x2 425, 525, 650, 750 12

6 RF/VNIINM Porous Be ~30% porosity Swelling �3.5x6 425, 525, 650, 750 12
Tritium �3.5x2.5 425, 525, 650, 750 24
disc 6 �6x2 425, 525, 650, 750 12

* - a: annealed, c: coldworked, O: BeO coated samples 496

Grd. Supplier name
Num /Temperature

grain size 5-8 
micron, ~3.5-
4.0wt% BeO

�3x0.4

specs Specimen size Temperatures

TEM �3x0.4

grain size 10-
14 micron, 
~1.2-1.4wt% 
BeO

TEM

grain size 55-
60 micron, 
~0.2-0.3wt% 
BeO

TEM �3x0.4

grain size 20-
25 micron, 
~0.4-0.6wt% 
BeO

3
3
6
3

TEM �3x0.4

3
6
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1. Introduction



Background

JAEA and MBBe&C started a cooperative study to 
find a  new grade of beryllium which will offer both 
environmental and economical improvements.

Same beryllium has been used as neutron reflector
in materials testing reactors for about 50 years.

How  many years w ill be same material used?

Additional considerations rising in importance
  - Reduction of irradiated beryllium waste
  - Rationalization of fabrication cost

Our task is to develop special beryllium which can be used for a longer 
time under neutron irradiation than the current grade of material

1

Object for Beryllium Reflector of JMTR
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: Fuel element
: Control rod with fuel follower 

: Aluminum reflector element

: Beryllium reflector element
: Beryllium frame

Core arrangement of JMTR

2

SStatus of Beryllium Frame in JMTR
Beryllium Grade : S-200F
Frame Usage Period : about 5 years

      (av. 0.3x1026 /m2 (E>1MeV), 36,000MWD)
Period for Exchange : about 45 days*
Used Be Frame : Storage in Canal

* : Actual working in reactor site

Exchange of Be frame : FY2016
Beryllium Grade : New Grade
Frame Usage Period : 15-20 years

       (av.1.5x1026 /m2 (E>1MeV), 180,000MWD)

Improvement of Beryllium 

[Conditions]
  Thermal Power : 50MW
  Max. Fast Neutron Flux : 4x1018 /m2/s
  Max. Thermal Neutron Flux : 4x1018 /m2/s
  Max. Temperature : about 100�C
           (Temp. of cooling water : about 50�C)
  Operating Pressure : 1.5MPa
  Flow rate : 11m/s
  Cooling water (Light water) : pH5.5 – pH7.0



Results of Irradiated Beryllium in JMTR

Deformation of Beryllium Frame Irradiation of Beryllium Samples

JMTR operation : 165 cycles for 38 years 
Replacement of Be frames : 6 times

Deformation Measurement

Deformation increased with 
increasing operation time 
for accumulation of helium.

[Irradiation Conditions]
Cycle : 100 cycles
Temperature : about 50�C
Atmosphere : Cooling water

Corrosion of the beryllium 
surface resulted after a long 
period of irradiation.
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0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Operating Time (x104 MWD)

Max. deformation 1.315 mm

27 cycles

- Evaluation of mechanical properties
- Resolution of corrosion mechanism

: 4th generation (1989 - 1996)
: 5th generation (1997 - 2002)

3

Test Flow for Lifetime Expansion

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

Resolution of 
Irradiation Effect

Characterization
    - Physical properties
    - Mechanical properties
    - Chemical properties
    - Microstructure

Analysis and Evaluation for Lifetime Extension

Database Construction 
for un-irradiated Be

Irradiation tests
under cooperative study

Characterization

Standardization 
of I rradiation Tests

New  PIE Technology

44



2. Selection and Preparation 

Material Selection for Lifetime Extension

55

[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.

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

VHP HIP

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

Powder-Metallurgy

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

Production of beryllium metal



S-200F Beryllium (VHP) Reference
Down-Selection Process for Be Grades

– Purity & Isotropy Combination : S-65-H
– Strength & Isotropy Combination : I-220-H

Selection of Beryllium Specimens

6

Density (g/cm3)
Grain size (�m)

Element (%)

Material Grade S-200F (1) S-65-H I-220-H
Beryllium metal

Dimension (mm)
S-200F (2)

15x10x1 �10x1.5

-

Be
BeO

Fe
Al

Si

98.60
1.90
0.01
0.06
0.02

99.40
0.70
0.04
0.08
0.02

99.00
1.00
0.05
0.12
0.03

99.10
1.10
0.04
0.10
0.03

10.3 6.9 5.6
1.856 1.855 1.848 1.861

Yield strength (MPa)
Elongation (%)

Tensile strength (MPa) 339 365 448 565
265 269 271 460
3.9 3.4 5.7 3.7

�10x1.5 �10x1.5

Remarks : S-200F (1) is the reserved sample.

Preparation of Beryllium Specimens
[Materion Brush Beryllium & Composites, USA]

Tensile 
Specimens

Impact
Specimens

�7 0.05
�4 0.05

�7 0.05
�4 0.05

�3 0.05

308 8
56 0.1

55 0.1

10

5

0.8

0.8

0.80.8

Bending 
Specimens

Disc
Specimens

(Unit : mm)

�101.5

0.10.1

40 0.1

4

3+0.1
-0

+
0.

1
-00.8

0.8 0.8

0.8
0.8

�31.0

Name Shape Photograph Fabrication Method

(for TEM)

Fabrication experiences of small size specimens with S-200F, S-65-H,
and I-220-H for material testing. 7

Conventional Lathe
Machining 

Conventional Mill
Machining 

Conventional Mill
Machining 

Conventional Lathe
Machining followed by
Polishing of Surfaces



3. Database Construction

Mechanical Properties of Beryllium

88

Factor Grade
Be Assay YS UTS El GS
min typ min typ min typ min typ max

(%) (MPa) (MPa) (%) (μm)

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 5.2 20

Isotropy

S-65-H 99.0 99.4 206 280 345 450 2.0 5.1 15
I-70-H 99.0 99.4 207 290 345 460 2.0 5.4 12
O-30-H 99.0 99.5 297 302 400 425 3.0 3.1 15

Strength
S-200F-H 98.5 99.1 296 336 414 450 3.0 4.6 12
I-220-H 98.0 98.6 345 498 448 577 2.0 3.2 15

S-200F Beryllium (VHP) Reference
Down-Selection Process for Be Grades

– Purity & Isotropy Combination : S-65-H
– Strength & Isotropy Combination : I-220-H



Corrosion Test of Beryllium in Pure Water

[Test Conditions]
Temperature : 50�C
Corrosion Time : 3300, 5200 and 8300h
Properties of Water

1) Electric conductivity :<4�S/cm
2) pH5.5-7

S-200F

S-65-H

I-220-H

before 3300h

White product was generated on the 
surface of each Be specimen.

Test Procedure Photograph of Specimens

Thermocouple (T/C)

Thermostatic oven

T/C
Glass vessel

Teflon jig
(Be specimens)

Teflon jig
(Blank)

Computer Data logger

It is important to perform the characterization of the different grade beryllium for life
time expansion evaluation and corrosion test of these beryllium samples were
carried out under pure water.

9

Characterization of Beryllium after Corrosion Tests

XRD Measurement Weight Change

White product : Be(OH)2
Corrosion resistance of beryllium

Content of BeO 10
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8

The Be peaks decreased after the corrosion
test, the peaks corresponding to BeO were
almost the same intensity before/after the
corrosion test.

The weight change of S-200F was
larger than that of I-220-H.



Surface Analysis after Corrosion Test

Analyzer

Sample

Manipulator

QMS

Ion gun

RP TMP SIP

X-ray source
(Mg K�)Analyzer

Sample

Manipulator

QMS

Ion gun

RP TMP SIP

X-ray source
(Mg K�)

[Measuring Conditions]
(1) Temperature : Room temp. (about 293 K)
(2) Atmosphere  : Vacuum (<1 10-7 Pa)

Preliminary ResultsX-ray photoelectron spectroscopy
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It is necessary to measure the oxidation property for the elucidation of
corrosion mechanism in the cooling water. Thus, the surface analysis of
beryllium samples is carried out by X-ray photoelectron spectroscopy (XPS).

11

[[University of Toyama, Japan]

Non-destructive Test of Beryllium Specimens

Preliminary Results for Sound Velocity and Resistivity

12

It is necessary to detect defects in irradiated beryllium by non-destructive testing for 
effective reactor management. Therefore, the properties of beryllium samples before 
irradiation are measured using an Electro-magnetic Acoustic Transducer (EMAT) and 
electrical resistor.

Sound Velocity (km/s)
Transverse wave (VT)

Grade S-200F (1) S-65-H I-220-H
Materials Un-irradiated Beryllium Metal

Dimension (mm)
S-200F (2)

15x10x1 �10x1.5

9.21 9.20 9.17 9.19

Resistivity (x 10-8 �-m)
Longitudinal wave (VL) 12.86 12.76 12.74 12.68

4.41 4.35 3.93 4.34

�10x1.5 �10x1.5

In future plans, the sound velocity and resistivity of irradiated S-200F, 
S-65-H and I-220-H will measured after irradiation testing in JRR-3.

Consideration and evaluation of measurement data
Calculation of mechanical properties

[NFD, Japan]



4. Irradiation Tests

Candidate Reactors for the Irradiation Tests

113

Reactor JMTR JRR-3M OPAL HFR BR2 ATR HFIR SM-3 WWR-K

Country Japan Japan Australia Netherlands Belgium USA USA Russia Kazakhstan

Reactor power 
(MW) 50 20 20 45 50-80 250 85 100 6

Coolant Light 
water

Light 
water

Light 
water Light water Light 

water
Light 
water

Light 
water

Light 
water Light water

Coolant Temp. ����	�

��
����


������

��
����
 - - 40-���
 57-���
 - - -

Refractor Be Be, D2O, 
H2O

D2O Be Be Be Be Be, H2O H2O

Moderator Light 
water

Light 
water

Light 
water Light water Light 

water
Light 
water

Light 
water

Light 
water Light water

Fast Neutron 
Flax (max.)

(m-2s-1)
4.0�1018 1.4�1018 2.1�1018 4.6�1018 7.0�1018 1.8�1018 1.0�1019 2.0�1019 8.0�1017

Thermal 
Neutron Flax 

(max.) (m-2s-1)
4.0�1018 2.7�1018 3.0�1018 2.7�1018 1.0�1019 8.5�1018 2.1�1019 5.0�1019 2.0�1018

� Heating
(�10-3 W kg-1) 0.1-10 0.25-6.6 - 6-12 13-15 0.02-20 - - -

: Start of irradiation tests

http://www.iaea.or.at/worldatom/rrdb/

: under negotiation for irradiation tests



Irradiation Tests in JAEA (1)
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Irradiation Conditions (1st Test)

Configurations of Irradiation Capsule

- Reactor JRR-3M
- Neutron Fluence (E>1MeV) 1 point (3 x 1025 n/m2)
- Atmosphere 2 points (water, He gas)
- Irradiation Temperature 2 points (water temp., 150-200�
�
- Evaluation of He Generation (Calculated by MCNP, etc.)

The first irradiation test was carried out from March 2010 to November 2010
in JRR-3M. Now, transport from Tokai to Oarai and PIEs are planned.
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Irradiation Tests in JAEA (2)
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Irradiation Conditions (2nd Test)

Irradiation Positions and Test Specimens

- Reactor JMTR
- Neutron Fluence (E>1MeV) 4 points
                                    (0.3, 1, 1.5 and 2.0 x 1026 n/m2)
- Atmosphere 1 points (water)
- Irradiation Temperature 1 points (water temp.)
- Evaluation of He Generation (Calculated by MCNP, etc.)
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The 2nd Irradiation test is planned in JMTR. The irradiation test began after
JMTR re-start and the irradiation capsules were fabricated for the tests.
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low
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low

up

low

Inner 1

Inner 2

Inner 3

Inner 4

Irradiation holes
(E-8 and E-9)

Test Specimens
- Tensile Specimens
- Bending Specimens
- Impact Specimens

Inner 1&4 Inner 2&3

Inner 1 and 2 will produced from the capsule 
between the irradiation cycles in the JMTR/HL.



Irradiation Test Program under ISTC Project

- Neutron Fluence (E>1MeV) : 1x1024 n/m2

- Irradiation Temperature : ~40�
 in water

: FA-I

��� : Control rod 

: Displacer

: Neutron guide

: Irradiation channel

: FA-II

���

���

��

���

���

���

���

���

Irradiation Test
Be specimens

Irradiation testing started at the WWR-K Reactor in Kazakhstan under ISTC partner
project from 9 March 2010.  Currently, the neutronics of the irradiation test was
carried out and the irradiation capsule has been carried out up to December 2011.

WWR-K core

Be Samples
- S-200F �10 1.5 mm 3 pieces
- S-65-H �10 1.5 mm 3 pieces
- I-220-H �10 1.5 mm 3 pieces

16

[INP-NNC, Kazakhstan]

Irradiation Conditions

Index Name Index 
magnitude

����
�����C 5.0 to 6.5
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) <
2.5 107

Chemical compositions of coolant in WWR-K

5. Conclusion



Summary

Material Selection of Beryllium Grades as MTR Reflectors was
discussed in the Be Specialist Meetings and the following items
were decided:

Selection of beryllium grades
  � Reference (S-200F), Isotropy (S-65-H), Strength (I-220-H)

High-irradiation tests for lifetime extension
  � Performance of irradiation tests (JRR-3, WWR-K, JMTR)
  � Selection of MTR for irradiation tests (ATR, SM-3, etc.)

Status of Be study
Preparation of Beryllium Specimens for irradiation tests
Irradiation tests in JRR-3 and WWR-K
Preparation of irradiation test in JMTR
Corrosion evaluation of Be specimens in out-of-pile test
Development of measurement techniques for new PIEs

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

117

Research Schedule for Lifetime Expansion

18

Items 2007 2011Year

Specialist Meeting

Planning

Irradiation tests
(each site)

2008 2009 2010 2012

Fabrication of
beryllium specimens

Fabrication of
Irradiation capsules

PIEs
(each site)

in US
(INL)

in EU
(Lisbon)

in JA
(Oarai)

Survey and decision of
Irradiation conditions

in EU
(NRI)

July

in US
(INL)

20142013 2015

in JA
(Oarai)

1st supply 2nd supply

Irr. Test (JRR-3)
Irr. Test (WWR-K)

Irr. Test (JJMTR)

PIEs (JRR-3)

PIEs (WWR-K)
PIEs (JMTR)

in US
(MURR)



Appendix

Beryllium is used in the research and 
testing reactors of 30% in the world. 

Ref. http://www.iaea.or.at/worldatom/rrdb/

No use beryllium reflector
Use beryllium reflector 

EU
(~75)

America
(~60)

ASIA
(~50)

Research and Test Reactors in the World

A-1

about 200 reactors in the world



General Properties of Beryllium

Properties Values

Density (g/cm3���
����
�

���
��������
���
�

1.8477 0.0007

1285 10
!�����������
���
� 2507-2970

Atomic weight 9.013 0.0004

"��#�$�#�'��
��;=@�=Q���
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�
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|��}=_=Q���
����
�
Thermal expansion (x10-6 �
�

1923
188
13

"����_�
��������
���
� 482 (BeCl2)

A-2

Beryllium surface forms a thin oxidation film by interacting with air like 
aluminum, and beryllium is highly resistant to corrosion in dry gases.

Status of Used Beryllium in MTR

• International Regulated 
Material

• Specific Chemical 
Material (BeO)

• Tritium included 
Material

• Activated Material

Waste which handling is difficult
and which is produced on and on.

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.

Amount of Storage of used beryllium
       Japan :   3        ton
       World :  30~40 ton

Characteristic

How many used beryllium in each testing reactor are all over the world?
And how does each testing reactor consider concerning the treatment of 
used beryllium?

Understanding of present condition

A-3



Issues of Used Beryllium

DDesign Modification
Lifetime Extension of Beryllium Reflector
Innovation of Beryllium Reflector Element

We should do our best by the change of material grades or 
fabrication method for lifetime extension besides.

Recycling Issue
Recycling of used Irradiated Beryllium 

How should “the recycle of used beryllium”  which is a common 
problem, be conducted ?

      
A-4

Experience in JMTR 
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Tensile Test Temperature : Room Temp.

: Tensile strength (JMTR)

Data in JMTR (JAEA)
�Q!����
���!�������������
�

: Tensile strength (JMTR)
�"��
���!�������������
�

�"�������!�������������
�
: Tensile strength (JMTR)

Improvement (?)

Independent Standard in JMTR
   : 36,000MWD (�f=~0.3�1026 n/m2)

Target values
   : 180,000MWD (�f=~1.5�1026 n/m2)

: Direct tensile strength
: Flexural strength
: Splitting tensile strength

Data in ETR or ATR
���
��^�����!��������������
�

Ref. : E.H. Smith, et al., CONF-730801, 1973.

Tensile strength of Be at low temp.
����!����^ �̂�
�_���������
�
  S-65C (Hot press), BeO;0.64%

: SM-����^ �̂�
�_��������
�
  TE-56 (Hot Extrusion), BeO;1.48%

Ref. : L.L. Snead, J. Nucl. Mater., 326 (2004).

Ref. : V. Chakin, J. Nucl. Mater., 367-370 (2007).

Investigation and evaluation of tensile strength of irradiated beryllium

A-5



New PIEs (1) - High Accuracy Measurement -

A-6

It is necessary to measure the size change and amount of bending of the 
test specimens after irradiation. Therefore, a highly accurate measurement 

device was developed.

Outline of  Device

Stage 
controller

Laser 
controller

Data collection

Specimen
Motorized 
stage

Laser unit

Laser unit

Motorized 
stage

Specimen 0 20 40 60 80 100 120
Driving distance of motorized stage (mm)

15.7

15.5

15.6

La
se

r 
in

te
ns

ity
 (

-)

Result of Bending Measurement

Direction : 0�
: before irradiation
: after irradiation

Length of specimen

Same distance

Measuring Direction
0�

90�~127mm

No bending or swelling of S-65 specimen 
up to ~1 1025 /m2 �
������




Experimental Simulation of Beryllium Damage Under Intense Transient Plasma Loads 

I.B. Kupriyanov, E.V. Basaleev, G.N. Nikolaev, L.A. Kurbatova, 

A.A. Bochvar Research Institute of Inorganic Materials, 123060, Moscow, Russia 

V.L. Podkovyrov, A.D. Muzichenko, A.M.Zhitlukhin 

TRINITI, Troitsk, Moscow reg., Russia 
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Abstract 

Recent results of the experimental simulation of beryllium damage under intense transient 

plasma loads are presented. The mock-ups of a special design armored with two beryllium 

targets (80 × 80 × 10 mm3) made of Russian TGP-56FW beryllium grade were tested by 

hydrogen plasma streams (5 cm in diameter) with pulse duration of 0.5 ms and heat load of 

0.5 - 1.0 MJ/m2. Experiments were performed at RT temperature. The evolution of surface 

microstructure, cracks morphology and mass loss/gain under erosion process on the beryllium 

surface exposed to up to 250 shots are demonstrated and discussed. 

*Corresponding  author.  Tel.:  7-499-190  8015,  fax:  7-499-196-4168.  E-Mail  address:  kupr@bochvar.ru; 

igkupr@gmail.com (I.B. Kupriyanov) 



Introduction 

Beryllium will be used as a plasma facing material in the next generation of tokamaks such as 

ITER. During plasma operation in ITER, the plasma facing materials and components in 

fusion reactors will be suffered by different kinds of loading which may affect their surface or 

their joint to the heat sink. In addition to quasi-stationary loadings which are caused by the 

normal cycling operation, the plasma facing components and materials may also be exposed 

to the intense short transient loads like disruptions, edge-localized modes (ELMs). All these 

events may lead to beryllium surface melting, cracking, evaporation and erosion. 

It is expected that the erosion of beryllium under transient plasma loads such as ELMs and 

disruptions will mainly determine a lifetime of ITER first wall. 

To obtain the experimental data for the evaluation of the beryllium armor lifetime and dust 

production under ITER-relevant transient loads, the advanced plasma gun QSPA-Be (quasi- 

stationary plasma accelerators) has been constructed in Bochvar Institute. 

This paper presents the results of the experiments with Russian TGP-56FW beryllium grade 

tested at  room temperature by  hydrogen plasma streams (5  cm in  diameter) with pulse 

duration of 0.5 ms and heat load of 0.5 - 1.5 MJ/m2. The evolution of surface microstructure, 

cracks  morphology  and  mass  loss/gain  under  erosion  process  on  the  beryllium  surface 

exposed to up to 250 shots are under consideration. 

2.  Materials and Experimental Procedur 



The QSPA-Be plasma gun facility, a quasi-stationary plasma accelerator [1] provides 

hydrogen (or deuterium) plasma heat loads corresponding to ITER ELMs and disruptions in 

the range of 0.2-5 MJ/m2 and pulse duration 0.5 ms (Fig. 1). 

The samples of TGP-56FW beryllium grade were investigated iinn ffoorrmm ooff ttiilleess wwiitthh 80×80×10 

mm in dimensions (Fig. 2). 

Initial properties of the TGP-56FW grade are presented in Table 1. Some cuts seen on these 

samples (Fig. 2) were made to investigate the leading edge melting. 

For these experiments the mock-ups have been manufactured which design allowed 

changing beryllium targets. The mock-up consists of stainless steel body, ceramic plate with 

heater,  two  beryllium  samples  to  be  changed  and  protecting  beryllium  frame.  The 

consequence of assembly of mock-up is shown in Fig. 3 and a planar view of mock-up with 

beryllium protection frame is shown in Fig.4. 

The mock-ups were irradiated by a hydrogen plasma stream (5 cm in diameter) with 

pulse duration of 0.5 ms and an average heat load of the plasma stream of 0.5, 1.0 and 

1.5 MJ/m2.  The  angle  between  plasma  stream  direction  and  mockup  surface  was  30 . 

Experiments were carried out at RT. For each tile the area exposed to plasma irradiation was 

80 × 60 mm2. 

The samples were exposed to up to 100-250 shots at different energy density. After 10, 

40,  100,  200  and  250  shots,  the  evolution  of  surface  macro-  and  microstructure  was 

investigated and beryllium mass loss measurements were performed. 

Weight of samples was measured by Shimadzu analytical balance with accuracy of 

0.1 mg. Mass loss/gain (Q) were calculated separately for each sample by the equation: 

Q = m /S N, where m = mi – mk is a mass change of Be tile between shots (i) and (k), S is a 



surface area of Be tile (60×80 mm2); N = Ni  – Nk  –number of shots with (i) =  10, 40, 100, 

200, 250 and (k) = 0, 10, 40, 100, 200, correspondingly. 

Microstructure of the samples was studied both by optical microscopy and SEM. 

3. Experimental Results 

3.1 Beryllium mass loss/gain 

Mass loss/gain dependencies obtained for two samples at 0.5, 1.0 and 1.5 MJ/m2 load energy 

are presented in Fig.5 a,b,c. The sample #1was situated farther from plasma stream, while the 

sample #2 was located closer. Distributions of absorbed energy (Fig.6 a,b,c) calculated in [2] 

using calorimetry data illustrate difference in energy conditions for the samples. 

At heat load 0.5 MJ/m2 only mass gain was revealed from beginning up to 250 shots for both 

samples. At loads of 1-1.5 MJ/m2 mass loss/gain for samples # 1 and # 2 were directed 

differently with mass loss for sample # 2 (closer to plasma stream), and mass gain for sample 

# 1 (farther from plasma stream). Total mass loss after 250 shots at different loads for the 

sample  #2  are  presented  in  Table  2  together  with  a  calculated  rate  of  erosion,  which 

correspond to these mass loss. One can see that the erosion of beryllium in plasma spot 

nonlinearly increases with transient heat load. 

3.2. Evolution of surface structure 

Optical microscopy and SEM revealed several surface processes taking place simultaneously 

on surface areas subjected to plasma stream loading: 

- Melting of surface in plasma steam and displacement of melt on the surface of the mock up; 

- Re-solidification of displaced melt; 

- Porosity formation in re-solidified displaced melt; 



- Formation of cracks due to high thermal stresses in surface layer; 

-  Deposition of sputtered metal in form of films, flakes, macro- and micro- particles. 

3.2.1. Surface structure under heat load 0.5 MJ/m2
 

Evolution of surface structure of the samples in mock-up subjected to with increase of shots 

number at heat load 0.5 MJ/mm2 is presented in Fig.7. 

Surface melting of samples was not revealed, except for leading edges. It could be explained 

by the density of absorbed energy which on the most part of surface is lower than the 

threshold of beryllium melting (~0.5 MJ/m2). According to calculations presented in [2], with 

the density of absorbed energy 0.5 MJ/m2 in the center of stream, the distribution of density 

ranges between 0.5 MJ/m2 in the stream axis and ~0.1-0.3 MJ/m2 on periphery of mock-up 

(Fig. 6, a). 

However, for the leading edges (the angle between plasma stream and edge surface  

= 70-90 ) the impact of plasma was more significant. It was experimentally determined that 

the threshold of melting for leading edges does not exceed 0.3-0.35 MJ/m2. Melted metal 

spreads and trickles among the surface and then crystallized in intervals between shots (Fig. 8 

a, b). Maximal distance of molten beryllium displacement was 60-65 mm. 

With increase of shot number, just beyond the melted area the “incrustations” of re- 

solidified metal with wave-like structure are formed from displaced molten beryllium (Fig. 8 

c, d). The same “incrustations” are also found on the periphery of the samples. A height of 

“incrustations” exceeds 0.5 mm. 

After 40 shots the first thin bridges with the thickness of 0.1-0.3 mm formed between 

the neighbouring elements of mock-up (Fig.8 e, f). Although with increase of shot number a 

quantity of these bridges increases, their common area does not exceed 15% of total area of 

gaps between beryllium tiles. It should be noted that the formation of such bridges can play 



positive part in ITER FW, since they are able to protect gaps between tiles against plasma 

touch, and by this means to eliminate a risk of heat sink structure (CuCrZr) damage. 

First cracks on beryllium surface were found even after 10 shots. Totally the cracks of 

5 types were revealed: 

- a net of visible cracks with a sell dimension of 1.5 × 3 mm (Fig. 9a); 

- single visible long (up to 30 mm) macro-cracks (Fig. 9b) 

- micro-cracks formed during the re-solidification (Fig. 9c,d); 

- single micro-cracks formed at the places of Be melting (Fig. 9e,f); 

- micro-cracks at non melted surface (Fig. 9g,h). 

The threshold of cracks formation determined experimentally did not exceed 0.2- 

0.25 MJ/m2.   With   increase   of   shot   number   a   density   of   surface   cracks   increased 

insignificantly. 

The investigations on a crack propagation into the body of samples revealed that a 

depth of most part of cracks is less than 50 μm (Fig. 10a). In the layer with this type of cracks 

(closest to surface) a great porosity was found as well. One can also see a limited amount of 

cracks with a depth of 200-250 μm in Fig. 10a. The only crack with a depth of 400 μm was 

found (Fig. 10b). Additionally in Fig. 10b one can see that a thickness of melted area is within 

5-100 μm. 

All cracks propagate perpendicular to samples surface or under a small angles. 

3.2.2. Surface structure under heat loads 1.0 and 1.5 MJ/m2
 

Evolutions of  surface structure of  samples with increase of  shots  number at  heat  loads 

1.0MJ/m2 and 1.5 MJ/mm2 are presented in Fig.11 and 12. 

In these cases the most parts of samples surface were melted, and noticeable 

displacement of molten beryllium over the mock-ups surface took place with a formation of 



wave-like surface structure. This behavior corresponds to the distributions of absorbed energy 

at 1.0 and 1.5 MJ/m2   (Fig. 6 b,c), where energy density exceeds the threshold of beryllium 

melting over the most part of samples surface. Again, the leading edges melted more 

intensively. 

After 10 shots at heat load 1.0 MJ/m2 gaps between the samples are partly filled with 

molten beryllium, and after 60 shots –gaps become fully filled with Be. As for heat load 

1.5 MJ/m2, gaps between the samples were fully filled with beryllium after 10 shots already. 

Under plasma irradiation at heat load 1.0 MJ/m2 a cavity was gradually forming on a 

surface of the sample #2 (Fig. 13) with a depth of ~3-3.3 mm after 250 shots, while the 

“incrustations” are simultaneously growing on a surface of the sample #1(Fig. 14) with a 

height of ~3-3.5 mm after 250 shots. 

Nevertheless,  with  all  this  (the  intensive  surface  melting  and  a  high  erosion),  the 

disintegration of all beryllium samples investigated did not happen. 

3.3.  Products of erosion (SEM) 

Different products of erosion are found on beryllium surface under plasma irradiation. Several 

types of erosion products (macro-particles, sub- micron particles, surface films, secondary 

solidified displaced melts and melt drops) mainly revealed by SEM in this study are shown in 

Fig. 14. 



Summary/Conclusions 

A new research instrument - plasma gun QSPA-Be was applied to obtain the data for 

evaluation  of  the  beryllium  armor  lifetime  under  ITER-relevant  transient  loads.   Mass 

loss/gain and surface structure of Be grade TGP-56FW were studied after plasma heat loads 

2 
of 0.5-1.5 MJ/ m . 

As a result of testing: 

- The dependencies of mass loss/gain on shots number were obtained. The tendency for a 

decrease with an increase of shots number was found for mass loss/gain values; 

-  The  products  of  erosion  formed  on  beryllium  surface  under  plasma  irradiation  were 

described, such as: macro-particles, flakes, drops, sub-micron particles and thin films; 

2 
- The threshold of cracks formation in beryllium was estimated near 0.2 MJ/m . 
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Figure captions 

Fig. 1 The QSPA-Be plasma gun facility: a – a view; b – a scheme 

Fig. 2 Be tiles with cuts made to investigate the leading edge melting 

Fig. 3 Design and a photo of a mock-up for experiments in the QSPA-Be plasma gun facility: 

a – heater, b – assembly of two beryllium plates, c – complete assembly with beryllium 

protection; d – assembly placement for plasma testing 

Fig. 4 Planar view of mock-up with beryllium protection frame 

Fig. 5 Mass loss/gain dependencies for two samples at different load energies: a - 0.5 MJ/m2; 

b - 1.0 MJ/m2; c - 1.5 MJ/m2
 

Fig. 6 Distribution of absorbed energy over samples surface area at different heat loads: a - 

0.5 MJ/m2; b - 1.0 MJ/m2; c - 1.5 MJ/m2
 

Fig. 7 Surface microstructure of beryllium before and after loading with heat energy 

0.5 MJ/m2
 

Fig. 8 Surface microstructure (optical microscopy) after loading with heat energy 0.5 MJ/m2: 

a,b,c – 10 shots; d – 100 shots; f - 40 shots 

Fig.9 Some types of cracks formed under plasma irradiation with load energy 0.5 MJ/m2: 

a,b,d,e,f,g – SEM; c,h – optical microscopy 

Fig.10 Cross section of samples after 250 shots at heat energy 0.5 MJ/m2 : a –cracks with the 

depths of 50 μm and 200 μm; b – the only crack with a depth of 400 μm 

Fig.11 Surface microstructure of beryllium before and after loading with heat energy 

1.0 MJ/m2
 

Fig.12 Surface microstructure of beryllium after loading with heat energy 1.5 MJ/m2
 

Fig.13 A view of beryllium samples after 250 shots with heat energy 1.0 MJ/m2
 

Fig.14 Products of erosion found on beryllium surface under plasma irradiation: 

a -macro-particles; b - dust particles (aver. size~50nm); c, d -secondary solidified displaced 

melts; e -surface films; f - melt splashing - droplets 



Table 1. 

Data on initial characteristics of TGP-56FW grade 

Parameter TGP-56 FW 
Chemical composition, % 

wt. 
Be 99.02 

BeO 0.95 
C <0.05 
Si 0.021 
F <0.001 
Fe 0.16 
Al 0.018 
Ti 0.016 
Cr 0.037 

(Mn+Mg+Cu+Ni) 0.052 
Others 

U n/d 
Density, % of theoretical 

value 
99.02 

Av. grain size, m 13-14 
Mechanical properties 

Ultimate Tensile Strength 
(RT), (min), MPa 

350 

Yield Strength (RT), 
(min) , MPa 

250 

Total Elongation (RT), 
  (min), %  

2.0 

I.B. Kupriyanov 



Fig. 1 

 

a 

 

b 

I.B. Kupriyanov 



Fig. 2 

 

I.B. Kupriyanov 



Fig. 3 

 

I.B. Kupriyanov 



Fig.4 

 

I.B. Kupriyanov 



Fig.5 

I.B. Kupriyanov 

2
m

,g
ra

m
/S

,m
  

N
 s

ho
ts

m
,g

ra
m

/S
,m

2 
N

 s
ho

ts
m

,g
ra

m
/S

,m
2 

N
 s

ho
ts

0,4

0,35  #1

0,3 #2

0,25

0,2

0,15

0,1

0,05

0
0 50  100  150  200  250  300

Shot number (N)

a 

6
#1 

4 #2

2

0
0 50 100 150 200 250 300 

-2 

-4 

-6 

-8 

Shot number (N)

b 

10
#1

5 #2

0
0 20  40  60  80  100  120

-5

-10

-15

-20

Shot number (N)

c 



Fig.6 

I.B. Kupriyanov 

 
a 

b 

c 



I.B. Kupriyanov 

Table 2 

Total mass loss of sample #2 after 250 shots at different loads 

Load energy, 
MJ/m2

 

Mass loss, m, 
g/m2

 

Rate of erosion, h, 
μm/ shot 

0.5 ~ 0.44 ~ 0.24 
1.0 ~ 1 ~ 0.75
1.5  ~ 3.7  ~ 2 
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INTRODUCTION 

Tritium release into the purge gas during 
blanket operation depends both on the 
temperature of pebble bed and on the 
properties of the pebbles themselves. 

 Studies on tritium desorption process and its relation to microstructural evolution of 
beryllium pebbles at a different temperatures could give a better understanding of 
issues related to tritium inventory in beryllium and possibilities to prevent it. 

In the EU HCPB breeder blanket concept beryllium 
pebbles have been chosen as a reference material for a 
neutron multiplier. 
As a result of neutron induced transmutations of 
beryllium helium and tritium gas is produced in 
considerable amounts 

F. Cismondi et al, 2009 



Aim of this study was to evaluate processes that occur 
during tritium thermo desorption from neutron 
irradiated beryllium pebbles. 

The tasks were: 
 
• Obtain curves of tritium thermo desorption from two types of neutron 

irradiated beryllium pebbles 
 

• Estimate temperatures where changes in thermo desorption curves are 
observed and perform treatment of the pebbles at these temperatures 

• Study structure of the pebbles after thermal treatment (Scanning Electron 
microscopy) 

 
• Estimate mass evolution and energies of the processes during thermal 

treatment (Differential Thermal Analysis and Thermal Gravimetric analysis)
 

SAMPLES 
Two types of beryllium samples that have been irradiated in the experiments EXOTIC 8/3 
(Extraction Of Tritium In Ceramics) and PBA (Pebble Bed Assembly) have been studied. All these 
irradiation programs have been performed in the High Flux Reactor (HFR) in Petten, the 
Netherlands 

 PBA EXOTIC 8/3-13

Manufacturer NGK Insulators Ltd., 
Handa City, Japan

Brush Wellman Inc., 
Cleveland, Ohio, USA

Production 
process

Rotating Electrode 
Process (REP)

Inert Gas Atomization (IGA)

Pebble 
diameter, mm

0.9-1.1 0.1-0.2

Main 
impurities

2300 ppm BeO, 
300 ppm Mg

3400 ppm BeO, 
100 ppm Mg

Irradiation 
time

294 days 449.8 days

Neutron 
fluence (E>0.1 
MeV)

3-4 � 1025 m-2 2.70 � 1025 m-2

Irradiation 
temp.

150-550 oC 520 -620oC 

4He content 300-600 appm 285 appm 
Year of end of 
irradiation

2004 2000

SEM image of PBA and 
EXOTIC pebbles 



METHODS, EQUIPMENT 
Samples have been heated in the flow of purge gas He+ 0.1%H2 at the temperature 
program 5oC/min and then constant for 2h.  
 
Two experimental setups have been used: 

Thermal treatment for structure analysis have been 
performed in the DTA/TG* (Exstar 6300)  device and 
therefore also the energy and mass changes were 
measured. 

Experimental setup for tritium 
thermo desorption (Tritium was 
continuously measured with 
tritium monitor TEM 2102A  

For structure studies Scanning Electron Microsscope 
(Hitachi S-4800) has been used (beam energy 3 kV and 
beam current 15 �A) 

*Differential Thermal Analysis and Thermal Gravimetric analysis 

Structure has been 
studied after 
treatment in 100, 
300, 550, 650, 750, 
850, 950, 1050, 
1250oC 

Tritium thermo desorption from neutron irradiated pebbles  

PBA 

Thermo desorption of tritium from pebbles irradiated in EXOTIC 
8/3 and PBA experiments (published before) 

Heating at 850oC is sufficient to 
release all tritium from the 
pebbles irradiated in EXOTIC 8/3 
experiment, whereas in pebbles 
from PBA experiment there is 
still some tritium remaining and 
higher temperature is needed.  
 
Moreover, tritium desorption 
from the EXOTIC 8/3 pebbles 
starts at considerably lower 
temperature ((90 10)oC than 
that for PBA pebbles 
((682 25) oC. 
 
For PBA pebbles so called burst 
release starts only at ~950oC.  

RESULTS 



TG/DTA curves during treatment at the 1250oC 

Mass and  differential temperature evolution have been 
measured for non-irradiated  (analogous for PBA pebbles) 
and two neutron  irradiated samples. Mass increase 
indicates beryllium oxidation. 

Temperature, oC      Mass, �g      Energy, �V 

Non-irradiated PBA 

EXOTIC 8/3 

Sample  mass 
increase, % 

Initiation 
temp., oC 

Non-
irradiated 

~30 ~250 

PBA ~30 ~350 

EXOTIC 
8/3 

>150 ~350 

More precise quantities are planned to be obtained by further experiments 

Temperature that initiates 
intense oxidation was found to 
be higher for the irradiated 
pebbles, whereas overall 
oxidation  depends mostly on 
the type of the pebble 
(fabrication methods, size)  

PBA EXOTIC 

Shape 

Inner structure 

Structure of neutron irradiated pebbles before thermal treatment 

•Spherical 
shape,  
 
•smooth 
surface  

•Irregular shape, 
several of them 
stacked together 
 
• surface seems to 
have layers 

•Void in the bulk 
of the pebble  
(Ø- 100 250 �m, 
0.5 % of the 
pebble volume) 
•Few small pores 
of nm size 

•Some small pores 
(�m) in a fraction of 
pebbles. 
• In the areas where 
two pebbles have 
stacked together - 
interlayer 



PBA EXOTIC 8/3 

Structure at  low temperature (100 -550oC ) 

No structure changes have been observed in a nanometer scale. 

Therefore it might be concluded that tritium desorption at these temperatures (EXOTIC 8/3) is 
governed by interstitial diffusion (in EXOTIC 8/3 approximately 30% of tritium  is accumulated as 
interstitial) and/or surface processes.  

 
Structure at 550, 650oC (EXOTIC 8/3 and PBA) 
First structure changes appears only in temperature range of  550 – 650oC that correspond 
to the rapid tritium desorption from EXOTIC 8/3 and desorption start form PBA pebbles.  

After treatment in temperature 
when tritium release starts, porosity 
has appeared. Pores reaches  
~500nm 
 
Appearance of pores indicates the 
start of the gas migration 
 
Since in PBA there are almost no 
interstitial tritium (only gasous) its 
desoprtion starts only at this stage.  

8/

 

PBA EXOTIC 8/3 

 
Structure has changed considerably 
– there are large cracks connecting 
the technical void with a surface 
and also the connected pore system 
has been formed.  
 
Moreover, the size of the pores has 
increased up to several tens of 
micrometres.  
 
No pores and cracks were observed 
for non-irradiated pebbles. 
 
 
 

Structure at 950oC (EXOTIC 8/3 and PBA) 

At temperature about 950oC tritium desorption becomes much intense from 
PBA pebbles, whereas from EXOTIC 8/3 its already released.  



Structure at 1050 - 1250oC (PBA) 

Structure after treatment in 1250oC has been only studied for PBA pebbles (pebbles after 
treatment became very brittle). 

An interesting phenomena was observed for pebbles 
treated in high temperature (starting from 1050oC) -  the 
inner structure of cracks and pores were coated  with 
whiskers and «labyrinth type» structures. Moreover these 
structures were observed only for irradiated pebbles. 

PBA, 1250oC 

PBA, 1050oC 

Non-
irradiated, 
 1050oC 

EXOTIC 8/3 

PBA 

Structure evolution in correlation with tritium desorption 



CONCLUSIONS 
• Tritium desorption from neutron irradiated beryllium pebbles is strongly related to 

the structure changes of the material. Gaseous products (helium and tritium) 
deform beryllium lattice that leads to formation of the  pores and cracks. 
 

• From EXOTIC 8/3 pebbles tritium release starts before appearance of visible 
(nanometre scale) structure changes, that might indicate interstitial diffusion that 
leads to tritium desorption (in previous studies it was found that up to 30% of 
tritium is accumulated as atomic in EXOTIC 8/3 beryllium pebbles). 
 

• Gas inclusion migration (bubble coalescence and formation of open porosity) starts 
to appear at the temperatures above 600oC that coincided with the temperature 
when significant tritium release is started (for PBA pebbles there is no tritium 
release before this temperature).  
 

• Thermo gravimtery method gives possibility to study oxidation process of beryllium 
during thermal treatment. It was found that higher temperature is needed to 
initiate intense oxidation of neutron irradiated beryllium than that for non- 
irradiated.  
 
 



Development of granulation process of beryllide as advanced neutron multipliers  
for DEMO reactors in Japan 

M. Nakamichi 
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2-166, Omotedate, Obuchi, Rokkasho, Kamikita, Aomori, 039-3212, Japan 

Abstract 
Advanced neutron multipliers with low swelling and high stability at high temperatures are desired for pebble bed 

blankets of demonstration fusion power (DEMO) reactors. Beryllium intermetallic compounds (beryllides) are the most 
promising advanced neutron multipliers. In order to fabricate the beryllide pebbles, beryllide with shapes of block and/or 
rod is necessary when a melting granulation process is applied such as a rotating electrode method. A plasma sintering 
method has been proposed as new technique which uses a non conventional consolidation process. It was clarified that the 
beryllide could be simultaneously synthesized and jointed by the plasma sintering method in the insert material region 
between two beryllide blocks. Beryllide rod of Be12Ti with 10 mm in diameter and 60 mm in length has been successfully 
fabricated by the plasma sintering method. Using this plasma-sintered beryllide rod, fabrication of prototype pebble of 
beryllide was performed by a rotating electrode method as one of the melting methods. The prototype pebbles of Be12Ti 
with 1 mm in average diameter were successfully fabricated.  

Keywords:  
Beryllide, Beryllium, Plasma sintering method, Rotating electrode method, Pebble. 

1. Introduction 
Advanced neutron multipliers with lower swelling and higher stability at high temperature are desired in pebble bed 

blankets, which would have a big impact on the demonstration fusion power reactor (DEMO) design, especially the 
blanket operating temperature. Beryllium intermetallic compounds (beryllides) such as Be12Ti are the most promising 
advanced neutron multipliers [1-3]. However, beryllide is too brittle to allow production of pebbles. Establishing 
fabrication techniques for the beryllide is a key issue for development of the advanced neutron multiplier. The 
development has been started by Japan and the European Union in the DEMO R&D of the International Fusion Energy 
Research Centre (IFERC) project as a part of the Broader Approach (BA) activities from 2007 to 2016. In specific, the 
development of fabrication technique for beryllide has been carried out in the Beryllium Handling Room in the DEMO 
R&D Building at the Rokkasho BA site of the Japan Atomic Energy Agency (JAEA). 

It was clear that the intermetallic compound beryllides of Be-Ti could be directly synthesized by the plasma 
sintering method from mixed elemental powders of Be and Ti at a temperature lower than the melting point [1-2]. Using 
this plasma-sintered beryllide rod, fabrication examination of prototype beryllide pebble was performed by a rotating 
electrode method. The present study describes a novel granulation process of beryllide using these methods including 
synthesis and granulation techniques. 

2. Granulation process of beryllide 
In order to fabricate the beryllide pebbles, a rod type of beryllide is necessary when a melting granulation process is 

applied such as a rotating electrode method (see Fig.1). The hot isostatic pressing (HIP) method and the casting method 
have been proposed for synthesis of beryllides [3]. However, beryllide is too brittle for the fabrication of blocks or rods 
by these methods. Furthermore, these methods have some disadvantages such as complicated process, difficulty in 
composition control and contamination by impurities. 

In contrast, the plasma sintering process is simple and easy to control. The plasma sintering is a non-conventional 
consolidation process that consists of plasma generation, resistance heating and pressure application [4-6]. The plasma 
discharge results in particle surface activation that enhances sinterability and reduces high temperature exposure. 
Pressure application assists the densification process by enhancing sintering and thus reducing the high temperature 
exposure of the consolidated powders. The plasma sintering method was decided as a synthesis method for beryllide.  

In the previous study, preliminary fabrication of beryllide, namely Be-Ti intermetallic compound, was carried out at 
sintering temperatures of 1073, 1173 and 1273 K, using mixed Be and Ti powders by the plasma sintering method [1-
2]. The formation of Be12Ti, Be17Ti2 and Be2Ti intermetallic compounds was identified by X-ray diffraction analyses. 
The elemental state fractions of Be and Ti in the plasma sintered material decreased by consolidation enhancement with 
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increasing sintering temperature, with only about 2 % of the elemental phases remaining in 98 % beryllide for 
processing at 1273 K. This result showed that the beryllide could be directly synthesized by the plasma sintering 
method from mixed elemental powders of Be and Ti at a temperature lower than the melting point. 

Fig.1 Process flow scheme of beryllide granulation. 

3. Synthesis and joining for beryllide by the plasma sintering method 
3.1 Synthesis of beryllide by the plasma sintering method 

Synthesis of intermetallic compounds starts with mixed elemental powders. In this process, the starting powder is 
loaded into a die and punch unit applying uniaxial pressure for cold compaction. Electric current is applied to create the 
plasma environment and to activate the particle surfaces. The powder compact is resistance-heated while the uniaxial 
pressure is still applied to the material in the sintering mold. In the present study, the plasma sintering apparatus (KE-
PasIII) made by KAKEN Co. Ltd. was used.

Schematic drawing of the plasma sintering method and sintering conditions are shown in Fig2. Synthesis of 
beryllide as a Be-Ti intermetallic was carried out using mixed pure Be and Ti powders. Beryllium powder (Materion 
Brush Inc., 99.4 wt.%,) and titanium powder (Kojundo Chemical Laboratory Co. Ltd., 99.9 wt.%) were mixed with 20 g 
in weight for 30 min using the automatic mortar (RM200, RETSCH, Co. Ltd.) made of Al2O3. The size of the Be and Ti 
powders was less than 45 μm. The mixed powder composition was 92.3 at.% Be and 7.7 at.% Ti which is the 
stoichiometric value of Be12Ti composition. The plasma sintering was carried out at 1273 K for 20 min under a pressure 
of 50 MPa. Heating and cooling rates were approximately 100 and 300 K/min, respectively. The plasma-sintered 
beryllide disks were 20 mm in diameter and 28 mm in thickness. Consolidations for Beryllide were evaluated by 
Electron Probe Micro Analyser (EPMA; JXA-8530F by JEOL Co. Ltd.). 

The area fractions of each element or composition were determined in the cross-sectional micrographs of sintered 
samples by the EPMA. The compositional image in backscattered electron image (BEI) mode of the scanning electron 
microscope (SEM) in the cross section of the plasma-sintered disk is shown in Fig. 3. Black, dark gray, gray, and white 
areas of the sample sintered at 1273 K for 20 min were identified as Be, Be12Ti, Be17Ti2 and Be2Ti, respectively. The 
area fractions of Be, Be12Ti, Be17Ti2 and Be2Ti were about 2, 91, 5 and 2 %, respectively. The plasma-sintered disk has 
a metallic luster and was a dense material with above 98% of theoretical density. 

        
Fig.2 Schematic drawing of the plasma sintering                              Fig.3 SEM photograph of the cross-section  

and sintering conditions.            of the plasma-sintered disk. 
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3.2 Joining of beryllide disks by the plasma sintering method 
A joining schematic and appearance and SEM photographs of jointed beryllide are shown in Fig.4. The joining for 

the beryllide block was carried out using two plasma-sintered beryllide disks. Raw material powder of beryllide with 3 
g in weight was inserted between the plasma-sintered disks. This insert material was the same raw material powder as 
that for the fabrication of disk. The plasma sintering conditions for joining were the same as previous conditions for 
fabrication of beryllide disk. The size of the jointed beryllide block was 20 mm in diameter and 60 mm in length. 
Consolidation and joining of beryllide were evaluated by XRD and microstructure analysis using the EPMA. 

The result of photograph for the beryllide block joined by the plasma sintering is shown in Fig.4. Neither cracks nor 
boundary lines were observed on the surface of the plasma-sintered joined block. There is no defect in appearance. 
Plasma-sintered joined block showed metallic luster and was a dense material. There was no change in beryllide 
compositions before and after plasma-sintered joining. Formations of Be12Ti, Be17Ti2 and Be2Ti intermetallics were 
identified. The compositional images of the insert material region and the plasma-sintered joined block with BEI mode 
of the SEM are shown in Fig.4. These results showed that there was no difference in microstructures between the insert 
material and the bulk region of the plasma-sintered disk. The Beryllide block with 20 mm in diameter and 60 mm in 
length has been successfully fabricated by the plasma sintering method. 

Because an electrode rod with 10 mm in diameter was necessary in this apparatus, the beryllide rod with 10 mm in 
diameter and 60 mm in length could be machined by a wire electric discharge (WED) method from the plasma-sintered 
beryllide block with 20 mm in diameter and 60 mm in length (see Fig.4). It has become clear that difficult-to-machine 
beryllide could be machined by the WED method accurately and efficiently. 

Fig.4 Joining schematic and appearance and SEM photographs of jointed beryllide. 

3.3 Granulation of beryllide by the rotating electrode method 
A rotating electrode method was applied as a granulation method of beryllide synthesized by the plasma sintering 

method. This method has a lot of experiences not only for fabrication of beryllium pebble in the fusion field but also for 
fabrication of metallic pebble in the general industry. In the present study, the granulation apparatus made by 
MINERVA KIKI Co. Ltd. that has a granulation chamber with 1000 mm in diameter was used. Specifications of this 
apparatus are 200 A of maximum current and 20000 rpm of maximum rotating speed. 

Using the plasma-sintered beryllide rod machined by the WED method, trial fabrication of prototype pebble of 
beryllide was performed by the rotating electrode method. Figure 5 shows the granulation schematic, real-time 
photograph of process, and the apparatus. The rotating electrode method is a method for producing metal particle when 
the end of a metal rod is melted while it is rotated along its longitudinal axis. Molten metal is centrifugally ejected and 
forms droplets that solidify to spherical particles.  

In this study, trial fabrication of beryllide pebble was performed using a commercially available apparatus that has a 
granulation chamber with 1000 mm in diameter under the conditions with current of 80 A and a rotating speed of 6000 
rpm using the plasma-sintered beryllide rod. The pressure of the granulation vacuum chamber with replacement of pure 
He gas was about 0.1 MPa. Photograph of beryllide pebbles and granulation condition are shown in Fig.6. From the 
result of trial fabrication, the prototype pebbles of beryllide with 1 mm in diameter were successfully fabricated. 
However, some molten particles were crushed against the inner surface of the granulation chamber before solidification. 
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Therefore, the optimization of the granulation condition will be carried out using a custom-built rotating electrode 
granulation apparatus that has a larger granulation chamber.  

Fig.5 Granulation schematic and the apparatus of the rotating electrode method. 

Fig.6 Photographs of the prototype pebbles by the rotating electrode method using the plasma-sintered beryllide rod 
and granulation conditions. 

5. Conclusion 
Beryllides are the most promising advanced neutron multipliers. The plasma sintering method has been selected as a 

new synthesis method for beryllides because this method is very simple and easy to control. It was clarified that the 
beryllide could be simultaneously synthesized and jointed by the plasma sintering method.

Beryllide rod with 10 mm in diameter and 60 mm in length has been successfully fabricated by the plasma sintering 
method and machined by the wire electric discharge method. Using this plasma-sintered beryllide rod, trial fabrication 
of pebbles of beryllide was performed by the rotating electrode method using a commercially available apparatus. 
Prototype pebbles of beryllide with 1 mm in average diameter were successfully fabricated. 

In future, the optimization of synthesis and granulation conditions and characterization of prototype pebble will be 
performed using the plasma sintering and a custom-built granulation apparatus with larger chamber. 
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Introduction 
An advanced neutron multiplier with a higher stability at high temperature is required in 
DEMO reactors. Beryllium intermetallic compounds (beryllides) are the most promising 
advanced neutron multipliers. The synthesis method of several kinds of beryllides powder 
for the raw material of neutron multiplier molding is developed. 

Powder Synthesis of Beryllium Intermetallics Compounds1~3)

As a method of producing beryllide powders, a simple calcination method was considered. 
The examined powdery beryllide compounds which were carried out by calcination       
method are B12Ti , Be13Zr, 
Be1 2V Be1 2W, Be1 2Ta, 
B e 1 2 C r ,  B e 1 2 M o ,  a n d 
Be12Nb. The synthesis 
method is calcination in an 
iner t  gas  a tmosphere : 
two k inds  of  meta l l ic 
p o w d e r  ( B e + M e t a l ) 
w h i c h  s e r v e s  a s 
materials of beryllide are 
mixed by stoichiometry 
value. The properties of 
b e r y l l i d e  p o w d e r s 
synthesized by calcination 
w e r e  t h e n  e v a l u a t e d . 
T h e  p h y s i c a l i t y  a n d 
melting point of the target beryllide compounds are 
shown in Table 1.The case of Be-Ti is shown for the 
synthetic method of the examined beryllide powder as 
an example. As shown in Fig.1, The case of Be12Ti 
which is one of the candidate material, mixture value 
of Be and Ti powder were 69.3wt%Be – 30.7wt%Ti. 
Next, the mixed powders are sintered in an inert gas 
atmosphere in an alumina crucible. Then, Be12Ti 
could be synthesized. The most important point of this 
method is that calcination temperature should be 
lower than the melting point. The aim of this study is 
that the synthesis of beryllide powders at lower  
temperature without melting.  



Experimental
Be-Ti Intermetallic Compound1~3)

The synthesis of Be12Ti powder was 
examined using mixed powders of Be and 
Ti. The purities of Be and Ti powder used 
in this study, were 99.6% and 99.9%, 
respectively and their particles of 45 
micrometers or less were used as shown in 
Fig. 2. The result of thermogravimetry and 
differential thermal analysis (TG-DTA) of 
mixed Be and Ti powders is shown in Fig. 
3. From the TG-DTA data, it is surmised 
that the conversion to beryllide compound 
occurs at the point of exothermic peak 
at1373K. Based on this effect, the 
calcination temperature was decided at 
1373 K. 

The SEM photographs and X-ray diffraction (XRD) measurement after calcination of  the 
mixed powders at 1373K for 24 h under Ar are shown in Fig. 4 and Fig. 5, respectively. 
From the result of a crystal structure analysis by using the XRD, the formation of Be12Ti
as Be-Ti intermetallics was identified. Therefore it was obvious that Be12Ti powder could 
be synthesized by calcination at 1373 K.. 

Fig.2  Raw materials of Be and Ti powders 



To investigate the effect of the calcination holding time, we carried out the calcination at  
1373K for 0, 3, 12 24 and 48 h. The structural analyses using XRD and the electron probe 
micro analyzer (EPMA) were conducted. From the result of effect of calcination time at 
1373K as shown in Fig.6, some parts of Be may be remained and unreacted if the holding 
time is less than 3 h, but Be12Ti beryllide synthesis could be mostly completed by more 
than 12 h at 1373K. 



The EPMA and SEM photographs of the calcination holding time of 0, 3, 12 24 and 48 h 
after reached to 1373K are shown in Fig.7. The beryllide powder is composed of two 
colors, black and white area which corresponds to beryllide and unreacted Be. By the 
result of increase of Be12Ti area with long holding time, Be12Ti seems to have increased 
with holding time in proportion. In Fig. 8, the line graph shows the relation between the 
growth of Be12Ti and the holding time. By judging from the data of EPMA and XRD, it is 
assumed that the growth of  Be12Ti was mostly completed more than 12 h, because this 
graph shows that the conversion from Be and Ti to Be12Ti is mostly saturated over 12 h. 

Other beryllium intermetallic compuonds1~3)

As the other synthesis example of Be intermetallic compounds of Be-Zr, Be-V, Be-Ta 
and Be-W those examination results are indicated. 

At 

Fig. 8  Relation between the Be12Ti growth 
and sintering holding time at 1373K 

Be
12

Ti ~100% <12h

Be
12

Ti/Be

at1373K



first, in the case of the powder of Be and Zr mixed by the ratio of 13 mol and 1 mol, the 
data of XRD after calcination at 1473K for 24 h under Ar is shown in Fig. 9.  
From the result, the formation of Be13Zr as Be-Zr intermetallic compound was identified 
as single phase mostly. Synthesized Be and Zr compound are exactly fitted to Be13Zr  
peaks with its XRD-standard. 

Next, in the case of the powder of Be and V mixed by the ratio of 12 mol and 1 mol, the 
data of XRD after calcination at 1473K for 24 h under Ar is shown in Fig. 10. From the 
result of a measurement of XRD, the formation of Be12V as Be-V intermetallics  
was identified. Some parts of Be seems to remain as it unreacted. 

Next, in the case of the powder of Be and Ta mixed by the ratio of 12 mol and 1 mol, 
synthesized at 1473K for 24 h under Ar, three kinds of multi-phase mixture of Be12Ta,
Be17Ta, Be3Ta, Be2Ta were identified as shown in Fig. 11. 

Fig.11  XRD result after calcination of 12Be+Ta Powders at 1473K for 24h in Ar. 



Next, in the case of powder of Be and W mixed by the ratio of 12 mol and 1 mol, by 
synthesized at 1473K for 24 h under Ar. The XRD result indicated that two phases of 
Be12W and Be22W as Be-W intermetallic were identified (Fig.12). Regarding to Be-W 
intermetallic compound, it is necessary to find out sintering condition in more detail. 

Summary 
The target beryllides and their synthesis conditions are shown in Table-2. As the panoptic 
result of this study, it is possible to fabricate wide variety of beryllide powders by the 
calcination only using mixed powders of Be and another metal. This method is very 
simple, by calcination in inert atmosphere only. Because Be-W and Be-Ta are composed 
of multi-phase compositions, however, it is needed to determine an optimum condition to 
make a single phase of Be12Ta and Be12W. In a future, the detail examination of 
calcination temperature and holding time is required.   

Fig.12  XRD result after calcination of 12Be+W Powders at 1473K for 24h in Ar. 



Conclusion
The sintering experiments showed that the intermetallic compound beryllide can be 
directly synthesized by only calcination from mixed elemental powders of Be and Ti (or, 
others) at a relative lower temperature than the melting point. It is necessary to find out 
the optimum conditions of the heat-treatment according to the kind of various beryllium 
intermetallic compounds. 

In conclusion, these are the main results of this study, beryllium intermetallic compounds 
can be directly synthesized by only heating. The synthetic process is very simple and easy 
to control. And, the beryllide powders can be synthesized with a high reproducibility. On 
the other hand, as a next step, two additional examinations will be conducted as 
following: one is to find out the optimum conditions of the heat-treatment. Another is to 
examine how particle size of the raw materials affects. As a future plan, the fabrication 
technology of wide variety of beryllide powders with a high quality as single phase will 
be developed, and the adequate mass-production technology of beryllide powders for 
advanced neutron multiplier fabrication will be realized. 
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Background (To develop TBM for DEMO)

• Candidate neutron multiplier materials
• Candidate armor tile materials for JET and ITER
• Beryllium intermetallic compounds beyond DEMO due to high 

temperature melting point, high temperature strength and less 

Design concept of Japanese solid breeder/water cooling TBM 
By Suzuki@JAEA

ITER-TBM DEMO

Thermal 
load

at surface
0.5MW/m2 1.0MW/m2

Wall load by
neutron 0.8MW/m2 3.5MW/m2

Cooling 
water

temperature
280 325� 280 510�

Cooling 
water

pressure
15MPa 25MPa

Structural
materials RAM/F82H F82H

Breeding
pebbles Li2TiO3 Li2TiO3

Neutron
multiplier Pure Be Primary candidate 

Be12Ti

Chanel insert Neutron multiplier
Pebbles
(Pure Be, Be12Ti)

Armor tile

Breeding pebbles
Li2TiO3

First wall Cassette
(F82H)



   Basic study on irradiation responses of 
plasma sintered Be12Ti comparison with HIPed
Be12Ti and pure Be.

Objective

Experimental procedure
He ion irradiation:

   5,000, 10,000, 15,000, 20,000 and 25,000appm at R.T. 
   under He ion irradiation of 100keV, 

Nanoindentation test
   - pure Be, previouse HIPed Be12Ti, plasma-sintered Be12Ti
     using nanoidentation apparatus of UMIS 2000

   - plasma sintered Be12Ti using apparatus of ELIONIX

JAEA

Hokkaido Univ.

FE-SEM analysis

Hokkaido Univ.

Data statics analysis

Dual irradiation 
by HVEM

FE-TEM analysis Ion irradiation

Tohoku Univ.

Ryukyu Univ.

Calculation

Kyoto Univ.

NIFS

Microstructure analysis
group

Mechanical properties
Analysis group

Ion irradiation and analysis
group

Consortium

Mechanical properties
Nano indentation



Assessed Be-Ti phase diagram

(Oct., 1986)

This study

Table 1
Chemical composition of pure Be and Be12Ti used in this work (mass%)

Heat number         Be         BeO         Mg         Al         Si         Ti         Cr         Fe         Co         Ni   Cu         Sc         W         C

K573 (High Fe)   Bal.        0.15        0.013     0.034   0.009    0.014    0.027    0.18    <0.001    0.007    0.008   <0.005   <0.01   0.043

H1163 (Low Fe) Bal.        0.35        0.050     0.054   0.031    0.003    0.007  0.069 <0.001    0.002    0.007   <0.005   <0.01   0.043

Be12Ti                  Bal.        1.32       0.001     0.014   0.025    33.4      0.003   0.044     0.047   <0.001   0.004         -       <0.01   0.026

Chemical composition of 
HIPed Be12Ti and pure Be



Fabrication process of HIPed 
Be12Ti in previous study

Fig. 1. Optical micrograph of Be12Ti

There is no second phase in the 
matrix.
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Typical precipitates of pure Be
H1163 (Fe 0.069 , BeO 0.35 ) K573 (Fe 0.18 , BeO 0.15 )

150nm

Plasma sintering process

Raw 
material 
powder

Punch and 
Die unit

Additions of :
  1) Pressure
  2) Current 
     (for activation
      and heating)

Merit;
Surface activation (remove surface oxidation layer)
Relatively lower temperature sintering compare to HIP and HP
Relatively shorter time sintering compare to the above methods

Plasma Sintering Process

Spark plasma generation
for powder surface activation

Uniaxial pressing during 
heating

Loading raw material powder 
in the punch and the die unit



He ion irradiation at Hokkaido Univ.

Irradiation conditions;
     Irradiation temp.; R.T.
     Acc. Voltage; 100keV
     Dose;  5,000, 10,000, 15,000, 20,000, 25,000appm

Ion beam irradiation facility
in Hokkaido Univ.

Specimen fixture and specimen
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He ion range by SRIM code
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Testing by UMIS-2000 in I.M.R. Tohoku Univ

S465C
Before irr., After MCP,
20mN

Indentation mark 
by nano indentation testing

S465C
Before irr., After MCP,
50mN

SEM of SPS Be12Ti and 

No obvious change of surface 
morphology after He ion irradiation!

Be12Ti
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Be17Ti2
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TEM Microstructure of Be12Ti

- Plasma-sintered Be12Ti has
low content of BeO, Ti-oxide and
other complex oxides compared 
with previous Be12Ti by the powder metallurgy method.

- Plasma-sintered Be12Ti is high crystalline because lattice images 
are clearly observed. 

10nm

Plasma-sintered Be12Ti

20nm

Previous Be12Ti sample by HIP

Electron / He dual irradiation

(a) just started 
irradiation

High resolution TEM images of plasma sintered Be12Ti

(b) after irradiation

- Lattice images disappeared by irradiation. 
- Intense undulated black contrast was observed after irradiation.
- Electron diffraction patterns were also diffused.

The periodic atomic arrangement in the intermetallic phase in Be12Ti 
was disordered and became amorphous phase by irradiation.

(~50appm/dpa (~7dpa of Fe) at R.T.)

(1.4x1021 electrons/cm2 & 9.3x1014 He ions/cm2)



Hardening evaluation by He irradiation
Strength change with irradiation - The strength of plasma sintered Be12Ti is 

about two thirds of that of the previous 
Be12Ti by the HIP method .

- Irradiation hardening result after 10000 
appmHe irradiation shows no significant 
degradation as same as the previous Be12Ti.

Plasma-sintered Be12Ti showed lower 
strength than the previous Be12Ti and 
would also have higher ductility 
compared to the previous Be12Ti. 
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Previous Be12Ti

Pure Be

Plasma sintered Be12Ti

Pure Be : hexagonal closed package crystal structure
Be12Ti : tetragonal crystal structure

- Main reason of these phenomena (difference 
in strength) would be caused by their crystal 
structure and strongly interacted with 
impurities, precipitates and inclusions.

- Plasma-sintered Be12Ti has lower content of 
impurities, precipitates than the previous 
Be12Ti by the HIP method.

Effects of He ion irradiation 
on hardness by ELIONIX ENT
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Round robin test is under going.
ELIONIX hardness/1000 �UMIS 

  2000 hardness
However, ELIONIX hardness 

  shows 20 higher than that 
  obtained by UMIS 2000.
Verification testing is under going.
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Microstructure analysis and irradiation effects
In-situ charged particle irradiation experiments and irradiation 
hardening testing were conducted.

1) Plasma-sintered Be12Ti showed high crystallinity before 
irradiation, and was disordered and became amorphous phase 
after irradiation. 

2) The strength of plasma-sintered Be12Ti was about two thirds of 
that of the previous Be12Ti and showed no significant degradation
after 10000 appmHe irradiation using UMIS 2000 apparatus. 

3) These results suggested that the plasma sintering method would be 
more suitable for a large scale production of neutron multiplier 
materials from the view point of crystallinity and less precipitates 
and inclusions in Be12Ti matrices. 

4) Study of nanoindenation apparatus effects (Round robin test) on 
hardness is still under going.
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Characteristics of microstructure, swelling and mechanical behavior of 
titanium beryllide samples after high-dose neutron irradiation at 740 

and 873 K 

P. Kurinskiy1, A. Moeslang1, V. Chakin1, M. Klimenkov1, R. Rolli2, S. van Til3, A.A. Goraieb4 
 

1 - Karlsruhe Institute of Technology, Institute for Applied Materials- Applied Materials Physics (IAM-AWP), P.O. Box 
3640, 76021 Karlsruhe, Germany 

2 - Karlsruhe Institute of Technology, Institute for Applied Materials- Materials Biomechanics (IAM-WBM), P.O. Box 
3640, 76021 Karlsruhe, Germany 
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Titanium beryllide Be12Ti is one of the candidate materials for advanced neutron multiplier in the helium-cooled 
breeding blanket of DEMO reactor. 

Cylinder-shaped specimens (diameters of 3 mm) consisting, mainly, of Be12Ti phase were investigated after high-dose 
neutron irradiation at 740 and 873 K in High Flux Reactor in Petten, Netherlands.  

The sizes and shapes of radiation-induced gas bubbles as well as swelling of samples were evaluated by means of 
transmission electron microscopy (TEM). Mechanical behavior of titanium beryllide specimens in initial and irradiated 
states was investigated using compression tests under constant loading. 

Obtained results are discussed and compared with available data on pure beryllium. 
 

Keywords: titanium beryllide, neutron irradiation, swelling, transmission electron microscopy, compression test. 
 
1. Introduction 

Titanium beryllide Be12Ti is considered to be a very 
promising material in the scope of its use as neutron 
multiplier in the solid helium-cooled breeding blanket of 
fusion reactor.  

Investigated Be12Ti samples were produced by arc-
melting of a cold-pressed Be-Ti disc in argon 
atmosphere [1] and then irradiated by neutrons at 740 
and 873 K in High Flux Reactor (HFR) in Petten, 
Netherlands, in the frame of HIDOBE-01 irradiation 
program. The parameters of neutron irradiation 
corresponded to 6,94×1025 neutrons/m2 (E>1 MeV) with 
a damage dose of 13,9 dpa for titanium beryllide samples 
irradiated at 740 K, and to 8,07×1025 neutrons/m2 with a 
damage dose of 16,3 dpa for irradiation temperature 
equaled to 873 K [2,3]. Helium production was 2300 and 
2680 appm for irradiation temperatures 740 and 873 K, 
correspondingly. 

Cylinder-shaped samples were tested using uniaxial 
compression loading at 923 K in as-fabricated state and 
after irradiation at 740 K. Microstructure of neutron-
irradiated samples was investigated by means of 
Transmission Electron Microscope (TEM). Special 
emphasis was put on evaluation of swelling of irradiated 
samples using high-resolution TEM images. Obtained 
results were compared with appropriate experimental 
data on pure beryllium which is a main candidate 
material for the use as neutron multiplier in the breeding 
blanket.  

 

2. Experimental 
2.1 Materials 

Specimens having diameters of 3 mm and heights of 
3-4 mm were used in this work. The phase composition 
of initial beryllide samples was represented, mainly, by 
Be12Ti phase. The results of X-Ray diffraction analysis 
are shown in Fig. 1. It should be emphasized that other 
beryllides (in particular, Be2Ti, Be17Ti2) which are 
signed by "X" in Fig. 1 were also formed during the 
operation of an arc-melting. 

 

 
Fig. 1 X-Ray diffraction pattern of arc-melted titanium 
beryllide sample in initial state 
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2.2 Specimens and procedure of constant-load 
compression tests 

Constant-load compression tests were performed in 
the closed glove-box system in Hot Cells (Fusion 
Materials Laboratory) using two cylindrical specimens: 
in as-fabricated state and after neutron irradiation at 740 
K. The test box was constantly purged with nitrogen in 
order to avoid the oxidation of specimens during the 
experiment. Constant load of 1000 N was applied 
uniaxially by means of ceramic plunger with the duration 
of 100 hours for all tested specimens. One should note 
that this value of the compression force was maximal 
permissible in the glove-box. Having known diameter of 
the tested cylinders which is 3 mm and the compression 
load (1000 N), one can estimate the value of the 
compression stress in this experiment which is about 140 
MPa. Titanium beryllide specimens were tested at 923 
K. The choice of this temperature corresponds to 
working conditions of the solid breeding blanket. 

 

2.3 Investigations by TEM 

TEM examination was performed using FEI 
TECNAI-20F (200 keV) microscope. Due to an 
extremely high brittleness of investigated samples, 
standard procedure of the preparation of TEM specimens 
(with diameter of 3 mm and 0.3 mm thickness) was 
replaced by examination of ultrafine particles produced 
by crashing of irradiated samples in liquid nitrogen. It 
was experimentally observed that the particles with the 
sizes of 100-500 nm were the most suitable for the 
investigations by TEM. In this case, particles have 
sufficient volume for representativeness of results and, 
on the other hand, regions which are transparent for the 
electron beam can be easily found. 

Particles produced by crashing of titanium beryllide 
samples after neutron irradiation at 740 and 873 K were 
investigated in this work. 

 

3. Mechanical behavior of Be12Ti samples in as-
received state and after irradiation at 740 K 

Fig. 2 represents the results of compression tests in 
the system of axes "absolute deformation – time of 
testing". In this work, measured "absolute deformation" 
is the recorded plunger stroke. Both samples, in non-
irradiated state and after irradiation at 740 K, have 
shown nearly equal values of absolute deformation (in 
the range of 50-70 μm) before the brittle failure 
occurred. These values correspond to approx. 2% of 
relative deformation which refers to a formation of 
cracks in the material volume caused by a uniaxial 
compression loading. It should be noted that the process 
of production of initial beryllide samples by an arc-
melting led to formation of fabrication-induced pores in 
the material volume. One can assume that the measured 
deformation is closely linked to a propagation of cracks 
and cleavages around these pores. Therefore, the 
contribution of exact plastic deformation into a change 

of the specimens' heights is negligible. Although some 
difference between the heights of investigated specimens 
was detected (2.5 and 1.9 mm for initial and irradiated 
state, accordingly), the mechanical behavior during 
compression tests at 923 K of both types of samples is 
very similar.  

 

 
Fig. 2 Results of uniaxial compression tests at 923 K of 
titanium beryllide samples before and after irradiation at 
740 K 

 

Fig. 3 illustrates irradiated at 740 K titanium 
beryllide specimen after uniaxial compression test. One 
could observe that the failure occurred at an angle of 
approximately 450 to a direction of loading with the 
brittle fracture surface. 

 

 
Fig. 3 Titanium beryllide specimen after compression test 
at 923 K 

 

4. Study of microstructure of titanium beryllide 
specimens irradiated at 740 and 873 K 
4.1. Investigations by high-resolution TEM 

In both cases, after irradiation at 740 and 840 K, the 
formation of radiation-induced bubbles of radiogenic 
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gases was found. Fig. 4 shows high-resolution TEM 
image of the particle from irradiated at 740 K titanium 
beryllide sample. Observed bubbles are homogeneously 
distributed throughout the investigated material volume 
and have the average sizes of 1-2 nm. 

 

 
Fig. 4 High-resolution TEM image of the particles from 
titanium beryllide sample irradiated at 740 K 

 

The sizes of gas bubbles increase along with the 
temperature grow. It was estimated that the sizes of 
bubbles were around 15-20 nm after neutron irradiation 
at 873 K (Fig. 5). Some bubbles have regular geometric 
shapes (e.g., triangular, hexagonal) what could be an 
evidence that the preferred bubble growth occurs along 
certain crystallographic planes. 

 

 
Fig. 5 High-resolution TEM image of titanium beryllide 
irradiated at 873 K 

 

 

4.2 Evaluation of swelling using TEM images 

High-resolution TEM images were used for the 
evaluation of neutron-irradiated titanium beryllide 
samples. One has to emphasize that, in this case, the 
value of "local" swelling was estimated. This means that 
the swelling inside the irradiated material has been 
measured and the volume change which occurred due to 
an oxidation of near-to-surface layers was not taken into 
account. On the other hand, the small values of masses 
of the investigated samples (approx. 30 mg) do not allow 
the use of the common method for the determination of 
material density based on the immersion into a liquid 
media. 

Firstly, rectangular cross sections were selected on 
the TEM images and the number of bubbles Nb located 
inside these plots was counted. Then, conditionally, was 
adopted that the bubbles have spherical shapes and their 
diameters (or the equivalent sizes) were measured 
knowing the scales on TEM images. Then, the total 
volume Vb occupied by gas bubbles was evaluated using 
expression: 

,)
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3
4 3

i
i

i
b N

d
V     (1) 

where di – are diameters of bubbles which fit to an 
interval di± di, Ni – number of bubbles having diameters 
which correspond to di. 

High-resolution TEM images were obtained using 
electrons with energy equaled to 200 keV. The 
penetration depth of electrons with such energy into 
titanium beryllide of Be12Ti type is about 220 nm [4]. 
Therefore, knowing the cross section area on the TEM 
images and penetration depth of electrons into samples, 
one can calculate the investigated specimen volume Vs.  

Thus, swelling 
0V
V (in %) of neutron-irradiated 

samples was estimated by expression: 

.100
0 s

b

V
V

V
V     (2) 

Estimated values of swelling of titanium beryllides 
irradiated at 740 and 873 K were 0,08 and 0,28%, 
accordingly.  

It was shown in other HIDOBE-dedicated works 
[2,5] that the values of swelling of neutron-irradiated 
beryllium pebbles are much higher. In particular, S. van 
Til et al. reported that the density decrease of beryllium 
pebbles irradiated at 873 K is around 5%. 

 

5. Discussion and conclusions 
Extreme brittleness of titanium beryllide Be12Ti is 

determined by a factor that the sliding planes in 
tetragonal lattice of this compound appear only at high 
strength values. Thus, comparing to hexagonal beryllium 
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or titanium, the process of plastic deformation of 
beryllides is sufficiently impeded [6]. 

Up to now, only one experimental work on neutron 
irradiation of Be12Ti samples is known from the opened 
literature sources [7]. Short-term irradiation campaign 
was performed at Japan Material Testing Reactor 
(JMTR) in the temperature range of 603-773 K with the 
neutron fluence of 4×1024 n/m2. The authors investigated 
the influence of neutron irradiation on beryllium and 
Be12Ti specimens. It was indicated that Be12Ti samples 
have lower swelling (not exceeding 1%) and better 
release properties of radiogenic gases comparing to pure 
beryllium. It should be noted that the measured swelling 
of un-alloyed beryllium samples was around 3%.  

The main contribution to the volume change of 
beryllium-based materials under neutron irradiation 
makes radiogenic helium 4He. One can assume that the 
formation of gas bubbles in titanium beryllide is 
impeded compared to un-alloyed beryllium due to a 
smaller ability of tetragonal lattice of Be12Ti to a 
deformation under internal stresses which originate 
during the accumulation of bubbles. The appearance of 
the point defects (interstitials) leads to a formation of 
microstresses which are directed towards the volume 
increase of the elementary cell and, accordingly, of the 
whole sample volume. The volume change of the 
irradiated sample is possible due to a deformation of 
lattice which is, in the case of complex structure of 
intermetallic compounds, is very difficult. At a certain 
stage the values of stresses in the crystal lattice of 
titanium beryllide are too high in order to be 
compensated by a lattice deformation which is, in turn, 
accompanied by the bubble growth. The relaxation of 
stresses runs easier in less brittle beryllium what leads to 
more intense formation of gas bubbles and, accordingly, 
higher swelling.  

Also, lower swelling of titanium beryllide was 
measured by Y. Mishima et al. [8] by implantation of 
helium ions with energy of 50 keV into pure beryllium 
and Be12Ti specimens at temperatures up to 973 K. In 
parallel, V. Chakin et al. [9] reported about lower tritium 
retention properties of Be12Ti specimens saturated with 
H2 – 500 appm T2 gas mixture with the respect to 
commercially available beryllium grades. Thus, one can 
suggest that titanium beryllide Be12Ti show lower 
swelling as well as lower gas retention properties when 
compared to pure beryllium.  

Both, titanium beryllide samples in unirradiated state 
and after irradiation at 740 K, showed very similar 
parameters of a brittle failure at uniaxial compression 
tests using constant loading at 923 K. These 
experimental results allow to conclude that the high-dose 
neutron irradiation at 740 K did not lead to a further 
degradation of mechanical properties of beryllide 
samples which consist, mainly, of Be12Ti phase. 

 

 

 

References 
 

[1] P. Kurinskiy, A. Moeslang, M. Klimiankou, A.A. Goraieb, 
J. of Nucl. Mat. 367-370 (2007) 1069-1072. 

[2] V. Chakin, R. Rolli, A. Moeslang, P. Vladimirov, P. 
Kurinskiy, H.-C. Schneider, M. Kolb, S. van Til, L. 
Magielsen, M. Zmitko, J. of Nucl. Mat., accepted for 
publishing, 2012. 

[3] Report NRG-20296/09.96239/P, issued in Sept. 2009. 
[4] T. Malis, S.C. Cheng, R.F. Egerton, Journal of Electron 

Microscopy Technique, Vol. 8, 1988, 193-200. 
[5] S. van Til, J.B.J. Hegeman, H.L. Cobussen, M.P. Stijkel, , 

Fusion Eng. and Design 86 (2011) 2258-2261. 
[6] G.V. Raynor, Beryllium-rich intermediate phases in 

beryllium alloys, J. of Less-Common Metals 37(2) (1974) 
247-255. 

[7] M. Uchida, E. Ishitsuka, H. Kawamura, J. of Nucl. Mat., 
307-311 (2002) 653-656. 

[8] Y. Mishima et al., Fusion Eng. and Design 82 (2007) 91-
97. 

[9] V. Chakin, M. Klimenkov, R. Rolli, P. Kurinskiy, A. 
Moeslang, C. Dorn, J. of Nucl. Mat., 417 (2011) 769-774. 
 



Proceeding of 10th Beryllium Workshop 
Optimization of sintering conditions in Plasma sintered beryllide 

Jae-Hwan Kim, Daisuke Wakai and Masaru Nakamichi 

 

Fusion Research and Development Directorate, Japan Atomic Energy Agency, 

2-166, Omotedate, Obuchi, Rokkasho, Kamikita, Aomori, 039-3212, Japan 

 

 

Abstract 

Beryllides are well-known as advanced neutron multipliers in demonstration power reactor. Many 

studies on their fabrication have been carried out including conventional methods, arc melting 

method and hot isostatic pressing method which was not so successful for fabrication of either rod 

type or pebble type.  

In this study, the effect of sintering time on synthesis of beryllides fabricated by plasma sintering 

was investigated. Most conditions of sintering were fixed such as sintering pressure to 50 MPa, 

sintering temperature to 1278 K, heating rate to 100 K/min, cooling rate to 200 K /min and surface 

activation treatment time to 30 seconds and mixture ratio to Be-7.7at%Ti except for sintering time 

which were 5 min, 10 min, 30 min, 60 min and 90 min. 

From the viewpoint of sinterability, it showed the better property because regardless to the sintering 

times, Be and Ti powders were sintered to more than 98% of their theoretical density value which is 

higher than that of specimen fabricated by the conventional method. As results of x-ray diffraction 

and electron probe micro analyzer measurements, the formation of beryllides such as Be12Ti, Be17Ti2, 

and Be2Ti intermetallics was identified at 1278 K for sintering times from 5 min to 90 min. It was 

obviously confirmed that with increasing time, the area fraction of Be12Ti, which is the 

compositional target for neutron multipliers, was increased about 96 % whereas the area fraction of 

beryllium and Be2Ti decreased.  

 

 

 

 

 

 

 

 

 



1. Introduction 

Beryllide has been paid attention as a promising candidate of advanced neutron multipliers for 

DEMO reactor. However, owing to its brittleness, it is considerably difficult to fabricate not only 

pebble type of beryllide which will be loaded into blanket but rod type of that which is fabricated 

prior to application of rotating electrode method (REM). Application for some conventional methods 

such as arc melting method and hot isostatic press method for the rod type of beryllide was not so 

successful since some problems, complicated process, time-consuming, difficulty on controlling 

composition as well as eliminating impurities and so on, were anticipated. Therefore, we suggested 

the plasma sintering method for fabrication of beryllide, expecting that advantages being 

well-known in general would be applicable to this material. In this study, several sintering conditions, 

will be introduced in order to investigate the effect of sintering conditions on sinterability of plasma 

sintered beryllide. 

 

2. Experiments 

The specimens used in this study, were prepared by plasma sintering method. For confirmation of 

the effect of sintering time and temperature, we varied the sintering time and temperature as other 

conditions were fixed. The synthesis of specimens started with mixed elemental powder particles of 

beryllium (>99.0%) from Rare Metallic Co. Ltd. and titanium (>99.0%) from Kojundo Chemical 

Laboratory Co. Ltd. The powders were mixed for 60 min using a RM200 (Retsch, Germany). The 

mixed powder composition was 92.3 at.% Be and 7.7 at.% Ti. The starting powder was loaded into a 

graphite punch and die unit and uniaxial pressure was applied for cold compaction. A pulse current is 

applied to create the plasma environment and thus activate the particle surfaces. The powder 

compact is resistance-heated while uniaxial pressure is applied to the material in the sintering mold. 

The sintering temperatures used in the experiment, was 1273 K, while sintering times were 

different: 5, 10, 30, 60, and 90 minutes; with heating and cooling rates of 100 and 200 K/min, 

respectively. For investigation of investigate the sinterability of beryllides, the specimens were cut to 

2.7 × 2.7 × 4.0 mm3 and then the density was measured (AccupycII 1340-1CC, Shimadzu, Japan). 

The measured value was compared with a theoretical one, which was calculated from analytical 

results of area fractions for each phase. For qualitative analyses of beryllides, back-scattered electron 

scanning electron microscopic images were obtained using EPMA (JXA-8530F, JEOL, Japan). 

Additionally, XRD measurements were conducted with scan speeds of 0.01° from 10° to 100° for 

confirmation of compositional variation of beryllides. To observe the grain size of beryllide, 

chemical etching was carrired out and optical observation was conducted by laser microscopy (VK 

9700, KEYENCE) 

 

 



3. Results and Discussions 

 

 

Fig.1 BSE-SEM observation of specimens sintered for (a) 5 min, (b) 10 min, (c) 30 min, (d) 60 min, 

(e) 90 min and (f) high magnification (x500) of (d), showing qualitative analysis results.  

 

Fig.1 shows the scanning electron microstructure of specimens plasma-sintered for several different 

times. Since this image is observed using the back scattered electron, different contrast indicates 

different composition. Therefore, it is obvious that there exist four phases, which are black, gray, 

light gray and white areas. From the analysis of EPMA, black area was identified to beryllium, gray 

to Be12Ti phase, light gray to Be17Ti2 phase and white to Be2Ti phase as shown in fig.1 (f). It could 

be confirmed how each phase transformed to according to sintering time. It was clearly confirmed 

that beryllium and Be2Ti phase decreased whereas Be12Ti phase which is stable composition, based 

on stoichiometry, increased with increase of the time. 

In order to investigate the area fraction of each phase in detail, evaluation of area fractions was 

conducted as shown in fig.2. Area fraction of Be12Ti phase which is targeting composition for 

specimen sintered for 5 min. was approximately 60 %. However, with increasing the sintering time, 

the fractions increased to 81%, 84%, 91% and 96%. For beryllium, it was varied to 22%, 7%, 5%, 1% 

and 0.1%. It means that it can be applicable to fabricate beryllide with different compositions which 

may lead to improve ductility as adding beryllium into substrate. 

 

 

 

 



 

 
Fig.2 Sintering time dependence at 1273 K on area fraction of each phase  

 

 

 

 
Fig.3 X-ray diffraction analysis of each specimen 

 

XRD profile results are given in Fig. 3. Peaks corresponding to beryllium and beryllides such as 

Be12Ti, Be17Ti, and Be2Ti were identified under every sintering time. With increasing sintering time, 

the beryllium and Be2Ti peaks decreased while those of Be12Ti increased. This suggests that the 

sintering of beryllides is enhanced by increasing sintering time. This is in good accord with results 

on the SEM observation. Nakamichi [1] et al. have reported the effect of sintering temperature on the 

sinterability, demonstrating that the elemental content of Be and Ti in the plasma sintered material 

decreased by consolidation enhancement with increasing sintering temperature. 

 

 



 

Fig.4 Variation of density according to sintering times 

 

In order to evaluate the sinterability for specimens fabricated by this method, the results for 

theoretical, measured, and sintering densities with different sintering times for the fabricated 

beryllides was given in Fig. 4. The mixture of Be and Ti powders (69.3 wt.% Be and 30.7 wt.% Ti) 

was sintered to more than 98% of the theoretical value. This result clarifies that the value is higher 

than those for specimens synthesized by arc melting method. In this study, it was clearly confirmed 

that fabrication by the plasma sintering method resulted in significantly high sinterability. However, 

sintering time dependency of sintering density could not be observed.  

 

 

 
Fig.5 Dependence of sintering time on hardness and area fraction of beryllides. 

 

Fig.5 shows the dependence of sintering time on hardness and area fraction beryllides. With increase 

of the sintering time, the microvickers hardness increased. Due to increase of beryllides, the 



hardness indicated a similar tendency. Accordingly, it is obvious that there is close correlation 

between the beryllides and hardness.  

 

 
Fig. 6 Grain size of beryllides sintered for (a) 5 min, (b) 30 min, and (c) 90 min 

 

In general, it is well-known that for sintering process, with increase of sintering time, the grain size 

increases. In the present study, we investigated the grain size of each beryllide with different 

sintering time. In case of beryllide sintered for 5 min, the grain size was considerably small. 

However, increase of the sintering time led to increase of the grain size while the grain size grows up 

to 47 m as shown in fig. 7. Further studies on the grain size effect are ongoing.  

 

 
Fig.7 Relationship between the sintering time and grain size.  

 

 

 

 

 

 

 

 

 

 



 

Conclusions 

 We investigate the optimization of sintering conditions in plasma sintered beryllide. SEM images 

and EPMA results clarified that the plasma sintered beryllide was composed of four phases, Be, 

Be12Ti, Be17Ti2, and Be2Ti. With increase of the sintering time, Be and Be2Ti phase decreased 

whereas Be12Ti phase which is stable composition, based on stoichiometry, increased. All beryllides 

indicated the high sinterability with relative density of over 98 %. For hardness of beryllide, with 

increasing the sintering time, the hardness increased. This may be attributed by increase of total 

beryllides which have higher hardness than pure Be. Finally, grain size images of beryllide clearly 

proved that it was increased with the increase of sintering time. Further studies on the grain size are 

ongoing.  
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Abstract 



1. Introduction 

2. Experimental 
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3. Result and discussion  
3.1 Exposure to water vapor at high temperatures 

3.2  Surface analysis by XRD 

3.3  Surface analysis by EPMA 
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1. Introduction 



2. Experimental 

 
Fig.1 Experimental apparatus
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3. Results and discussion 

pure beryllium sample drastically increased in the experiment, which continued for 24 h. The



 

 

0

30

60

90

120

150

0 4 8 12 16 20 24
0

5

10

15

20

25

30

35

40

45

50

Time (h)

M
as

s 
ga

in
 (

m
g/

cm
2 )

0

200

400

600

800

1000

1200

1400

T
em

perature (K
)

 H
yd

ro
ge

n 
co

nc
en

tr
at

io
n 

(p
pm

)

(a)

Mass gain

Temperature

Hydrogen concentration

0

30

60

90

120

150

0 4 8 12 16 20 24
0

5

10

15

20

25

30

35

40

45

50

Time (h)

M
as

s 
ga

in
 (

m
g/

cm
2 )

0

200

400

600

800

1000

1200

1400

T
em

perature (K
)

 H
yd

ro
ge

n 
co

nc
en

tr
at

io
n 

(p
pm

)

(a)

Mass gain

Temperature

Hydrogen concentration

0

30

60

90

120

150

0 4 8 12 16 20 24
0

5

10

15

20

25

30

35

40

45

50

Time (h)

M
as

s 
ga

in
 (

m
g/

cm
2 )

0

200

400

600

800

1000

1200

1400

T
em

perature (K
)

 H
yd

ro
ge

n 
co

nc
en

tr
at

io
n 

(p
pm

)

Mass gainHydrogen concentration

Temperature

(b)

0

30

60

90

120

150

0 4 8 12 16 20 24
0

5

10

15

20

25

30

35

40

45

50

Time (h)

M
as

s 
ga

in
 (

m
g/

cm
2 )

0

200

400

600

800

1000

1200

1400

T
em

perature (K
)

 H
yd

ro
ge

n 
co

nc
en

tr
at

io
n 

(p
pm

)

Mass gainHydrogen concentration

Temperature

0

30

60

90

120

150

0 4 8 12 16 20 24
0

5

10

15

20

25

30

35

40

45

50

Time (h)

M
as

s 
ga

in
 (

m
g/

cm
2 )

0

200

400

600

800

1000

1200

1400

T
em

perature (K
)

 H
yd

ro
ge

n 
co

nc
en

tr
at

io
n 

(p
pm

)

Mass gainHydrogen concentration

Temperature

(b)



 
 

 
Fig.3 X-ray diffraction pattern of (a) the pure beryllium sample before the experiment, (b) the pure 

beryllium sample after the experiment, (c) the Be12Ti sample before the experiment and (d) the 
Be12Ti sample after the experimentt
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Abstract 

Beryllides which have been paid attention as an advance neutron multiplier in demonstration power 

reactor, are too brittle to fabricate either pebble type or rod type by use of conventional methods, 

which are arc melting and hot isostatic pressing method. As plasma sintering method has been 

suggested as a new method for beryllide, studies on the plasma sintered beryllide are ongoing.  

In this study, oxidation property of plasma sintered beryllide was investigated under dry air as an 

evaluation of high temperature property. It was obvious from the result of thermal gravimetry that 

specimen with larger amount of Be12Ti phase which corresponds to longer-sintered specimen had 

superior oxidation resistance. As results of electron probe micro analyzer and x-ray diffraction 

analyses, oxidation behavior of Be2Ti phase had different mechanism showing formation of TiO2

scale while those of Be and Be12Ti phase were not so different as compared to studies conducted so 

far. The TiO2 scales were crystallized upon Be2Ti phase, being formed outside of the island-like oxide 

scales while BeO scales were formed inside of the scales. In addition, the result that some cracks were 

formed either near to or cross to the island-like scale, may result in degradation of mechanical 

property at high temperature. Further studies on high temperature property are ongoing. 

Introduction 

Beryllide is well known to a material with brittleness which can be problematic for the fabrication 

of pebbles by conventional methods. The establishment of fabrication techniques for solid beryllide 

rods is a key issue in advanced neutron multiplier development. So a new method for synthesis of this 

beryllide was suggested by Nakamichi [1] and studies on the effect of the sintering time were 

reported [2]. Compared to beryllium, high temperature properties for beryllide are considered as the 

most important aspect because beryllium is known to exhibit poor high temperature properties above 

873 K [3].  

In this study, the oxidation resistance of the plasma sintered beryllides is reported using the weight 

gain measurement. 



Experiments

Starting powders of Be (>99.0 % and Ti(>99.9%) were blended with stoichiometric composition of 

Be12Ti, that is, 92.3 at% Be and 7.7 at% Ti, and mixed for 60 min by using a RM200 (Retsch, 

Germany). The powder is loaded in a punch and die, made by graphite and pressed by uniaxial 

pressure for cold compaction. To generate the plasma environment and activate the particle surfaces, 

on-off pulsed direct current with 500 A was applied. The compact was resistance-heated during 

applying the uniaxial pressure to the material. For comparison, sintering temperature was fixed to 

1273 K and sintering times were varied to 5, 10, 30, 50 min with heating and cooling rates of 100 

and 200 K/min, respectively.  

The plasma sintered beryllides were cut to 2.7 × 2.7 × 4.0 mm3 and polished up to 15 m. To evaluate 

the variation of each phase according to oxidation, back-scattered electron scanning electron 

microscopic images were observed with exact same position before and after thermal-gravimetry 

(TG) measurements using electron probe micro analyzer (JXA-8530F, JEOL, Japan). The TG tests 

were conducted at 1273 K for 24 hr under dry air with flow rate of 300 ml/min. In addition, x-ray 

diffraction measurements were conducted with scan speeds of 0.01° from 10° to 100° for confirmation 

of compositional variation of beryllides.  

Results and Discussions 

Fig.1 Difference of area fraction for plasma sintered beryllides tested in thermal gravimetry.  

 Fig.1 shows the area fractions for the beryllides sintered for different times, 5 min, 10 min, 30 min, 

and 50 min. For the beryllide sintered for 5 min, area fractions of Be12Ti phase and Be were 

approximately 61 % and 29 %, respectively, including small fractions of Be17Ti and Be2Ti phase. 

The sintering time of 5 min was not enough to consolidate the Be12Ti phase as its stoichiometric 



composition. However, as the sintering time increased to 10 min, area fraction of Be12Ti phase 

increased to 81 % while that of Be decreased to 10 %. From the total variation of each phase, with 

increasing the sintering time, Be12Ti phase increased to 87 % while Be phase decreased to almost 

0 %. Although small fractions for Be17Ti2 and Be2Ti phase were confirmed, Be17Ti2 phase increased 

while Be2Ti phase decreased with the sintering time.  

In order to investigate the oxidation resistance of the plasma sintered beryllides fabricated by 

different sintering times, weigh gains for each beryllide were measured at 1273 K for 24 h under dry 

air with gas flow of 300 ml/min.   

Fig.2 exhibited the results of weight gains for the beryllides with a reference by Sato [4]. For the 

beryllide sintered for 5 min, with increase of the exposure time at 1273 K, weight gain increased 

with parabolic rate. On the other hands, it was clear that the longer sintering time the beryllides have, 

the better oxidation resistance they have. This result suggested that the beryllide with larger fraction 

of Be12Ti phase as well as smaller fraction of Be phase, exhibited to the better oxidation resistance. 

To investigate the oxide scale in detail, the SEM surface images 

Fig.2 Weight gains of plasma sintered beryllides under isothermal condition with 1273 K. 

Fig.3 SEM images for plasma sintered beryllides before and after TG test.   



Fig. 3 shows the SEM images for the beryllides before and after TG test, observing the exact same 

position for comparison. It was obvious that for 5 min-sintered beryllide after TG test, white area 

detected on the exact same position of Be2Ti phase. EPMA results clearly clarified that the white 

substance corresponded to TiO2 phase which was oxidized and formed with rugged type on the 

surface. In addition, many cracks near to TiO2 phase were observed. This may be caused by stress 

between BeO and TiO2. Further studies on this are ongoing. Moreover, the gray areas for the 

beryllide after TG test, were identified to BeO. However, its morphology tends to have different type 

of BeO, depending on the position. As results of TG test, BeO on the Be was formed to be porous 

scale while that on the Be12Ti and Be17Ti2 phase seemed to be dense.  

Fig.4 SEM images of the plasma sintered beryllide (a) before TG test and (b) after TG test. 

 Fig. 4 shows the SEM images of the beryllides, explaining that Be12Ti and Be17Ti2 phases have 

higher oxidation resistance while Be and Be2Ti phases were severely oxidized. Be phase in the 

beryllide tends to be oxidized as the single Be phase is oxidized. It is clear that BeO formed on the 

Be phase is porous and non-protective scale. On the other hand, BeO formed on the Be12Ti phase is 

considerably dense and protective. Sato [4] demonstrated that the difference of oxidation behavior 

between Be and Be12Ti is caused by compressive stress to keep the coherency of Be lattice between 

scale and substrate.  

The oxidation behavior of Be17Ti2 was similar with the Be12Ti, forming the dense and protective 

scale. However, Be2Ti was severely oxidized with rugged type of scale. The cross sectional image 

demonstrated that the scales are composed of TiO2 and BeO, which were formed outside and inside 

of the rugged scale, respectively. Accordingly, existence of Be2Ti phase may lead to degradation of 

not only oxidation resistance but mechanical property due to cracks.   



Conclusions 

As a new method for fabrication of beryllide, we have suggested the plasma sintering method. In 

this study, the oxidation resistance for each phase in the beryllide plasma-sintered for 5 min, 10 min, 

30 min, and 50 min will be investigated. The SEM images indicated that with increase of sintering 

time, area fraction of Be12Ti and Be17Ti2 phases increased while Be and Be2Ti phases decreased. The 

weight gain result for the beryllides clarified that the longer sintering time the beryllide has, the 

higher oxidation resistance it has. From the surface observations, it was obvious that Be was 

severely oxidized with porous and non-protective scale while Be12Ti and Be17Ti2. In addition, Be2Ti 

was oxidized with rugged scale which was composed of TiO2 and BeO scales, formed outside and 

inside of the scale, respectively. And some cracks were identified near to TiO2 formed on the Be2Ti 

phase. For the plasma sintered beryllide, accordingly, Be2Ti phase may result in degradation of 

oxidation resistance and mechanical property.  
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For the beryllium tiles protecting the ITER First 
Wall, the low vapor pressure of beryllium is a 
fundamental issue because considerable amounts of 
beryllium are evaporated from thermally high loaded 
areas and are deposited in cooler zones. 

The beryllides, namely Be12Ti, Be12V and Be12Cr, 
have become of interest for ceramic breeder blankets 
because of better performance in several areas. This 
would be also the case for the use as First Wall material 
if beryllium evaporation is considerably smaller. In the 
paper, first results from measurements of the beryllium 
vapor pressure above Be12Ti in the temperature range 
from 1250 K to 1600 K are described. It showed that the
beryllium vapor pressure above the Be12Ti alloy is of the 
same order of magnitude as the vapor pressure of pure 
beryllium metal.

I. INTRODUCTION 

In the ITER fusion reactor, beryllium will be an 
important material mainly in two areas: first, in ceramic 
breeder blankets where it is required as a neutron 
multiplier and second, as a material for plasma facing 
components (PFCs) in the shape of tiles at the First Wall1. 

For First Wall applications, the low vapor pressure of 
beryllium is a fundamental issue because considerable 
amounts of beryllium are evaporated from thermally high 
loaded areas and are deposited in other zones. Especially, 
the deposition of beryllium on the tungsten divertor 
surface is of special concern2-4 because it might result in 
the formation of Be-W compounds with considerably 
lower melting temperatures compared to pure tungsten. 

Figure 1 shows vapor pressures of different metals 
from Ref. (5). The data were fitted to an expression of the 
form 

                       log p = A – B/T,           (1) 

where the vapor pressure p is in Pa and the temperature T 
is in Kelvin. The constants A and B are listed in the 
figure. 
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Fig. 1. Metal vapor pressures from Ref. (5). 

The vapor pressure of beryllium is in between of that 
of silver and aluminum and larger compared to metals of 
interest as structural materials. The beryllium data are in 
good agreement with data from Refs. (6-7) which were 
used in the data evaluation described in Section II.   

For the use of multiplier material in blankets, 
beryllium intermetallic compounds, beryllides, have 
proven to perform better compared to pure beryllium in 
respect to upper temperature limit, compatibility with 
structural materials, chemical reactivity with air and 
steam, and tritium release8-15

.  Drawbacks are the 
difficulty of fabrication and the brittleness of these 
materials at lower temperatures.  

From the neutronic point of view, the compounds 
Be12M with titanium, vanadium, and chromium as metal 
constituent are of interest. Up-to now work concentrated 
on Be12Ti.  The present material data basis for these 
beryllides is very limited compared to that for pure 
beryllium; vapor pressures of beryllides were not 



experimentally determined yet. If it would prove that 
beryllide vapor pressures are significantly smaller 
compared to pure beryllium, the attractiveness of these 
compounds would increase considerably. 

The vapor pressures of ideal alloys can be assessed 
with Raoult’s law, expressed by  

palloy = NM1pM1 + NM2pM2               (2), 

where NM1 and NM2 are the mole fractions of the metal 
constituents M1 and M2, respectively, and pM1 and pM2
are the corresponding vapor pressures above the pure 
metals. With the data from Fig. 1, according to Raoult’s 
law, no essential vapor pressure differences are expected 
between the Be12M compounds of interest and pure 
beryllium.  

However, because of the complicated phase diagram 
of beryllides16 which in general contain many 
intermediate phases with various ranges of stability, see 
e.g. Fig. 2, the accuracy of Raoults’s law is questionable 
and experiments are required. 

Fig.  2. Ti-Be phase diagram, Ref. 14. 

In the following, results from screening experiments 
with Be12Ti are described, performed in the Institute for 
Transuranium Elements (ITU) of the Joint Research 
Center (JRC) of the European Commission. 

II. EXPERIMENT 

To determine the vapor pressure of Be above pure 
beryllium metal and Be12Ti alloy a Knudsen Cell 
technique coupled with a quadrupole mass spectrometer 
(KCMS) has been used17. Both materials have been 
measured from room temperature up to 1600 K, just 
above the melting temperature of pure beryllium (Tm
(Be) = 1560 K).  

The samples used in this study were solid pieces of 
the total weight of 3.03 mg and 4.56 mg for Be metal and 
Be12Ti alloy respectively, which were loaded in the 
tungsten Knudsen Cell, see Fig. 3. The cell was centered 
in a high temperature furnace made of tungsten coil-
heating element surrounded by seven cylindrical thermal 
shields. To avoid any contact of evaporated Be species 
with other gas molecules the whole system is placed in a 
high vacuum chamber (p ~ 10-7 mbar). The scheme of the 
whole equipment as well as the Knudsen in detail cell is 
shown in Fig. 3. 
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Fig. 3. Scheme of set-up: (1) Knudsen Cell with black-
body hole; (2) W resistance heating coil; (3) molecular 
beam chopper; (4) cell lift apparatus; (5) LN cold trap; (6) 
CCD camera for cell and chopper hole alignment; (/) 
quadruple mass spectrometer; (8) thermal shields; (9) 
revolving protection windows; (10) linear pyrometer; (11) 
turbo molecular pump. 

KCMS technique is an equilibrium study which 
measures the intensity of gaseous species escaping from 
the Knudsen cell through a small aperture (of 0.5 mm 
diameter), which are further ionized in an ionizing 
chamber forming cations to be detected in a mass 
spectrometer. Based on the intensity of a signal, I+

i, the 
vapor pressure, pi, is determined according to Equation 3, 
where T is the absolute temperature and Ki is the 
calibration factor. This factor generally contains an 
instrumental term, which is independent of measured 
gaseous species, and a term which is dependent on the 
species measured and includes the ionization cross 



section, the efficiency of the secondary electron multiplier 
and the isotopic abundance of given species. 

                          pi = (Ii
+ T)/Ki.                                (3)

   
The calibration factor is determined from the vapor 

pressure measurement of a standard material which is 
measured at the same time as the analyzed sample. 
Usually as a standard material pure silver metal is used, 
however in this study this was not possible as it was 
observed in several initial experiments that loading silver 
together with Be-containing samples in one cell resulted 
in an abnormal curve shape of the silver signal indicating 
some reaction of silver with beryllium, most likely on the 
solid surfaces of two metals, in the molten state and 
possibly in the gaseous phase. Therefore, silver was not 
feasible to be used as calibrating metal. 

However, as the aim of this study was to measure the 
difference between the vapor pressure of Be atomic 
species above pure beryllium metal and Be12Ti alloy, the 
vapor pressure was determined directly from the 
measured intensity signal assuming that the conditions of 
the two consecutive measurements (1. Be(g) above pure 
Be metal, and 2. Be(g) above the Be12Ti alloy) are 
identical. This assumption is also supported by the fact 
that no other vapor species than Be(g) have been detected 
during the performed measurements, thus the total vapor 
pressure above Be metal and Be12Ti alloy is attributed to 
Be(g) only.  

During the first experiment the intensity of the Be 
signal above pure beryllium metal was measured and the 
obtained curve was correlated with the vapor pressure of 
beryllium using the database6-7. The relation between the 
theoretical vapor pressure and the signal intensity is 
shown in Fig. 4. The data were fitted by: 

     log pBe(Pa) =-0.3215-1.0081 logI-0.0928 (logI)2   (4).  
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 Fig. 4. Relation between vapor pressure of pure 
beryllium and measured  intensity. 

In the second step the vapor pressure of Be gaseous 
species above Be12Ti alloy was measured and from the 
intensity of the signal the vapor pressure was determined 
using the Equation (4). 

  

III. RESULTS 

The vapor pressure of Be(g) above Be12Ti alloy 
obtained from the mass spectrometric measurements as  
described in the previous section is shown in Fig. 5. The 
solid line is the calculated vapor pressure of  Be above Be 
metal according to Refs (6-7), taken as a reference in this 
study. 
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Fig. 5. Vapor pressure of Be above Be12Ti alloy.  

Fitting the experimental results for the temperature 
range from 1250 K to 1650 K, the following relation is 
obtained: 

          log p Be12Ti(Pa) =-18.87+0.0194T-4.53 10-6 T2.     (5)
  

The data below 1250 K were not taken into account 
as the vapor pressure of Be is very low below that point 
and falls within the background signal of the detector. 
This is shown in Fig. 5 resulting in an inflection on the 
vapor pressure signal between 1200 K and 1300 K. 
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Fig. 6. Vapor pressure of Be metal and of Be above the 
Be12Ti alloy as a function of temperature. 

Figure 6 shows the comparison between the vapor 
pressure of Be above pure beryllium metal and the vapor 
pressure of Be above Be12Ti alloy obtained in this study 
and described by Eq. 5. 

At low temperatures the vapor pressure of Be(g) 
species is slightly higher above the Be12Ti alloy compared 
to pure beryllium whereas at around 1400 K this trend 
changes and the vapor pressure above pure metal becomes 
higher. This is due to the different slopes of the 
temperature functions of the vapor pressure which are 
explained by different equilibriums above pure metal and 
the alloy as shown in the following relations 6 and 7.  

1. Equilibrium with pure Be metal: 

  )()( gasBesolidBe ⇔                         (6).  

2. Equilibrium with Be12Ti alloy: 

21712 )()( TiBegasBesolidTiBe +⇔  (7).
  

It is evident that the second equilibrium assumes a 
composition modification of the initial sample and can be 
expressed by the general formula: 

   TiBegasxBesolidTiBe x−+⇔ 1212 )()(  (8),
      
however, as the Ti-Be phase diagram12 does not indicate 
hypostoichiometry of the Be12Ti phase, as shown in Fig. 
2, equilibrium from Equation 7 is suggested.
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 Fig. 7. Vapor pressure of different metals and of Be 
above the Be12Ti alloy as function of reciprocal 
temperature. 

The differences of the curve slopes are also obvious 
from Fig. 7 where plots of log p versus reciprocal 
temperature are presented. Fitting the data for Be above 
the Be12Ti alloy according to Equation (1), the following 
constants are obtained: A=11.371, B=16741. 

IV. CONCLUSIONS 

From the mass spectrometric data, taking into 
account the experimental error of the used method, we 
conclude that the vapor pressure of the Be12Ti alloy is of 
the same order of magnitude as the vapor pressure of pure 
beryllium metal in the temperature range from 1250 K to 
1600 K. Similar results are expected for the other 
beryllides of interest, Be12V, and Be12Cr. 

REMARK 

The content of this paper was first presented at the 19th

TOFE Conference, Las Vegas, USA, Nov. 7-11, 2010. 
Because of technical reasons the paper was not published 
in the conference proceedings.  
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Investment Casting of Be Alloys  

Gary Schuster1 and Chuck Pokross2  

Abstract: 

Investment casting is a near net shape manufacturing process that typically reduces both the 
amount of alloy and machining time needed to produce a part.  The reductions in these two 
areas frequently lead to significant decreases in the total cost of the part.  Materion has 
developed procedures for the investment casting of three Be-Al alloys (AlBeCast® 910, 920 and 
930).  These alloys are composed primarily of Be and Al, and also contain smaller 
concentrations of other elements (Si, Ge, Ni, Ag, Co and Sr).  The Be and Al have very little 
solubility for one another.  Also, they have quite different solidification temperatures (1285 and 
660 C respectively).  As a result Be-Al alloys solidify with a large mushy zone and form two 
phases, one being Be and the other Al.  In general the alloying elements are selected to improve 
the mechanical and casting properties of the Al phase, although they also have an impact of the 
Be phase.  X-ray dot maps of alloy cross sections show that the Si, Ge, Ag and Sr tend to stay in 
the Al phase whereas the Ni and Co forms solid solutions with both the Be and Al.  The addition 
of Ag has the largest impact on the strengths of the alloys due to its tendency to form a 
Widmanstatten plate, ’, phase with the Al.  Additions of Co and Ni increase strength but also 
produce a large decrease in thermal conductivity.  The high concentrations of Be in these alloys 
result in high specific modulus values.  

1  Introduction 

1.1 Investment Casting Process 

Casting is a “near-net-shape” fabrication process.  Cast components typically need relatively 
little subsequent machining.  For some components there are design features that cannot be 
readily produced by machining, but can be incorporated during casting.  Furthermore, for many 
components, the amount of metal needed for fabrication is significantly reduced by casting as 
compared to machining from a block.  Because of these advantages, casting can frequently 
produce a component at significantly less cost as compared to alternative fabrication processes. 

 Investment casting is a casting process that uses a ceramic shell as the mold.  By using a 
ceramic shell one can cast alloys that are more reactive and have higher melting temperatures 
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as compared to alloys typically cast using other methods such as  die and sand casting.   
Beryllium (Be) has a fairly high melting temperature (1285 C) and is quite reactive.  Because of 
this, investment casting is the only practical casting method for alloys containing high 
concentrations of Be.  The highly reactive nature of Be also means that Be alloys cannot be 
practically melted and cast in air.  The best method is to melt and pour in vacuum.  This 
complicates the investment casting process, but it can still be accomplished.   

In  order to produce the ceramic investment shell, a piece, having the shape of the desired 
component, must first be made.  Typically this piece is made from wax.  Frequently a mold/die 
is machined to have the desired shape of the component.  Wax is injected into this mold to 
make a wax part.  The wax part is then dipped, multiple times, into ceramic slurries to form a 
ceramic shell around the wax.  When the shell is sufficiently thick the wax is removed by 
heating.  The shell is then fired and is ready to be used as a mold for investment casting.  
Molten metal is poured into the shell and allowed to solidify.  Once solidified the shell is 
removed—a shell is only used once.  Figures 1a-c show a wax part, shell and an investment 
casting. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figures 1a-c—Photos showing: (a) 
The wax part; (b) The ceramic shell 
and; (c) An AlBeCast® 910 casting 
produced by filling the shell. 
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Fig. 1b



 

2  Discussion  

2.1 Be-Al Casting Alloys 

Materion offers three Be-Al alloys for investment casting. The alloys (AlBeCast® 910, 920 and 
930) are characterized in Tables Ia&b.  They vary in composition and properties.   Each will be 
briefly reviewed. 

2.1.1 AlBeCast® 910 

The 910 alloy is a relatively simple, three-component, alloy with a nominal composition of 61 
wt % Be, 3 wt.  % Ni and the balance Al (Table Ia).  Be and Al have little solubility for one 
another and melting temperatures of 660 C and 1285 C respectively.  As a result, during 
solidification, a Be phase forms first and freezes throughout the casting before the Al phase 
starts to freeze.  This produces a two-phase microstructure having a dendritic appearance.  
Figure 2a shows a SEM image of the 910 microstructure.  Ni is soluble in Be1 and also forms an 
aluminide.  X-ray dot maps (Figures 2b-d) show the distributions of the three metals in the 910 
microstructure.  These dot maps indicate that the Ni largely stays within the Be phase forming a 
solid solution.   At low concentrations, Ni increases the strength of Be2.  The Ni also causes the 
Be  phase to significantly increase its absorption of x-rays.  This is useful because pure Be is 
naturally transparent to x-rays.  The presence of this Ni in the Be makes its absorption of x-rays 
roughly equal to that of Al.  As a result, it is much easier to identify porosity, and other casting 
defects by x-ray examination.   The Ni also acts to increase both the strength and hardness of 
the Al phase and causes the Al’s thermal expansion coefficient to decrease.   

AlBeCast® 910 has a high specific modulus and intermediate strength as compared to the 920 
and 930 alloys (Table Ib).   For applications where a high specific modulus is required, and 
strength is not so important, the 910 is a good option.  

 

 

 

 

 

 



 

 Table Ia—Nominal Compositions of the three AlBeCast® Alloys  

Element units 910* 920** 930***
Be wt.% 61 64 47

Al wt.% bal  
 

bal  
 bal 

Si wt.%   4.5 
Ag wt.%  3 2 
Ni/Co/Cu wt.% 3 (Ni) 1 (Co)  
other wt.%  0.75 Ge 0.04 Sr 
 
*Covered by Materion U.S. patent 5667600. 
**Equivalent to AMS 7918 alloy.   
***Patent application filed in 2012. 
 
 

Table Ib—Properties of the three AlBeCast® Alloys  

Properties units 910* 920** 930*
Density g/cm3 2.16 2.16 2.21 
Melt 
(Liquidus) 

oC 1287 1287 1287 

CTE m/m  14.6 14.2 13.6 

Thermal 
Conductivity 

W/M-
oK @ 
30oC 

110 105.5 186 

Modulus of 
Elasticity in 
Tension 

 
GPa @ 
25oC 

202 202 167 

Specific 
Stiffness 

GPa-
cm3/ 
g@ 
25oC 

93.5 93.5 75.5 

0.2% YS MPa 152 200 145
UTS MPa 200 255 200

% Elongation % @ 
25oC 5.4 3.4 3.0 

 
*Average values generated from testing at Materion.  

**AMS 7918 minimum mechanical properties and values from testing at Materion.   
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Figures 2a-d—Fig. 2a is a SEM photo showing the typical microstructure of an AlBeCast® 910 
cross section.  The microstructure has two phases, a Be phase (dark) and an Al phase (gray).  Fig 
2b shows an Al dot map of the region.  Fig. 2c shows a Ni dot map and Fig 2d shows a Be dot 
map.  The Ni is seen to reside primarily in the Be phase. 

 

  

 

Fig. 2a 
Fig. 2b 

Fig. 2c Fig. 2d 



 
 
2.1.2 AlBeCast® 920 

Materion’s AlBeCast® 920 is equivalent to the AMS 7918 alloy.   It has a nominal composition of 
65% Be, 3% Ag, 1% Co and 0.75% Ge (all wt.%)--balance of Al.   Figure 3a shows a SEM image of 
a 920 alloy cross section and Figures 3b-e show corresponding x-ray dot maps (Al, Be, Ag, Ge 
and Co respectively) of the image.  The SEM image, similar to the 910 alloy, shows a two-phase 
dendritic microstructure.  Binary phase diagrams show that Co is soluble in Al up to 
concentrations of about 32 wt % and in Be to about 7wt %1.    Ge forms a eutectic phase with Al 
at 420 C (48 wt % Al) and two eutectic phases with Be at 1210 C (53 wt.% Be) and 875 C ( 2 wt. 
% Be).  Be forms a eutectic phase with Ag at 880 C (99 wt.% Ag) and an intermetallic having a 
stoichiometry AgBe2

1.  Ag is soluble in Al to about 1 wt.% and, for Al rich Al-Ag alloys, forms a  ’ 
phase1 during thermal aging.  This ’ phase has a Widmanstatten plate structure.   

The dot maps show that the Ag and Ge metals are concentrated in the Al phase and that the Co 
is distributed roughly uniformly in both phases.  Some of the Ge seems to form a eutectic phase 
within the Al, but some of the Ge also occurs in the Al as a solid solution (Figures 3c&4b).  
Figure 4a shows a higher magnification image of the Al phase.  It shows that Widmanstatten 
plates, associated with the ’ phase, have formed. The slow cooling, that normally occurs 
during solidification for investment casting, seems to serve as the thermal aging process that 
forms this phase.   

Figures 4b-c respectively show Ge, Al and Ag dot maps of the area in Fig. 4a.  The presence of 
the Ge, Co and particularly Ag within the Al phase causes it to have greater hardness and 
strength.  This increase in strength for the Al phase is the primary reason for the high yield and 
tensile strengths of the 920 alloy.  The 920’s high Be concentration gives it a high specific 
modulus.  These properties make 920 a good choice for applications where both high strength 
and high specific modulus are needed. 





 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4d—Ag La1Fig. 4c—Al Ka1 

Fig. 4b—Ge Ka1Fig. 4a—Al phase of 920  

Figures 4a-d—Cross section from a AlBeCast®920 casting.  Fig 4a is a high magnification SEM
photo of the Al phase.  It has a Widmanstatten plate structure.   The dot maps indicate that the 
plates contain a higher concentration of Ag.  This phase is believed to be the ’ phase for Al-Ag 
alloys. 
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2.1.3 AlBeCast® 930 

Materion’s AlBeCast 930 alloy has a nominal composition of 47% Be, 4.5% Si, 2.0% Ag, 0.04% Sr 
(all wt %) with the balance Al.  Figure 5a shows a SEM micrograph of a 930 cross section.  As 
with the 910 and 920 alloys, the 930 has a dual-phase (Be and Al) dendritic microstructure.  
Figures 5b-e are x-ray dot maps showing how the alloying elements distribute themselves 
within the phases.  Essentially the Si, Ag and Sr all go to the Al phase.  The Si and Sr form a 
eutectic with the Al.  The Ag, as before, stays with the Al phase and forms a Widmanstatten 
structure—this increases the alloy’s strength and hardness.   Unlike the 910 and 920 alloys, 930 
contains no elements that form solid solutions with both Al and Be—i.e. no Ni or Co.  These 
elements increase the strengths of the Al and Be phases, but they also affect physical 
properties such as thermal conductivity.  By excluding these elements the 930 has a 
significantly higher thermal conductivity than either the 910 or 920 (Table Ib).   

The 930 has a couple of advantages over the 910 and 920 alloys.  First, as just explained, its 
thermal conductivity is much higher—186 W/m-K Vs roughly 110 W/m-K.   Second, due to 
having a Be concentration below 50 wt. %, this alloy does not need a U.S. Department of 
Commerce license for export.   The requirement for such a license can add time and uncertainty 
to the procurement of a component.  Of course the reduced Be concentration also results in a 
decreased value for specific modulus as compared to the 910 and 920.  However, it is still much 
higher than for most alloys.  The reduction in the Be concentration also reduces the alloy’s cost.  
Materion’s 930 alloy is intended for applications requiring high specific modulus, moderate 
strength and high thermal conductivity. 
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2.2 Casting Process Challenges 

There are two major challenges with cast Be-Al alloys.  First is the highly reactive nature of Be.  
This essentially forces one to cast under vacuum.  Also the Be will reduce most oxides.  This 
makes it more difficult to identify suitable refractory materials for making the investment 
shells.  Second, the two major components (Be and Al), have a large difference in their 
solidification temperatures and low solubility for one another.  As a result, Be-Al alloys solidify 
with two distinct phases--one nearly pure Be and the other nearly pure Al phases.  This 
behavior produces a large “mushy” zone—i.e. the temperature range over which solidification 

  

 

Fig. 5e 

Fig. 5dFig. 5c 

Figures 5a-e—5a is a SEM photo of a 
AlBeCast® 930 cross section.  As 
before, the alloy essentially has two 
phases Be (dark) and Al (mottled 
gray).  5b-Al dot map; 5c-Ag dot map; 
5d-Si dot map and 5e-Sr dot map.  The 
Ag, Si and Sr all stay within the Al 
phase, although the Si and Sr tend to 
concentrate in eutectic phases. 

starts and ends.    Alloys with large mushy zones typically are prone to casting defects such as 
shrinkage porosity and hot tearing.     



 

Materion is working with its partner, (Nu-Cast Inc of Londonderry, NH, USA), to overcome the 
challenges inherent with casting these alloys.  Vacuum melting and pouring procedures have 
been developed.  A refractory composition has been identified and successfully used for the 
fabrication of investment shells.  Also Materion and Nu-Cast have developed shell designs, 
(gating, runners and reservoirs) that minimize the occurrence of defects.  Materion is now able 
to produce a range of castings.  Efforts continue to increase our capabilities to cast objects 
which are more intricate or have larger thin-walled sections.  

3  Summary 

Materion has internally developed two Be-Al alloys, AlBeCast® 910 and AlBeCast® 930, and 
offers its own version of AMS 7918 alloy which Is designated as AlBeCast® 920.   Together these 
three alloys offers customers a range of values for specific modulus, strength, thermal 
conductivity and cost.  Materion has also  developed investment casting procedures to 
fabricate components from these alloys.  Figure 6 shows some components that have been cast 
using our 910 alloy.    Materion is ready to begin working with customers to determine if their 
performance requirements can be met with our Be-Al alloys and, if so, whether investment 
casting is the most economical manufacturing process.   

 

Figure 6—A variety of components that have been investment 
cast at Materion using AlBeCast® 910.  
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Design of a powder metallurgical molding process for Be-Alloys 

Christian Kräher 

GVT 

Abstract

In the process of building a fusion reactor in the future there will be an increasing demand of 

bigger amounts of components made of beryllium alloys. For this purpose a pilot production 

facility is under construction in the Karlsruher Beryllium Handling Facility (KBHF) on campus 

north of the Karlsruhe Institute of Technology (KIT). 

The facility is made up of three basical process steps: Milling of the powder (wet), molding 

and sintering. The special characteristic of this process is the machining of a powder-

paraffin-suspension instead of a dry, free flowing powder. 

After some experimental experience there are technical solutions for the milling and the 

sintering process. But there are still efforts in researching the molding process. 

Favored products are: Spheres with 1 – 2 mm diameter, cylinders with 1 -2 mm height and 

diameter and bars with 10 mm diameter and 100 mm length. 

In the context of a bachelor thesis single action pressing in a die was tested on suitability to 

boundary conditions. With the results die pressing turned out to be not suitable to the wet 

conditions of the process. The main issue of this process is the handling of a wet powder, 

which causes the following problems: 

- A very difficult filling of the mold 

- Extreme oscillations in the density allocation of compacts 

- A lack of reproducibility of density and size of the compacts because of the use of a 

multi cavity mold 

In Fact, without an automated filling of the mold the productivity of the process is too low. 

However, the effort of developing the filling process obviously is too extensive because of the 

exotic application and therefore the general lack of know how. Furthermore as a result of the 

small dimensions of the favored products combined with the necessary high pressing force, 

the endurance of the filigree tools decreases steeply. 

As an alternative, extrusion is about to be tested on suitability for the molding process. 

Extrusion is expected to have following advantages compared to pressing in a die: 

- An easier filling of the mold due to a bigger diameter of the cavity 



- A higher reproducibility (no multi cavity tools) 

- A more constant density allocation 

- A higher productivity 

- Massive tools  higher endurance 

- An easier maintenance 

The objective is, to be able to make a decision in context of machinery acquisition in 

September 2012 with the results of the testing. 

1. Introduction 
In the process of building a fusion reactor (ITER) in the future there will be an increasing 

demand of bigger amounts of components made of beryllium and beryllium alloys (beryllides). 

Beryllium and beryllide is particularly suitable for the use in the nuclear field because it 

- reflects/multiplies neutrons, 

- is extremely temperature resistant, 

- is heavy radioactive activated. 

For the Test Blanket Modules (TBM) which will be used in ITER, there will be a large demand 

of beryllium pebbles. Because of isotropic material properties, powder-metallurgical (pm) 

beryllium is the preferred material. For this purpose a facility is under construction in the 

Karlsruher Beryllium Handling Facility (KBHF), for pm production of beryllium and beryllide 

parts. 

1.1 Beryllium vs. Beryllide 
An extensive overview on beryllium chemistry and processing was published recently by 

Walsh [1], including also beryllides. Beryllides are expected to release better tritium. Higher 

melting points could make beryllides attractive for the use as plasma facing components 

(PFC). Beryllides are expected to have a better oxidation resistance at higher temperatures. 

However, beryllides are more brittle than beryllium. 



Fig. 1-1: Physical and thermo-mechanical properties [2] 

Fig. 1-2 (from [2]) shows that the thermal conductivities of beryllide materials are significantly 

smaller than that of beryllium. However, this effect is much less expressed considering 

pebble beds in helium atmosphere, compare Fig. 1-3 (from [2]). 

Fig. 1-2 [2] 

Fig. 1-3 [2] 



1.2 Process 
The production process at the KBHF consists of three essential process steps 

1. Mixing and milling of beryllium powder with tetradecane (liquid) 

2. Molding, which has not defined in detail yet 

 Two possibilities: 

• Production of semi finished products (rods) for the rotating electrode 

method (state of the art in pebble production) 

• Direct pebble production 

3. Sintering in a tube furnace 

1.3 Challenges 
On our way to a suitable solution for the molding process there are some important 

challenges that have to be managed. The most challenging aspect is the fact that the basic 

material is a suspension and not a dry powder. For this issue there is a general lack of 

knowledge and experience, so we have to develop a lot on our own. Another aspect is the 

space limitation in a glove box. Furthermore the high affinity of Be and Ti to oxygen causes 

additional efforts in handling the material. 

To be able to satisfy the beryllium pebble demand for the ITER fusion test reactor, the 

process should be able to produce large amounts of pebbles at low cost. 

2. Tested Molding Processes 

Fig. 2-1 [figure on the right from 3] 

Two molding processes were tested in order to assess the suitability in respect to our 

specific requirements: 

1. Cold die pressing for production of pebbles and cylinders (Ø 1 – 2mm, height 

1 – 2mm) 



2. Extrusion of capsules filled with powder for production of rods (Ø 10mm, 

100mm length) 

For the screening tests, instead of beryllium, non-toxic titanium powder was used. 

2.1 Cold Die Pressing 
Fig. 2-2 shows the design of the multi cavity tool, which was used for the cold die pressing 

tests. A multi cavity tool was used because of the desired minimum output of one pebble/sec. 

It is a simple tool with four upper punches, four lower punches and a plate with four holes 

which functions as a die (all made of hardened steel). The punches have a diameter of 3 mm. 

The products are cylinders with diameters and heights of 3 mm (in the tests we did not intend 

to produce pebbles yet). A 50 kN hydraulic press was used. 

Experimental procedure: 

1. Filling the holes with suspension 

2. Pressing 

3. Baking out compacts (400°C, under vacuum) or baking out + sintering (1000 - 

1300 °C, under vacuum) 

4. Determination of density  weighing compacts in air, coating compacts with 

wax, again weighing in air, weighing in tetradecane  density determínation 

with the principle of archimedes (from [4]) 

Fig. 2-2 

2.1.1 Cold Die Pressing: Results 

Fig. 2-3 shows the measured relative density of the compacts as a function of the used 

pressing forces10 kN, 20 kN, 30 kN, and 40 kN. The average relative density increases, as 



expected, with increasing pressing force. However, there is a strong variation of up to 30 % 

in the compact density. 

Fig. 2-3 

Fig. 2-4 shows the density variations with the heat treatment temperature as a parameter. 

Green: Mean value of relative density of compacts which were baked out at 400-500°C for 2-

3.5 h. Blue: Mean value of relative density of compacts which were baked out at 500°C for 2 

h and sintered at 1000°C for 2 h. Red: Mean value of relative density of compacts which 

were baked out at 400°C for 0.5 h and sintered at 1200-1300°C for 2 h. The figure shows 

that the density variations are not dependent on heat treatment temperature. 

Fig. 2-4 

2.1.2 Cold Die Pressing: Conclusions 

In our opinion, the density variation is mainly caused by three effects: 



• Manual filling of the multi-cavities with the suspension: 

Differences in mass occur and therefore also in the composition of the material 

between each filling process. These differences cause different densities and size of 

compacts. Moreover, a disproportionate filling of the 4 cavities causes a variation of 

load and consolidation of the powder and therefore an inhomogeneous density 

distribution. This is the expected reason for differences in density even between the 

compacts of one pressing batch. Small dimensions of the cavities increase this 

variation effect. 

• Removal of the liquid part of the suspension during pressing: 

In connection with the removal of fluid there is also an unavoidable loss of powder-

particles which is not calculable. In case of small dimensions this powder leakage has 

a significant effect on size and density of compacts. 

• Fabrication tolerances of the multi-cavity tool worsen the whole situation additionally. 

The gained experiences affect the applicability of the process: 

• In terms of reproducibility and productivity (1 pebble/sec), an automated filling of the 

mold instead of a manual one is necessary. But because of a lack of knowledge the 

development of an automated filling device would be too extensive and costly for 

GVT. 

• Even if the filling process could be controlled there is a quite high probability that the 

leakage of powder during pressing will not allow to produce compacts with a density 

variation between desired tolerances with a multi cavity tool. 

In summary, the die pressing does not fulfill the anticipated requirements. Therefore, we 

decided to change our focus from the direct pebble production to the processing of semi 

finished products for the rotating electrode method. 

2.2 Extrusion 
With the results of the experiments of cold die pressing we could deduce requirements for an 

alternative molding process. The following points motivated the decision to choose extrusion 

as an alternative: 

• We can produce electrodes for the rotating electrode method. 

• Extrusion allows an easier filling of the mold due to a bigger diameter of the cavity. 

• We expect a higher reproducibility of size and density of compacts because we have 

a single instead of a multi cavity tool with significantly bigger dimensions. 

• Another point is that extrusion is performed with massive tools. Therefore we expect 

a higher endurance. 

For the testing of extrusion molding we started a cooperation with the Extrusion Research 

and Development Center (ERDC) at the TU Berlin [3]. 



2.2.1 Cold Extrusion 

At the ERDC Berlin we tried to combine the two steps, i) extraction of the suspension, and ii) 

extrusion at room temperature. We put the wet titanium material into a small extrusion press 

cavity with 30 mm diameter, moved the punch into it and tried to push the material through a 

2 mm hole. Indeed it was not possible to push it through, but the material consolidated by 

extracting the liquid from the solid part of the suspension. It was not possible to extrude the 

material at room temperature even with the maximum pressing force of 500 kN, however 

after this consolidation the produced compact had a relative density of nearly 80 % T.D. With 

this result we plan to extrude in the future at higher temperatures to enhance formability. 

Fig. 2-5: Cold Extrusion Tests 

2.2.2 Hot Extrusion: Process Steps 

The production process of rods by extrusion differs from the first presented production 

process of cylinders/pebbles by die pressing. 

The considered process includes following steps: 

1. Mixing and milling of powder with tetradecane (liquid). 

2. Filling a steel capsule with the suspension. 

3. Extraction of the liquid part in a hydraulic press. 

4. Closing of the capsule by tungsten-inert gas welding. 

5. Removal of the residual content of the liquid by baking out the capsule (in step 

4, the capsule is not closed air-tight, there is a pipe with 8 mm in diameter 

which is connected to the capsule’s lower cover plate by welding). 

6. Insertion of the capsule into a 2nd containment (also a steel capsule), closing 

by electron beam welding (EBW). 

7. Heating up the specimen to 1000°C and extrusion. 

2.2.3 Hot Extrusion: Step 3 

Fig. 2-6 shows a prototype tool which was designed for the extraction tests. In the center of 

the tool there is a capsule made of a steel pipe with 70 mm outside-diameter. There is a 



welded lower cover plate with a 8 mm hole in which a small pipe is welded. Additionally there 

is a deepening in the cover plate where we put in a disk of sintered metal with a thickness of 

2-3 mm. To fill the whole capsule with extracted material we have to fill the tool with 

suspension of a volume which is more than the double of the capsule volume. After filling the 

cavity with suspension we move the punch with the Teflon (PTFE) pressure disk at the front 

down into the cavity. By pressing the fluid out of the cavity through the porosities of the 

sintered metal the material will be extracted, consolidated and simultaneously jacketed inside 

the capsule. 

Fig. 2-6 

Fig. 2-7 shows the prototype tool and its components. All components are made of stainless 

steel, except the pressure disk which is made of Teflon (PTFE). After extraction the upper 

cover plate will be welded on the capsule. 

Fig. 2-7 



2.2.4 Hot Extrusion: Step 5, Baking Out 

After extraction, the next step is baking out the capsule. For 6 hours, at a temperature of 

400°C the residual content of tetradecane is evaporating. Fig. 2-8 shows the assembly for 

this process step. The capsule is put in a small furnace. The 8 mm pipe of the capsule is 

connected to a vacuum pump. Interconnected is a heat exchanger to condense and 

accumulate the evaporated tetradecane so that it can be recycled. After baking out, the pipe 

has to be squeezed to tighten the capsule (which is under vacuum) from the environment. 

Fig. 2-8 

2.2.5 Hot Extrusion: Step 6 and 7 

To ensure the safety for the environment and the material we decided to put the capsule into 

another, bigger capsule (4 mm thickness) which functions as second containment. The 

second containment is welded with the electron beam welding method. This happens in a 

vacuum atmosphere, so that there is only few oxygen left that could affect the material or the 

surface of the capsule (scaling). The produced specimen – consisting of two capsules - will 

be transported to the ERDC Berlin. Here it will be heated up to 1000°C and extruded in a 

press with 8 MN press capacity. The diameter reduction will be from 80 mm diameter down 

to about 15 mm. The produced rods will be cut to defined length and machined to remove the 

steel jacket. The end product will be rods of 10 mm diameter and 100 mm lengths. 

Fig. 2-9: Second Containment, capsule, extraction tool 



2.2.6 Hot Extrusion: Present Results 

Extraction and jacketing has successfully been tested with titanium powder as non toxic 

testing material. We produced an extracted block, see Fig. 2-10, that is stable and has an 

approximated relative density of about 60 % T.D. A higher press capacity will increase green 

density after extraction. The components for upgrading the press will be installed after we will 

have the results of the first extrusion (results are expected end of 2012). 

Fig. 2-10 

2.2.7 Hot Extrusion: Perspectives 

The devices for extraction and the baking out process have been successfully tested. Baking 

out and hot extrusion of the first capsule with titanium powder will be tested October 2012. 

Testing with beryllium will start in January 2013. The next capsule prepared for extrusion in 

Febrary 2013 will contain beryllium-titanium powder with a titanium jacket in order to 

separate the powder from the steel wall. 

With this process we hope to be able to produce electrodes for pebble production. 
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Abstract

In order to assess the risk of dust explosions in future fusion devices that may use beryllium 

as a plasma facing material, the Experimental Chamber for Evaluation of Exploding Dust 

(ExCEED) has been commissioned at the Safety and Tritium Applied Research (STAR) 

facility at the Idaho National Laboratory. The experiments are performed in a 20 liter 

spherical pressure vessel manufactured by Kühner AG designed specifically to contain dust 

explosions.  While a number of facilities operate such devices, the toxicity of beryllium dust 

necessitates complete secondary containment; in ExCEED, the vessel is located inside a 

glovebox to achieve this.  We describe here the commissioning of the facility and an initial 

round of calibration experiments with a standard niacin powder.  The explosion indices 

(maximum pressure and volume-independent maximum rate of pressure rise) of niacin 

measured in ExCEED are Pmax = 8.6 bar and Kmax = 236 bar·m/s (dP/dtmax = 869 bar/s).  

These are well within plus or minus 10% of the mean values from all other facilities that have 

reported their data, which is the established calibration criterion.  Having completed the 

calibration of ExCEED, the facility is now ready for beryllium operation. 

1. Introduction 
Dust explosions, long known to be a safety issue in agriculture and industry [1], are also a 

potential safety concern for next-step magnetic fusion devices in which large quantities of 

dust are expected to be generated by plasma-surface interactions (see [2] for a recent review 

of dust related issues in fusion).  In order to better assess this risk of dust explosion, various 

plasma facing materials (such as carbon and tungsten) have been the subject of dust 

explosion experiments [3]-[4].  Since beryllium is also a candidate first wall material, a 

complete understanding of the explosion risk necessarily requires some data on beryllium; 

however, the necessarily large quantities (~100’s of grams) of dust required for explosion 

testing make such experiments extremely challenging due to the well known toxicity of 

inhaled beryllium dust.  The difficulties associated with handling large quantities of beryllium 



make it impractical or impossible for many facilities to do so, but Idaho National Laboratory 

(INL) and the Fusion Safety Program (FSP) in particular are experienced in handling 

beryllium at the Safety and Tritium Applied Research (STAR) facility (see, e.g., [5]).  In order 

to assess the beryllium dust explosion risk, the Experimental Chamber for Evaluation of 

Exploding Dust (ExCEED) has been commissioned in the STAR facility at INL. 

2. Facility Description 

2.1 Kühner 20 Liter Sphere 
The characteristics of a dust explosion (such as the maximum pressure) are in general 

dependent not only on the properties of the dust, but also on the test method (volume, 

ignition method, degree of mixing, etc.).  This has led to a standardization [6] of vessels and 

methods for dust explosion testing, and the 20 liter sphere (such as that manufactured by 

Kühner AG [7]) is one such standard; it is operated by at least 70 facilities around the world 

[8], including DUSTEX at KIT and ExCEED at INL. 

A schematic and a photo of the INL Kühner sphere are shown in Fig. 2-1; it consists of two 

volumes connected by a pneumatic outlet valve.  The standard procedure for a single 

explosion is to load the desired quantity of dust into the 0.6 liter dust container and 

pressurize it to 21 bar (absolute).  The sphere itself, which is 20 liters in volume, is evacuated 

to 0.4 bar (absolute).  Mixing the two results in a total of 20.6 liters of the dust/air mixture at 1 

bar initial pressure.  The dust is dispersed with a “rebound nozzle” shown in the schematic, 

the outlet valve closes, and ignition in the 20 liter volume is initiated with chemical igniters of 

a specified energy after a fixed delay (typically 60 ms), chosen to allow sufficient time for the 

pressures in the two volumes to equilibrate, but no further time for settling or other transport 

to result in an inhomogeneous dust cloud.  Pressure measurements are made with two 

Kistler pressure sensors (which, along with the control units and KSEP software, were 

provided by Kühner), immediately adjacent to each other at the right side of the sphere, near 

the vacuum ball valve.  This valve is connected to a vacuum pump which is used to pull 

partial vacuum on the sphere before each test; the outlet ball valve at the opposite side 

opens the sphere to exhaust gas and particulate after each test and is connected directly to a 

high efficiency particulate air (HEPA) filtered vacuum cleaner in ExCEED.  The double-walled 

vessel is water-cooled to rapidly reduce its temperature following each test and ensure a 

uniform temperature prior to each explosion. 



Fig. 2-1.  Schematic [7] and photo of the Kühner 20 liter sphere in ExCEED.  The vacuum ball 
valve and vacuum gauge, not shown in the schematic, are visible at the right in the photo. 

Though a number of standard tests can be performed in the Kühner sphere, at present we 

are primarily concerned with measuring the explosion indices that characterize beryllium dust.  

In order to determine the explosion indices, a series of explosions are carried out with 

different concentrations of the same powder.  We perform the tests in the intervals 

prescribed by Kühner [7], beginning with 60 g/m3 (1.2 g / 20 l), continuing with 125 g/m3 (2.5 

g / 20 l), 250 g/m3 (5 g / 20 l), and in 250 g/m3 (5 g / 20 l) increments from there.  An example 

pressure trace from a 750 g/m3 niacin test is shown in Fig. 2-2.  Both the maximum pressure 

(Pm) and maximum rate of pressure rise (dP/dtm) are identified by the software.  Note that Pm

is always given in bar gauge (relative to 1 bar absolute), according to convention. 

Fig. 2-2.  A representative pressure transient during a 750 g/m3 niacin explosion. 



The values of Pm and dP/dtm extracted from each explosion initially increase with the dust 

concentration, but eventually peak and begin to decrease with the addition of more dust, 

which acts as a heat sink when the reactions are oxygen starved.  The highest of these 

values obtained over the entire range of concentrations are the explosion indices Pmax and 

dP/dtmax, the identification of which is the primary objective of this work.  Because dP/dtmax is 

dependent on the volume of the explosion chamber, for comparison between different 

devices (e.g. the 1 m3 sphere and 20 l sphere) the following, volume-independent parameter 

Kmax, a measure of the explosion violence, is typically used instead: 

1
3

max
max

bar·mdPK V
dt s (2.1)

In keeping with the practices recommended by Kühner, we repeat three times the explosion 

at the concentration where Pmax and Kmax are found to occur, as well as the next lowest and 

next highest concentrations.  The reported value for the dust in question is the average of the 

three. Kmax is taken as an indication of the explosion violence, and the following qualitative 

categories have been established [9]: 

Table 2-1.  Classification of explosive dusts (St = Staub, “dust” 
in German). 

Explosion class Kmax (bar·m/s) Characteristic 
St 0 0 No explosion 
St 1 0 to 200 Weak explosion 
St 2 200 to 300 Strong explosion 
St 3 > 300 Very strong explosion 

2.1.1 Igniters 

As noted previously, standardization requires uniformity in all aspects of the explosion test, 

and the ignition is no exception.  In the Kühner sphere, two igniters of identical energy are 

wired facing opposite each other on the leads extending from the lid of the sphere.  For 

measurements of the explosion indices Pmax and Kmax, these are to be 5 kJ each, for a total of 

10 kJ ignition energy.  Until relatively recently, there was only one manufacturer of suitable 

igniters, Sobbe GmbH in Germany.  Because the Sobbe igniters contained some toxic 

materials in the form of lead, barium, and barium compounds, and were also fairly 

susceptible to accidental ignition by electrostatic spark or friction, Simex Control of the Czech 

Republic have developed a replacement.  The Simex igniters contain environmentally benign 

materials, and are much more resistant to accidental ignition, see Table 2-2.  A series of 



tests with different dusts and at different facilities has verified that the Simex igniters give 

results no different than Sobbe [10]-[11], a fact further confirmed by a number of participants 

in the recent calibration round-robin test with Niacin powder in the Kühner sphere [8].  In light 

of these facts and the heightened consequences of an accidental ignition when beryllium 

containment is imperative, we used Simex igniters in all tests. 

Table 2-2.  Comparison of Sobbe and Simex 5 kJ 
chemical igniters [10]. 

Parameter Sobbe Simex 
ESD sensitivity (μJ) 10-20 10,000-20,000 
Friction sensitivity (g) 200 4,000 
Safety current (A) 0.18 0.4 
Toxic materials: Yes No 

Because the risk of accidental ignition still must be mitigated, numerous safety precautions 

were taken to minimize static electricity.  All components involved in the testing were 

grounded (including the operators, by a wrist strap as shown in Fig. 2-3), igniters were 

handled only two at a time and transferred in ESD-safe Mylar bags, and a pulsed DC anti-

static bar (Cole Industries) is mounted in the handling area and operated continuously with 

alternating polarity.   

Fig. 2-3.  Wiring igniters in ExCEED. 



2.2 Glovebox 
In order to contain all beryllium dust used in future explosion tests, The Kühner sphere and 

all dust handling operations are located in a Vacuum Atmospheres DRI-LAB He series 

glovebox.  Because removal of the lid from the sphere requires considerable clearance, an 

addition to the glovebox had to be made to accommodate the required height.  A custom 

fabricated extension (the “attic”) was added in place of one of the external light fixtures for 

this purpose.  The attic section includes swiveling metal hooks so the lid can hang at the top 

during wiring of the igniters and cleaning.  Since the containment provided by the glovebox 

was not necessary during the niacin calibration testing, this was carried out without gloves 

and with only one window in place (as a shield while wiring igniters, Fig. 2-3).  The glovebox 

as configured for niacin testing is shown in Fig. 2-4. 

Fig. 2-4.  The ExCEED facility during niacin calibration testing. 

3. Niacin Calibration 
As a means of calibration, and in order for facilities operating a Kühner sphere to identify 

any issues that may exist with their instrumentation or test procedures, Kühner provides 



for a calibration-round-robin (CaRo) test to be conducted by all owners of the device 

every two years.  Since our sphere was received in November 2011, it was accompanied 

by the powder and instructions for participation in CaRo11.  Since adequate work 

controls (including preparations for beryllium operation) had to be devised and 

implemented, our facility was not ready for operation until 2012, at which time CaRo11 

had already been completed and the results published [8], so ours were not able to be 

included.  On the other hand, the results of tests in 69 other facilities are readily available 

for comparison with ours.  We have performed the test series as instructed [7], the 

results of which are summarized in this section. 

The standard powder provided by Kühner for this calibration testing is niacin, otherwise 

known as vitamin B3 (C6H5NO2) or nicotinic acid, a white (Fig. 3-1), odorless powder.  Some 

basic information about the size distribution of the particles is provided: the median diameter 

is 19 μm, with 10% of particles < 4 μm and 90% < 83 μm.   

Fig. 3-1.  Niacin powder as packaged (left), and deposited on the inside of the dust container 
(right).  The (unoxidized) powder is white. 

Qualitative observations after each test indicated the increasing explosion violence as the 

mass was increased in the approach to the peak.  This was evident in the damage to the 

remains of the igniters themselves (Fig. 3-2), and also to the insulators to igniter leads, which 

were initially white but became permanently fouled over the course of the testing (Fig. 3-3).  

A black film coated all interior surfaces after each niacin explosion (Fig. 3-4), which had to be 

removed by wet-wiping; it did not consist of loose material that could be easily removed by 

vacuuming as recommended by Kühner. 



Fig. 3-2.  Damage to igniters during niacin testing.  From left: 0, 60, 125, 250, and 500 g/m3

niacin.  Note that without dust, the igniters are only covered with a white film and are not 
charred.  The yellow coating on the wires remains intact until 125 g/m3, at which point it melts.  
At 500 g/m3, they have separated into several pieces. 

Fig. 3-3.  Progression of fouling on the igniter lead insulators, the top portions that are initially 
white, beginning prior to first use at the time of receipt (left).  Note the blue color of the lower 
metal portion of the leads in the second and fourth pictures (center left and center right), which 
was characteristic of, and unique to, a dust loading of 250 g/m3 (5 g / 20 l) niacin.  In the center 
photo, the metal portion of the leads has been wiped down, and they were similarly cleaned 
after the other photos were taken (and after all other tests), but the discoloration of the 
insulators was permanent. 

During the course of operation, it became apparent that even though any remaining loose 

particles were being effectively filtered during HEPA vacuum cleaning after each explosion, 

some gaseous combustion products were entering the room.  Subsequent analysis of filtered 

exhaust gases remaining in the sphere after a 500 g/m3 (10 g / 20 l) explosion revealed the 

mixture to contain approximately 19% CO, 8% CO2, 5% H2, and the balance presumably N2.

Only traces of other gases (including oxygen) were present.  A ventilated enclosure for the 

vacuum cleaner was added at this time, as well as a 0.01 μm Matheson filter in the vacuum 



pump line, and in subsequent tests exhaust was removed with the vacuum pump prior to 

vacuum cleaning (as was intended, for other reasons, during beryllium operation).   

Fig. 3-4.  The black film coating interior surfaces of the sphere following a niacin explosion.  
Half of the rebound nozzle, visible in place at the bottom of the sphere at left, has been cleaned 
(with water) at right. 

4. Results and Future Work 
14 tests were required to identify the explosion indices of the niacin powder; the measured 

values of Pm and dP/dtm for niacin are plotted in Fig. 4-1 and Fig. 4-2.  Many of the dP/dtm
values were not correctly identified by the KSEP software due to pressure oscillations during 

the firing of the igniters, prior to the actual dust explosion.  This problem has been noted for 

both Simex and Sobbe igniters by other users [8].  In these cases, the correct dP/dtm was 

identified “manually” by a linear fit to no less than seven data points (a span of 2.4 ms).  One 

test was so plagued by such oscillations throughout the pressure transient than meaningful 

identification of dP/dtm was not possible, and so this point had to be repeated. 

On each pass, Pmax was found to occur at 500 g/m3.  In two of the three passes, dP/dtmax was 

found at 500 g/m3, and at 750 g/m3 in the other.  Averaging the three values for each, we find 

Pmax = 8.6 bar at 500 g/m3 and Kmax = 236 bar·m/s (dP/dtmax = 869 bar/s) at 583 g/m3.  Both 

values are within the 10% (required for calibration) of the mean of all facilities, reported as 

Pmax = 8.1 bar by 505 g/m3 and Kmax = 243 bar·m/s by 623 g/m3 in [8].  A relative comparison 

between our results and those of the other facilities is shown in Fig. 4-3 and Fig. 4-4. 

With the calibration of ExCEED established, the facility is now ready to commence beryllium 

operations following installation and testing of the glovebox windows and gloves.  The 

beryllium powder to be tested has been obtained from Materion Brush Beryllium and  



Fig. 4-1.  Pmax for niacin dust as a function of concentration.  Note that two identical points 
occur at (750 g/m3, 8.0 bar). 

Fig. 4-2.  dP/dtmax for niacin dust as a function of concentration.   
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Fig. 4-3.  Pmax for niacin dust measured in ExCEED and compared to CaRo11 participants [8].

Fig. 4-4.  Kmax for niacin dust measured in ExCEED compared to CaRo11 participants [8].   

Composites and has a range of particle sizes from 0.1 to 20 μm with a median of about 6 μm, 

reasonably representative of tokamak dust.  A series of measurements identifying the 

explosion indices of this beryllium dust will be completed by the end of December 2012. 
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Anodized Coatings for Be and Be Al Alloys

Gary Schuster1 and Bryan Gillenwater2

Abstract:

Be and Be Al alloys can be readily anodized. Results from salt fog testing indicate that anodized
coatings, formed on AlBeMet®162 (62 Be 38Al (wt %)), are more effective in preventing corrosion than
anodized coatings formed on Be. Metallographic examinations of test coupons show that cracks tend to
form much more commonly in anodized coatings formed on Be as compared to AlBeMet®. This higher
occurrence of cracking is suspected to be reason why Be’s anodized coatings are less protective against
corrosion. The cause for the coating cracking is believed to be the relatively large volume expansion
associated with the oxidation of Be (71%) versus Al (28%). This large volume expansion generates
stresses which produce the cracks. Also the Al, in the anodized AlBeMet® coatings, does not fully
oxidize. This further reduces the volume expansion associated with the formation of the anodized
coatings on AlBeMet® and also provides some relatively ductile material, Al, to accommodate the
stresses. In order to improve the corrosion performance of the anodized coatings on Be, work is being
pursued to determine the coating thickness at which cracking begins to occur.

1 Introduction:

1.1 Anodizing Basics

Anodization is a process in which an oxide coating is formed on the surface of a part through an
electrochemical reaction. The part to be coated is made to be the anode of a cell. The cell is set up to
produce oxygen at the surface of the part. This oxygen reacts with the metal to form an oxide coating.

Anodizing typically produces coatings that are 5 to 25 microns in thickness. In order for the oxidizing
reaction to proceed, oxygen must reach the metal. To do this it needs to diffuse through previously
oxidized metal. Diffusion is a slow process. If the diffusion distance increased with coating thickness
then the rate at which the coating grows would rapidly decrease as its thickness increases. This is not
the case. Typically the coating thickness increases roughly proportional to anodizing time. The reason
for this is that the distance over which the oxygen diffuses remains approximately constant with
increasing coating thickness. This is because a cell structure develops in the coating. The cells have
pores that run perpendicular to the coating. The “barrier layer” is the portion of the coating starting at
the bottom of the pore (Figure 1a). The thickness of this barrier layer is the distance that the oxygen
must diffuse through in order to reach the metal. The thickness of this barrier layer is roughly constant

1 Director of R&D, Materion Brush Beryllium & Composites, Elmore, OH, USA
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during anodizing because the depth of the pore increases along with the thickness of the coating.
Figure 1b show SEM photos of the cell structure of three samples of anodized Al.

Figure 1a—Schematic showing the cross section of a cell that is part of an anodized coating. The cells
have pores in their centers. The depths of these pores increase with coating thickness so that the
thickness of the barrier layer remains approximately constant. Figure taken from reference (1).

Figure 1b—SEM photos showing the cell structures on the surfaces of three anodized Al coupons. Figure
taken from reference (1)

The pores in the coating offer little protection. Typically anodized coatings are sealed to plug these
pores. To accomplish this, the anodized part is immersed into a solution that reacts with the oxide
coating causing it to swell. The swelling closes the pores. In addition sometimes the pores are partially
filled with organic material—e.g. Teflon or dye. The dye can improve the appearance of the coating as
well as provide some additional protection.



2 Discussion:

2.1 Anodizing Beryllium and Beryllium Aluminum Alloys

Both Be and Al can be anodized. Be Al alloys are characterized by two phase dendritic microstructures.
Be and Al have little solubility for one another. When a Be Al alloy solidifies the two metals separate to
form a dendritic microstructure with a Be and an Al phase. Figure 2 shows the microstructure of
AlBeMet® 162—an alloy with nominally 62 wt. % Be and the balance Al. The two phase dendritic
microstructure is readily apparent. Given that both Be and Al can be anodized, it is reasonable to expect
that Be Al alloys can also be anodized. This turns out to be true.

Figure 2—Cross Section of an AlBeMet® 162 sample. The dark phase is Be and the light phase Al.

The basic reactions for anodizing these two metals are as follows:

Al Anodizing

(1) 3H2O + 6e 3O 2 + 3H2

(2) 2Al + 3O 2 Al2O3 + 6e

Be Anodizing

(3) H2O + 2e H2 + O2

(4) Be + O2 BeO + 2e

For each anodizing process, oxygen ions are formed from the electrolysis of water. These ions react
with the metal after diffusing through a layer of previously formed oxide—the barrier layer. Anodizing
typically occurs in an acid solution. The acid both increase the conductivity of the solution and aids in
the dissolution of the oxide to form the pores.



2.2 Volume Expansion due to Oxide Formation

There is a volume expansion of the coating material associated with the oxidation reaction. This volume
expansion is characterized by the ratio “R” where:

R = (volume of the metal oxide)/(volume of the metal)

R can be computed from the equation:

R = Moxide (dmetal)/Mmetal(doxide)

Where:
M = molecular wt.
d = density

Tables Ia&b show the molecular weights and densities for Al, Be and their oxides as well as the
calculated R values for the two oxidation reactions. For Al R is 1.28 and for Be it is 1.71. Note, these
computed values of R are not equal to the volume expansion that will actually occur. The oxidation
reactions typically does not go to completion. Also, the densities of the oxides that form will likely be
less than the values given in Table Ia. Nevertheless these computed R values indicate that the volume
expansion associated with the anodization of Be is likely to be much greater than that for Al.

Table Ia—Molecular Weights and Densities

Molecular
Wt

Density (g/cm3)

Al 27 2.70

Al2O3 102 3.97

Be 9 1.85

BeO 25 3.01

Table Ib—Volume Expansion (R Values) Associated with Be and Al Oxidation

Oxidation
Reaction

Al Al2O3 Be BeO

R value 1.28 1.71



2.3 Performance Requirements for Anodized Coatings

Coatings are applied for a variety of reasons. The performance of the coating depends upon what it is
intended to do! For Be and Be Al alloys one major concern is the prevention of oxidation and corrosion.
Anodized coatings are frequently applied when a metal is going to be exposed to a corrosive
environment. Be readily forms chlorides. Unprotected Be will experience significant corrosion when
exposed to a salt (NaCl) solution. Consequently, for Materion, one of the important performance
characteristics of an anodized coating is its ability to protect Be from the corrosion that results from
exposure to salt water.

To measure the performance of coatings Materion uses a salt fog tester. For this, test coupons are
placed in a chamber. This chamber exposes the coupons to a fine mist of saline solution. The water
temperature, salt concentration and misting rate are all carefully controlled and maintained within
specified ranges. The performance requirements that are perhaps the most commonly specified are the
ones cited in the U.S. Military Specs. There are no anodizing MIL Specs for Be alloys. However, there are
anodized coating specifications for Al alloys (MIL A 8625F). This is the performance specification that
Materion strives to achieve for its anodized coatings for both its AlBeMet® and Be grades.

2.4 Coating Performance Metrics

The corrosion performance of a coating, per MIL A 8625F, is essentially determined by the amount of
corrosion that has occurred at the end of the test period. The MIL Spec defines what constitutes an
indication of corrosion. Pits and “stains” are considered indications of coating failure. The MIL Spec
defines a coating’s performance based on the number and sizes of these corrosion indications. Figures
3a&b show a pit, along with some corrosion product, that formed on an anodized AlBeMet® 162 coupon
during a salt fog test. Figures 4a&b show blisters. These blisters appear to be small droplets of
amorphous material. An analysis of these blisters indicate that they are composed primarily of Be, O
and Cl. They typically begin to appear on the surfaces of test coupons a day or more after the coupons
are removed from the salt fog chamber. These blisters are precursors to pits. They form because
defects in the coating allow Cl ions to penetrate and react with the Be in the substrate. The reaction
produces a Be Cl OH compound. There is a volume increase associated with the formation of this
compound. Consequently the compound seeps up through the coating. During the time the coupon is
in the salt fog chamber it is continuously washed with a fine salt fog mist. When the test is completed,
and the washing no longer occurs, the compound accumulates on the surface and thereby marks the
spot where a coating defect exists. Observing the formation of these blisters is a very sensitive method
for measuring the performance of an anodize coating, on Be alloys, for salt fog testing.



Figures 3a&b—Anodized AlBeMet® coupon after two weeks in a salt fog test chamber. Pits and
corrosion product have developed on the surface due to corrosion from the salt water.

Figures 4a&b—Anodized AlBeMet® coupons after two weeks in a salt fog chamber. This coupon shows
blisters. The blisters are a Be Cl OH compound. They form because the coating has locally failed thereby
allowing Cl ions to penetrate and react with Be. The compound slowly bubbles up and accumulates
above the coating defect.

Figure 3a
10 mm

Figure 4a
10 mm

Fig 4b

Fig 3b



2.5 General Performance of Anodized Coatings on AlBeMet® and Be

Materion is seeking to develop anodizing procedures for both AlBeMet® and Be that will meet the
performance requirements of MIL A 8625F. Findings to date indicate that the anodized coatings on the
AlBeMet® alloy perform significantly better than those on Be grades. The superior performance of
anodized AlBeMet® over Be has been a surprise. The AlBeMet® has two phases, Al and Be, making it a
more complicated metal to anodize. A fair amount of work has been conducted to understand why this
performance difference exists?

Figure 5a shows a micrograph of a cross section of an anodized AlBeMet® coated coupon. The coating is
approximately 30 microns thick. Figures 5b d respectively show Al, Be and O dot maps of this same
region of the coating. The dot maps indicate that the Be in the coating has oxidized, but a fair amount of
the Al in the coating has not. Be has a more negative free energy of formation for its oxide. As a result
the Be phase oxidizes preferentially over the Al. Depending upon the anodizing parameters, 10 80% of
the Al in an anodized AlBeMet coating may be un oxidized.

In contrast the Be anodized coating appears to be uniformly oxidized. Figures 6a&b, 7a&b and 8a&b
show Be coupons having anodized coatings with thicknesses of roughly 3, 10 and 30 microns
respectively. The thickness of the Be anodized coating in Figures 8a&b is approximately equal to the
thickness of the anodized AlBeMet® coating in Figure 5a. The Be anodized coating is seen to be full of
cracks. In contrast the AlBeMet® anodized coating has no significant cracks.

Cracks in the coatings are defects. Cracks can allow Cl ions to reach the underlying Be metal. Once
there corrosion will occur. The large number of cracks forming in the coatings of anodized Be is
believed to be the cause for the relatively poor performance of these coatings in a salt fog environment.

The reason for the cracking is believed to be the stresses that are generated from the volume expansion
of the coating due to oxidation. As previously explained, the volume expansion associated with the
oxidation of Al is 28%. For Be it is 71%. Actual volume expansions are probably well below these values,
but the Be is likely to produce much larger volume expansion than the Al. When the coating first forms
the oxidation is occurring on a free surface. At this time growth is only constrained by the substrate. As
the coating’s thickness increases, the newly formed coating is constrained both by the substrate and the
coating that has already formed. The thicker the coating becomes the more it constrains the new
oxidation from its volume expansion. This generates large stresses within the coating. In general the
coating will develop compressive stresses near the metal/oxide interface and tensile stresses near the
free surface. There will also be shear stresses throughout the coating. These stresses can be partially
relieved by cracking.



Figures 5a d—5a SEM micrograph of an anodized AlBeMet® coupon. The coating thickness is roughly 30
microns. Figures 5b, 5c and 5d respectively show Al, Be and O dot maps of the region in 5a. The O dot
map indicates that the Be in the coating is oxidized but that roughly half of the Al in the coating is not.

The AlBeMet® coatings will develop less stress. Part of the reason for this is because 38 wt. % of the
AlBeMet® is composed of Al and it has a much lower R value, so the volume expansion will be less.
Furthermore a significant fraction of the Al in the coating tends not to oxidize. The dot maps on Figures
5b&d show that roughly 50% of the Al in that coating is not oxidized. This is typical. When the Al does
not oxidize it both adds nothing to the volume expansion and also serves as a relatively ductile material

Fig 5b

Fig 5c

Fig 5a

Fig 5d



that can more readily accommodate the volume increase caused by the oxidation of Be. The metallic Al
also acts to hold the relatively brittle oxide phase together thereby again reducing the incidence of
cracking.

Fig 8a
Fig 8b

Fig 7a

Fig 6a

Fig 7b

Fig 6b

Figures
7a&b—Ten
micron thick
Anodized Be
coating.
Many cracks.

Figures
6a&b—Three
micron thick
Anodized Be
coating.
Cracking is
not apparent.

Figures
8a&b—30
micron thick
Anodized Be
coating.
Many major
cracks.



3 Conclusions

Assuming that the cracks in the Be oxide are the cause for poor corrosion performance then there
should be an optimal coating thickness for corrosion protection. If the coating is too thin then its
coverage may be incomplete or it may be too susceptible to damage. If the coating is too thick then it is
likely to form cracks that will allow corrosive materials to reach the substrate. Based on preliminary
testing, cracks are not common for coatings less than 5 microns in thickness. Trials need to be
conducted on Be to determine if anodized coatings, that are 5 microns or less in thickness, can actually
provide corrosion protection in a salt fog environment.
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OUTLINE 

� Damage accumulation in irradiated 

structural materials 

� Theory of damage accumulation  

� Theory of radiation growth in HCP 

crystals 

� Modeling of gas bubble evolution 
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Radiation- induced phenomena 

� Swelling: dislocations climb, voids nucleation and 
growth 
 

� Growth: inelastic deformation without stress at 
constant volume 
 

� Creep: inelastic deformation under stress at constant 
volume 
 

� Hardening & Embrittlement:  radiation defects - 
obstacles for moving dislocations 
 

� Phase transformation, radiation-induced segregation, 
etc. 

Radiation changes drastically mechanical properties 
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The Essence of RD Theory 

� To reveal mechanisms responsible for damage 
accumulations 
 

� To describe 
 
Nucleation and growth of point defect clusters:
 

� Voids/bubbles, vacancy loops and stacking-fault 
tetrahedra  

� Interstitial loops 
� Secondary phase precipitates 
 

Change in dislocations and grain boundary 
properties 
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Radiation Damage Theory 
Brief History  

~1959 - 1990 Earlier Models (all solids) 
 - Point defects production only 
 - 3-dimensional diffusion of PDs 
 - No spatial correlations in microstructure 

Failed to explain basic observations 
 
1990 – 2005 Production Bias Model (PBM) (cubic crystals) 
 - Defect clustering in cascades 
 - 3-dimensional diffusion of PDs and 1-D diffusion of    
self interstitial clusters (SIA) clusters 
 - No spatial correlations in microstructure 
                      Many basic observations explained 
                    Problems still remain 
 
2005 - now:  Self-consistent PBM 
 - dislocation decoration by SIA clusters 
 - inclusion of spatial correlations (e.g.void lattice) 
 - radiation growth model for HCP crystals (2011) 

Recent review:  
S.I. Golubov, A.V. Barashev, and R.E. Stoller, Radiation Damage Theory. In: Konings 
R.J.M., (ed.) Comprehensive Nuclear Materials, volume 1, pp. 357-391, Amsterdam, 
2012: Elsevier. 

PBM is equally applicable for all metallic crystals at least  
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Primary damage from cascades 

20keV cascade in iron 20keV cascade in iron

� Formation of thermally stable one-dimensionally migrating 
SIA clusters 

� The process is not depend on type of lattice and material 
composition since EPKA >> Ecoh 
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Void lattice (VL) in neutron-irradiated Niobium 

B. A. Loomis et al, J. Nucl. Mater. 68 (1977) 19  

� VL has the same symmetry and orientation as the host 
lattice (BCC in BCC metals an so on) 

� It forms under neutron and heavy ion but never under 1 
MeV electron irradiation 

Explanation of VL formation is out of capability of FPPM 
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Spatial correlations between voids and 
second-phase particles 

�-phase Laves G-phase  Phosphide 

Pedraza & Maziasz  (1987):   
Solution-annealed type 316 stainless steel.  
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K. Farrell et al., Albany 1971, p.376 (Al) 

Grain boundary effect in Al under 
neutron irradiation 

Foreman, Singh, Horsewell 
Mater. Sci. Forum 15-18 (1987) 895 

Length scale orders of magnitude larger than that is 
provided by 3-dimensional diffusion of PDs 
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3-D and 1-D Reaction Kinetics 

� High swelling rate at low dislocation density 
� Void lattice 
� Grain boundary/size effects 
� PKA energy effect 
� Raft formation 
� Segregation of voids and dislocations 

� �
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�

Mean free paths of 3-D and 1-D migrating defects 

Observations explained by PBM: 
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PKA Energy Effect 

Singh et al. Phil. Mag. A 80 (2000) 2626 
Golubov et al. . Phil. Mag. A 81 (2001) 2533 

IIrradiations: 
•   2.5 MeV electrons  
•   3 MeV protons  
•   fission neutrons 
Material & conditions 
Copper 
GNRT == 10-8 dpa/sec 
T=520 K 

� �1 0.1, 0.2.r i	 	� � �

Cascade parameters  
for neutrons 

50 times higher swelling level  
at 10 times smaller defect production 
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Radiation Growth in Zr alloys 
The first radiation growth model: 
S.N. Buckley, in: Proc. Int. Conf. on Properties of Reactor Materials and the 
Effects of Radiation Damage, Ed. D.J. Littler (Butterworths, London, (1962) p. 
413. 

‘Although the means to predict polycrystalline behavior from the 
behavior of individual crystals now exist as described above, the 
basic physical parameters that would be needed to construct reliable
mechanistic models to predict the deformation of even a pure Zr 
single crystal are not known … We therefore still rely a 
phenomenological approach.’ 

Holt, Journal of Nuclear Materials 372 (2008) 182. 

‘ … equations and models are needed to enable useful predictions 
and analyses for current or future reactor components. In addition, 
as reviewed earlier, understanding of the basic creep mechanisms 
in anisotropic materials like zirconium alloys is still not strong 
enough to be truly predictive.’   ‘… Today, most models are empirical 
in nature, … ‘ 

Adamson et al., A.N.T. INTERNATIONAL (2009). 

‘Although the means to predict polycrystalline behavior from the
behavior of individual crystals now exist as described above, the
basic physical parameters that would be needed to construct reliable
mechanistic models to predict the deformation of even a pure Zr
single crystal are not known … We therefore still rely a
phenomenological approach.’

Holt, Journal of Nuclear Materials 372 (2008) 182.

‘ … equations and models are needed to enable useful predictions 
and analyses for current or future reactor components. In addition, 
as reviewed earlier, understanding of the basic creep mechanisms 
in anisotropic materials like zirconium alloys is still not strong 
enough to be truly predictive.’   ‘… Today, most models are empirical 
in nature, … ‘

Adamson et al., A.N.T. INTERNATIONAL (2009).

Recent reviews: 
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Radiation growth of Zr 

� Strain saturation 
� Breakaway growth 
� Coexistence of about the same sizes vacancy and SIA type 

prismatic loops 
� Occasionally negative a-strain 

Observations, which have never been explained in 
framework of a single model for over 50 years : 

saturation breakaway negative a-strain

14 Managed by UT-Battelle 
for the Department of Energy 

Radiation growth in Zr metals 

� Expansion in prismatic directions (a-directions)  
� Contraction in along perpendicular to basal ones (c-direction) 
� Volume conservation  

Radiation growth in Zr-7%Pt binary alloy (strain ~100%) 
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 Void Alignment in HCP Metals 

Risbet & Levy, J. NUCL. MATER 50 (1974) 116-I 18. 

Magnesium 

MD: SIA clusters migrate 1-D along close packed  
directions on basal planes 

Zirconium 
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Vacancy basal loop alignment in Zr 
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Radiation growth in framework of PBM 
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Strain rates 

Strain rates are determined by cascade parameters  

Z-axis is perpendicular 
to basal planes 

ρx, ρy are density of prismatic 
dislocation 
ρz is density of basal  ones 
ρ is total dislocation density 

g
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Dose dependence of RG strains 
predicted by the model  

Annealed Zr Impact of cold work 

The calculations reproduce all strike features found experimentally   
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End of  presentation 
Thanks for your 

attention  



BeWS10 – Karlsruhe,  20-22.09.2012 

Institute for Applied Materials - Applied Materials Physics 

 

Self-interstitial diffusion in beryllium: 
elementary jumps and overall dynamics  

V.A. Borodin1,2 and P.V. Vladimirov1 

1 Karlsruhe Institute of Technology, Karlsruhe, Germany 
2 NRC Kurchatov Institute, Moscow, Russia 

1 Institute for Applied Materials -
 Applied Materials Physics 

Outline 

� Background 

� Simulation techniques 

� Interstitial  jumps – types and energy barriers 

� From individual jumps to diffusion coefficients 

� Summary 
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Interstitial configurations in Be 

Symmetry Based Possibilities  

� “True” interstitial positions: either between basal planes 
or inside basal planes

� Dumbbell configurations 

Which configurations are stable and how interstitials move? 

3 Institute for Applied Materials -
 Applied Materials Physics 

Simulation techniques:  

Simulation cells :  (1�6)×103 atoms 

700 - 1000 K 

Simulation runs: up to 2 ns 

Molecular dynamics: 

Potential: ABOP (C.Björkas et al. J. Phys.: Condens. Matter 21 (2009) 445002)   

First-principles DFT: 

�VASP / GGA / PAW and US potentials 
�supercells:
    - 96  - 512 atoms for static relaxation 
    - 96 atoms for jumps 
�Monkhorst-Pack k-points : from 9x9x9 down to 2x2x2  
  (depending on the supercell size) 
�Transitions : NEB 
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Stable interstitial configurations 

Convergence with the simulation 
cell size 

� Only three configurations remain stable in the largest supercells 
� The lowest energy configuration is BO

BO:   4.1 eV / 2.8 eV 

C: 4.3 eV /  3.3 eV 
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Simulation cell size

S: 5.3 eV  / 3.6 eV 
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Interstitial diffusion in Molecular Dynamics 

500 K 900 K 
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Possible diffusion jumps 
I: In-plane jumps 

BO �� BS � BO 
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� Though BO is a true interstitial, its in-plane diffusion occurs via 
dumbbell configuration (replacement jump) 
� Migration barrier for in-plane dffusion is only 0.12 eV 

C � C 
� No valid NEB trajectory: intermediate 
images relax to BO 
� But dynamically observed as a part of 
„long“ jumps at high T 
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Possible diffusion jumps 
II: Jumps normal to basal plane 

BO �� O � BO 

� The same atom remains interstitial after the jump 
� Migration barrier (1.1 eV) is notably higher than for in-plane diffusion 

C � C 

� No valid trajectory: intermediate position 
is a BO configuration, where the jumping 
atom is one of BO neighbours 
� Not observed in MD 
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Possible diffusion jumps 
III: Mixed (a+c) jumps 
Direct replacement 

Indirect replacement (BO �� C � BO) 

� The jump is symmetric with respect to the intermediate C position 
� Migration barrier (0.27 eV) is higher than for in-plane dffusion, but still 
quite low  
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Jumps consist of 2 “half-jumps” of type BO  ��  S  

Version 1 

� The configuration energy of S is 1.2 eV higher than BO, thus the jumps 
are relatively rare 

� Stay in S is usually short (1-2 ps), but sufficient to decorrelate the 
‘forward’ and ‘backward’ half-jumps  

� As a result, the jump length can reach 2a in plane and 2c along c-axis 

Possible diffusion jumps 
IV: Jumps through S-configuration 

Version 2 
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Possible diffusion jumps 
V: “Long” jumps 
� Sometimes an interstitial jump involves a long trajectory (several 

interatomic distances), even though the distance between the initial and 
final atom position can be only 1-2 interatomic distances 

� Sometimes these long trajectories can be separated into chains of 
several consecutive correlated jumps, but equally well the interstitial 
trajectory can be quite chaotic 

� No long jump is like another 

11 Institute for Applied Materials -
 Applied Materials Physics 

Possible diffusion jumps 
V: “Long” jumps 
� Sometimes an interstitial jump involves a long trajectory (several 

interatomic distances), even though the distance between the initial and 
final atom position can be only 1-2 interatomic distances 

� Sometimes these long trajectories can be separated into chains of 
several consecutive correlated jumps, but equally well the interstitial 
trajectory can be quite chaotic 

� No long jump is like another 



12 Institute for Applied Materials -
 Applied Materials Physics 

Possible diffusion jumps 
V: “Long” jumps 
� Sometimes an interstitial jump involves a long trajectory (several 

interatomic distances), even though the distance between the initial and 
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Possible diffusion jumps 
V: “Long” jumps 
� Sometimes an interstitial jump involves a long trajectory (several 

interatomic distances), even though the distance between the initial and 
final atom position can be only 1-2 interatomic distances 

� Sometimes these long trajectories can be separated into chains of 
several consecutive correlated jumps, but equally well the interstitial 
trajectory can be quite chaotic 

� No long jump is like another 
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Jump statistics 
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1 -  BO-BS-BO (in-plane) : ~ half of the jumps 
2 – BO-C-BO (a+c)  
3 – BO-BO dr (a+c) 
4 – BO-S-BO (a+c) 
5 – BO-O-BO (c) 
6 – other 
7 – long/chains 

Interstitial diffusion is 3D, but notably anisotropic 
 

Da = Da0exp(-0.1eV/kT), Dc = Dc0exp(-0.3eV/kT)  
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Summary 

� Interstitials easily move in beryllium 
� Multiple jump transitions are possible 
� Most transitions are replacive, even though the interstitial itself is a 

“true” one 
� Interstitial diffusion is generally 3D, but there is notable diffusion 

anisotropy (preferential diffusion in basal planes) 
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Experimental background 

� Be and Zr have much in common:  
   both are hcp with c/a < 1.633 

 
� Both are used as reactor materials.   

 
� Both have very similar energy ranging of basic mono-
interstitial configurations 

 
� Are they similar in interstitial clustering behavior? 
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� Prismatic loops lie mostly on {11-20} planes and can be both interstitial- and 
vacancy-type 
� Basal loops are exclusively vacancy-type 

Griffith et al: JNM 159 (1988) 405 Griffith et al: JNM 205 (1993) 225 

Dislocation loops in Zr 
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Dislocation loops in Be 

Gelles and Heinisch: JNM191-194 (1992) 194  
 
� The microstructure of specimens irradiated at 400 and 500°C included a low 
density of dislocation tangles of ~(a/3)(1120) a-type Burgers vectors, which were 
possibly present before irradiation.  
� At 400°C a high density of small loops with c(0002} c-type Burgers vectors, 
while at 500°C no small loops were found. 
�Small bubbles on grain boundary dislocations. 
 

Gelles et al: JNM212-215 (1994) 29  
 
� At irradiation temperatures of 400°C and below, damage consists of black spot 
or loop damage 
� At higher temperatures, the microstructural product of irradiation is mainly 
bubbles, preferably at grain boundaries.  
� Dislocation loops are annihilated following annealing in the temperature range 
500-600°C 
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G. P. Walters et al., JNM, 11 (1964) 335 

 
� After irradiation (2x1020 cm-2, 350ºC) {11-20} loops are formed, 
 but : 
� The same {11-20} loops (only smaller) are formed by quench from 1000ºC 

 

Dislocation loops in Be 
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� Loops are of interstitial type.
� At least two planes of location, one of which is the basal plane. 
� Loop distribution is extremely non-uniform; there are regions free from loops. 
� After annealing loop size increases and bulk density decreases significantly.  

Fig. 2. Dislocation structure of the TE-56 beryllium grade irradiated in the SM reactor up to 
2.5�1022 cm-2 (E > 0.1MeV) at 70–120ºC: (a) after irradiation; (b) irradiation+annealing at 
300ºC, 1 h; (c) irradiation+annealing at 500ºC, 1 h. 

Dislocation loops in Be 

Chakin & Ostrovsky, JNM, 307–311 (2002) 657  
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Simulation techniques:  

Simulation cells :   from 103 to 6×103 atoms 
T = 800 K 
 

Molecular dynamics: 
Potential: ABOP (C.Björkas et al. J. Phys.: Condens. Matter 21 (2009) 445002 )  

First-principles DFT: 

•VASP / GGA / US (Be) and PAW (Zr) pseudopotentials 
•supercell:  400 atoms 
•Monkhorst-Pack k-points : up to 4x4x4  
   

7 
Institute for Applied Materials -
 Applied Materials Physics 

Instability of prismatic dislocation loops in Be 

� BS-type loops are unstable in Be  

What is the structure of prismatic loops ? 
     Clusters of BS interstitials (De Diego et al. Met. Trans. A , 33 (2002) 783)  ? 

800 K, 3 ps 
 



8 
Institute for Applied Materials -
 Applied Materials Physics 

Instability of prismatic dislocation loop in Be 

Alternative structure of prismatic loop (only BO interstitial configurations) 

Resulting structure =   
           c-axis aligned interstitial column 

800 K, 50 ps 
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Refined column structure (DFT) 

Ef/int = 1.74 eV (ABOP: 1.45 eV) 
Cf. Ef(I1) = 4.2 eV (ABOP: 2.5 eV)
 

Be 
 

Ef/int = 1.32 eV 
Cf. Ef(I1) = 2.4 eV 

Zr 
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Thermal stability of infinite columns 

� Infinite columns show no signs of decay even when kept for  1 ns at 
1000 K 
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Column nucleation from interstitial 
ensemble 

CI = 0.15at.% 

� Larger clusters (> 15 interstitials) tend to extend along c-axis 

after 1 ns at 800 K 
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Column nucleation from interstitial 
ensemble 

� Larger clusters are compact in projection to basal plane
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Atomic structure of finite-length column 

I4 

I32 

0001 

1120 

_ 

Columns = sets of (zigzag) atom chains in open interstitial channels   
along c-axis 
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Summary 

� Interstitial clusters in Be tend to grow as columnar structures 
elongated in c-direction, rather than prismatic loops 

� Finite-length interstitial columns are sets of atom chains in open 
interstitial channels aligned along c-axis  

� Columnar interstitial clusters in Zr are energetically favorable, so 
possibly they coexist with dislocation loops   



AB INITIO STATIC AND MOLECULAR DYNAMICS STUDIES OF 
HELIUM BEHAVIOR IN BERYLLIUM 

P.V. Vladimirov*, A. Moeslang
Karlsruhe Institute of Technology, Karlsruhe, Germany; 

Beryllium is an effective neutron multiplier material widely exploited in nuclear 
applications. It will be used in the helium-cooled beryllium pebble bed of fusion 
reactor blankets for increasing the efficiency of tritium production. Macroscopic 
effects of irradiation (e.g., swelling) on beryllium are greatly influenced by 
accumulated transmutation helium. Atomic scale simulations of beryllium behavior 
under irradiation are necessary for understanding the basic mechanisms and reliable 
prediction of microstructural changes. 

In this study, we investigate the behavior of interstitial and substitutional helium, 
its diffusion pathways and interaction with point defects present in irradiated beryllium 
by means of static and molecular dynamics ab initio simulations. It was shown that a 
mixed dumbbell consisting of self-interstitial and helium atoms represents the 
ground-state configuration for interstitial helium. At low temperatures, the mixed 
dumbbell migrates in the basal plane through a series of in-basal-plane rotations, 
while at higher temperatures it jumps also between adjacent basal planes. 

It was revealed that, as in many other metals, interstitial helium atoms are bound 
to each other (Eb ~1 eV). In beryllium, two mixed dumbbells meet each other so that 
helium atoms are the nearest neighbors, whereas the helium pair can be oriented 
either in- or out-of-basal plane. Diffusion modes of the pair are discussed. 

In addition, it was found that helium is very strongly bound to vacancies: the 
binding energy of more than 3 eV found by static ab initio calculations suggests that 
helium is unlikely to be released from a mono-vacancy at temperatures below the 
melting point. As has been shown previously, vacancy clusters are unstable in 
beryllium. This study shows that the addition of helium stabilizes di-vacancies. Thus, 
it is confirmed that the presence of transmutation gas is necessary for the 
development of a porous microstructure in beryllium. 

Keywords: helium, beryllium, ab initio, first principles molecular dynamics 
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1. Introduction
Beryllium is widely used as neutron reflector and multiplier in fission reactors. 

Numerous experiments performed on beryllium irradiated below about 673 K suggest 
that its swelling is directly proportional to accumulated helium concentration. Large 
amounts of helium generated by nuclear reactions and accumulated under such 
conditions considerably affect material properties.

Helium accumulation will play an even more important role for fusion reactors, 
which possess a much harder neutron spectrum with a pronounced 14 MeV peak. In 
the helium-cooled fusion reactor blanket, beryllium will be used as the neutron 
multiplier material in the form of single-sized pebble beds. One of the important tasks 
for fusion reactor design is the assessment of tritium accumulation in beryllium 
pebbles.

In addition, tritium is produced by nuclear reactions and partly accumulated inside 
helium bubbles. In most cases approximately ten times more helium is generated 
than tritium. Therefore, gas bubble growth is mainly driven by helium accumulation, 
while tritium is captured by small helium-vacancy clusters and helium bubbles. Hence 
tritium retention and release is intimately connected with helium-bubble nucleation 
and growth. To reliably simulate this process, one should know the atomic scale 
mechanisms of helium diffusion and interaction of helium with traps. The properties 
of vacancy and interstitial type defects as well as preliminary results on helium 
behavior in beryllium were previously studied using ab initio methods [1, 2, 3, 4].

In this paper, we discuss atomic configurations and diffusion mechanisms of 
interstitial and substitutional helium as well as the binding between interstitial helium 
atoms and the binding of helium to vacancy clusters. 

2. Computational details 
In this work, static and dynamic first principles density functional theory (DFT) 

based calculations are used to identify possible defect configurations and their 
diffusion pathways.

Ab initio calculations were performed with plane-wave VASP computer code  [4]. 
Full geometry optimization was carried out using generalized gradient approximation 
(GGA) with Perdew-Wang non-local exchange-correlation functional [5] and the 
scalar relativistic projector augmented wave (PAW) method [6]. The calculations 
typically involve 13x13x13 Monkhorst-Pack k-point mesh [7] and 450 eV for cutoff 
energy. Calculations with various k-point meshes has shown that starting from a 
12x12x12 mesh the energy of the ground-state interstitial helium configuration 
deviates from the converged value (reached for the 19x19x19 mesh) by less than 
0.01 eV. These results justify our selection of a 13x13x13 k-point mesh. 
Rhombohedral supercells with sizes of 64 and 96 lattice sites were used. 

Migration barriers were estimated by means of independent relaxations of 
intermediate configurations. The jumping atom was fixed along the jump direction 
(and was moving freely in two other directions) at a position obtained by interpolation 
between its positions in the initial and final configurations. In addition, one or two 
lattice atoms were fixed in all three directions to avoid shifting of the lattice as a 
whole.

First principle molecular dynamics (FPMD) calculations are usually assumed to 
be rather time consuming and therefore only performed on very small systems and 



for short simulation times. In general, this is still true; however, with increasing 
computer power computations not achievable five years ago are now possible. The 
case of beryllium is easier than for heavier elements as it has only four electrons and 
requires lower computational resources. Using a time step of 3 fs, it is possible to 
perform 3,000-4,000 step simulations (9-12 ps), which last about three days on a 
powerful computer cluster (HP XC3000 at Steinbuch Centre for Computing, in our 
case).

The number of k-points and the cut off energy values for static calculations were 
obtained by performing set of tests until configuration energy convergence was 
reached. These parameters are already quite demanding with respect to computer 
resources. To speed up the calculations we downsized the requirements as follows: 
7x7x7 Monkhorst-Pack k-point mesh and 250 eV energy cut off were used for the 
FPMD calculations. This choice was justified by the fact that FPMD runs were used 
to elucidate helium diffusion pathways and defect cluster configurations qualitatively.

To obtain quantitative information, we have relaxed helium and defect cluster 
configurations observed in FPMD simulations using static first principles calculations 
with higher requirements and found that all configurations were stable. This confirms 
that reducing the requirements does not produce artificial configurations that would 
not be found with a more demanding set of parameters. 

FPMD simulations are performed by VASP code on the so-called exact adiabatic 
Born-Oppenheimer surface [8]. In metals, fast moving electrons can adapt their 
motion to the much slower motion of nuclei. This means that total electronic energy 
minimization (ground-state search) is performed at each step of the FPMD. 
Simulations are performed in the NVT1 ensemble where the system temperature is 
controlled using a Nose-Hoover thermostat. Temperature equilibration requires 
simulation runs longer than those used in this study. Therefore, notable temperature 
variations occur during our FPMD runs stimulating diffusion jumps of investigated 
defects. These variations, however, do not have an effect on the observed migration 
pathways.

3. Results and Discussion 
3.1 Single helium interstitials 
Eight possible high symmetry configurations for interstitial helium atoms have 

been tested: octahedral (O), basal octahedral (BO), tetrahedral (T), basal tetrahedral 
(BT), non-basal crowdion (CN), basal crowdion (BC), split along c-axis (S), and basal 
split mixed dumbbell (BSm). We found most of these configurations stable for self-
interstitial atoms; therefore, we checked their suitability for interstitial helium. After 
relaxation four of the configurations appear to be stable: CN, BO, BT, and BSm (only
two have been previously reported [3]). Formation energies of various interstitial 
helium configurations are collected in Table 1.

Formation energy of interstitial He was calculated as follows:  
Ef = E(HeInt) - Ecryst - E(He),    (1) 

                                            
1 NVT ensemble means that the number of particles (N) and system volume (V) are constant and the 

ensemble has a well-defined temperature (T). 



where E(HeInt) is an energy of interstitial helium configuration, Ecryst is an energy 
of ideal hcp crystal lattice of Be, and E(He) is the reference energy of helium atom in 
vacuum.
Table 1:  Formation energies (eV) of interstitial helium at various positions calculated for 

supercells containing 64, 96, and 128 atoms 

Configuration: O BO T BT CN BC S BSm

64 atoms unstable 5.74 unstable 5.70 6.05 unstable unstable 5.39 

96 atoms 6.17 5.81 6.01 5.78 6.11 unstable 5.77 5.46 

128 atoms  5.73  5.67 6.11  5.93 5.39 

Comment  BO  BT  BT 
 BO 

 BT ground
state

Calculations were performed using supercells containing 64, 96, and 128 atoms 
to assess the effect of the supercell size. As can be seen from the Table 1, the 
difference for stable configurations does not exceed 0.06 eV. Thus, we can conclude 
that a supercell with 64 atoms can reliably predict interstitial helium atom behavior in 
beryllium.

Note that the ground-state configuration for interstitial helium in beryllium is a 
basal split mixed dumbbell located in basal plane (BSm). In most cases, this 
configuration was observed in the FPMD snapshots supporting the results of static 
simulations. The same ground-state configuration was recently reported [10, 11] 
using Quantum-ESPRESSO and Wien2k, while this configuration was unnoticed in 
[12].

Nudged elastic band calculations show that the BO configuration is a metastable 
shallow minimum: only 0.1 eV is required for decay to a mixed dumbbell 
configuration, while about 0.37 eV is necessary for the reverse jump. Accordingly, 
FPMD runs have revealed that at temperatures from 800 to 1000 K helium atom 
avoids the neighborhood of BO being effectively caged around the BT position. 
Helium can form mixed dumbbell with any of the three atoms at the triangle corners; 
however, jumps between triangles occur by rotation: the mixed dumbbell goes out of 
basal plane, while helium atom jumps into the other triangle. All diffusion jumps 
observed during the simulation runs in this interval of temperatures occurred within 
the basal plane (i.e. at low temperatures, interstitial helium diffuses two-
dimensionally).

Temperature limits obtained by FPMD calculations should not be used for direct 
comparison with the real world. Typical FPMD run durations are very short (tens of 
ps), therefore, high temperatures were used to increase probability to observe some 
diffusion jumps. Due to a much longer time scale, diffusion under experimental 
conditions can be observed at notably lower temperatures than in our simulations. 
However, the qualitative model of the phenomena remains valid. 

At 1200 K, the energy of helium atoms is sufficient to jump over a BO-containing 
triangle; thus on-site rotations of the mixed dumbbell are possible. Therefore, at high 
temperatures, helium can change triangles without rotation. On the other hand, 
helium jumps were observed between two adjacent basal planes through a 
tetrahedral-like configuration. As a result, mixed interstitials diffuse three-
dimensionally at higher temperatures. 



3.2 Interstitial helium pairs 
As with many metals, helium interstitials in beryllium attract each other. FPMD 

calculations show two types of helium interstitial pairs: in-basal plane and out-of-
basal plane (see Figure 1). The in-basal plane configuration diffuses by in-basal 
plane rotations and is essentially caged within a triangle. However, even at 800 K, 
out-of-basal plane rotations with formation of out-of-basal plane pairs are possible. In 
spite of the fact that the out-of-basal plane configuration has significantly higher 
binding energy (1.35 eV cf. 0.83 eV for in-basal plane), a reverse transformation was 
also observed in FPMD run at 800 K. 

Figure 1: Pairs of interstitial helium. (a) In-basal-plane pair (Eb=0.83 eV), (b) out-of-basal plane 
pair (Eb=1.35 eV). Helium atoms are colored rose, while beryllium atoms constituting 
mixed dumbbells are colored blue. 

3.3 Substitutional helium 
In beryllium, as in many other metals, helium is strongly bound to vacancies. The 

3 eV binding energy of helium suggests that it is almost irreversibly trapped by 
vacancies. However, a comparison of the energies of single interstitial helium atom 
and substitutional helium plus self-interstitial suggests that interstitial helium is 
energetically favorable and, thus, a kick-out reaction might be possible (if the 
activation barrier is not too high): 

Hesub + SIA -> Heint E = 2.2 eV.

It should be noted that substitutional helium is immobile and requires another 
vacancy for diffusion (see e.g. [9]). Therefore, substitutional helium can be 
transported only by helium-vacancy clusters. This explains our interest in the 
properties of small helium-vacancy clusters, described in the next section.

3.4 Helium vacancy clusters 
Previous research [1, 3] indicates that di-vacancy clusters are unstable in 

beryllium. DFT calculations recently predicted the same behavior for tungsten [10] 
and aluminum [11, 12]. In this work, we calculated the binding energies of helium 
atoms with di-vacancy clusters in various orientations. Helium atoms effectively 
stabilized di-vacancy clusters in one basal plane and in adjacent planes, but did not 
stabilize di-vacancy along c axes, where vacancies are separated by an additional 



basal plane. The binding energy of He1Vc2 cluster with respect to decay into two 
separate vacancies and helium interstitial is about 3.0-3.7 eV depending on di-
vacancy orientation. Certainly the binding energies, with respect to the decay into 
substitutional helium and vacancy, are significantly lower: 0.3-0.4 eV. 

Two diffusion jumps of He1Vc2 cluster were observed in FPMD simulations at 
1000 K. Diffusion of the in-basal-plane cluster appears to occur by a classical ring 
mechanism in the basal plane. Initial and final configurations of the jump were 
relaxed using static ab initio and the migration barrier was estimated using the drag 
method. The jumping atom was fixed along the direction of the jump while it was 
allowed to relax in two other directions. To avoid shifting of the lattice as a whole one 
atom, or, in some cases, two atoms far from the jumping atom, was fixed in all three 
directions.

The observed in-basal plane jump sequence occurs through the intermediate 
dissociated configuration (see Figure 2): 

 (He1Vc2)aa  Hesub + Vc. 
Figure 2 shows that two further in-basal plane jumps are possible. One jump 

(aa3) results in the dissociation of the He1Vc2 cluster while the other (aa2) does not 
require dissociation. Surprisingly, the jump without dissociation (aa2) has a higher 
migration barrier (1.6 eV) than those with dissociation: 0.9 eV for aa3 and 0.7 eV for 
aa1. The later one is the lowest energy migration path, which was observed in the 
ring diffusion mechanism described above. 

Figure 2: (a) Three possible in-basal-plane jumps of beryllium atoms (labeled as aa1, aa2 and 
aa3) into He1Vc2 complex situated in the same basal plane. In cases aa1 and aa3 dissociation of 
basal (He1Vc2)aa complex occurs: (He1Vc2)aa  HeS + Vc. In case aa2 the (He1Vc2)aa complex 
changes its orientation. (b) Energy profiles corresponding to these migration pathways. 

To complete the study, we calculated the diffusion barriers for three possible 
beryllium atom jumps from the adjacent basal plane. Two jumps occur when 
beryllium atoms (labeled as ac1 and ac2) jump into a vacancy (see arrows in Figure 
3a). The helium atom is pushed into another vacancy, which is not the nearest 
neighbor of the vacancy left behind by the jumping atom. In these cases, the helium-
vacancy cluster dissociates since helium cannot occupy both vacancies. In case of 
the third jump (ac3), the newly formed vacancy is the nearest neighbor of the helium 
atom. Therefore, helium takes an intermediate position between the vacancies; 
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however, the vacancies are now in different basal planes and helium is between 
these planes. The results of these calculations are presented in Figure 3b. 

In the case of HeVc2 cluster dissociation (ac1 and ac2), the migration barriers are 
rather high (about 1.4 and 1.2 eV, respectively). Formation energy of the non-basal 
cluster (He1Vc2)ac is only 0.1 eV higher than that of the basal cluster (He1Vc2)aa.
However, the migration barrier for the jump between these configurations is 1.4 eV. 

This analysis suggests that the HeVc2 cluster migrates preferentially in the basal 
plane at approximately the same rate as vacancy (0.7 eV); however, it has to 
overcome a double barrier (1.4 eV) to move between basal planes. On the other 
hand, the barrier for dissociation (ac2) is slightly lower (1.2 eV). So the HeVc2 cluster 
dissociates, rather than jumps out of the basal plane. 

Figure 3: (a) Three possible jumps of beryllium atoms labeled as ac1, ac2, and ac3 from one 
basal plane into basal (He1Vc2)aa complex situated in the adjacent basal plane. In the cases ac1 
and ac2, the dissociation of the (He1Vc2)aa complex occurs. In case ac3, a new (He1Vc2)ac non-
basal complex forms. (b) Energy profiles corresponding to these migration pathways. 

4. Conclusions 
A combination of static and dynamic ab initio methods proved useful for the study 

of point defect migration pathways.  
Static relaxations show that the mixed He-SIA dumbbell is the ground-state for 

helium at interstitial positions in beryllium. Interstitial helium is a fast diffuser: mixed 
dumbbells diffuse two dimensionally (within one basal plane) at low temperatures; 
however, they can jump between adjacent basal planes (three-dimensional diffusion) 
at higher temperatures. Mixed dumbbells are bound to each other in planar and non-
planar configurations. These dumbbell configurations are mobile and diffuse by 
rotation within basal planes or by jumps between adjacent basal planes.  

Substitutional helium diffuses only as a vacancy cluster. FPMD calculations 
showed that the He1Vc2 cluster migrates by a classical ring diffusion mechanism. 
Calculations of diffusion barriers revealed that this cluster diffuses only two 
dimensionally (in the basal plane) since the barrier for the jump between two 
adjacent basal planes is higher than the barrier for the cluster dissociation. 
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The anisotropy of helium diffusion for interstitial helium and helium-vacancy 
clusters with a preferential mobility within basal planes should have significance for 
further simulations of the microstructure development in neutron-irradiated beryllium. 

Helium is essential for stabilization of unstable vacancy clusters. As a direct 
consequence, voids cannot grow in beryllium under electron irradiation, while helium 
bubbles can be formed under neutron irradiation due to helium produced by nuclear 
transmutations. Thus, it is possible to conclude that the presence of transmutation 
helium is necessary for the development of porous microstructure in irradiated 
beryllium.
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