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Introduction & Executive Summary 
The 14th International Workshop on Beryllium Technology (BeWS-14) was held on 24-25 October 2019 at 
the Hotel Queen Mary in Long Beach, California, U.S.A., in conjunction with the 19th International 
Conference on Fusion Reactor Materials (ICFRM-19 in La Jolla, California).  The workshop has generally 
been held once every two years since 1993. 
 
The objective of the workshop for scientists and engineers around the world is to share the results of their 
efforts to develop technology in the application of beryllium in fusion energy research and related fields, 
including health and safety.  The BeWS-14 was organized by Be4FUSION LLC, with major technical support 
from KIT (Karlsruhe Institute of Technology) in Germany.  Participants came mainly from the U.S., 
Germany, Japan, France, UK, Spain, Portugal, Korea, and Kazakhstan.  Due to visa issues for entry into the 
U.S., there were no participants at this workshop from China or Russia. 
 
The BeWS-14 program agenda consisted of three keynote presentations, which were followed by five 
technical sessions.  There were 49 registered and paid attendees at the BeWS-14, an increase from the 35 
attendees at the BeWS-13 in Japan in 2017. 
 
The keynote presentations began with an historical retrospective on the BeWS series, given by Dr. Glen 
Longhurst (Idaho National Lab, retired).  He was followed by Dr. Milan Zmitko of F4E, who reported on 
the status of Be neutron multiplier materials for the ITER Test Blanket Module (TBM) program.  The final 
keynote was presented by Dr. Hiroshi Kawamura, formerly of JAEA in Japan, who presented his ideas on 
recycling of irradiated beryllium for use in fusion research reactors, which had its peak activities in 2007-
2012.  Drs. Longhurst and Kawamura are two of the original founders of the Beryllium Workshop, and the 
BeWS-14 marked the first time they had attended together in many years. 
 
The five technical sessions featured presentations on Alternative Blanket Concepts and Beryllides, 
Beryllium Materials under Extreme Conditions, Industrial Fabrication, Modeling, and EH&S 
(Environmental, Health & Safety).  EH&S topics had particular emphasis in the program due to strong 
interest and concerns at ITER. 
 
The Prof. Mario Dalle Donne Memorial Award (MDDMA) was established at the BeWS-11 in Barcelona to 
recognize researchers with outstanding achievements in beryllium-related research.  This year, the BeWS 
International Organizing Committee (IOC) members unanimously agreed that Dr. Jae-Hwan Kim of QST in 
Japan was the deserving recipient, based on his many outstanding achievements in beryllium-related 
research over the past decade. Special lifetime contribution awards were presented to Drs. Longhurst, 
Kawamura, and Anton Möslang of KIT. 
 
The final BeWS-14 program is included near the beginning of these Proceedings to introduce the abstracts 
and presentations that follow.  A list of the registered participants may be found in the Appendices of this 
document.  It should be noted that in cases where the presentation title herein is different than what is 
listed in the program, that is because the author changed it prior to delivering it at the workshop. 
 
Chris DORN 
BeWS-14 Chair 
Oxford, June 2021 
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BeWS-14 Final Technical Program 
The program was organized by the BeWS-14 Technical Chair, Dr. Pavel Vladimirov of KIT in Germany.  This 
is the version of the program distributed to the participants.  Some presentation titles changed by the 
time of the workshop. 
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Session 1:  Keynote Presentations 
Evolution of the Beryllium Workshop Series 

G. Longhurst (INL & Southern Utah University, USA) et al. 

Evolution of the Beryllium Workshop Series 

Glen R. Longhurst1 and Hiroshi Kawamura2 

1Emeritus Faculty, Southern Utah University, Cedar City, Utah, U.S.A., E-mail: gxlutah@infowest.com 
2Chiyoda Technol Corporation, Tokyo, Japan 

 

Abstract 

The IEA International Beryllium Workshop series is an outgrowth of a meeting of specialists held at the Idaho 

National Laboratory in 1989. At a subsequent satellite meeting to ICFRM-5, a decision was made to apply to the 

International Energy Agency for sponsorship of a continuing workshop series. Meetings have been held since 

then at nominally two-year intervals in various places around the world. Though initially focused on issues 

relevant to fusion, the ITER project in particular, the scope of the workshops has expanded to include issues of 

beryllium technology associated with fission reactors as well. Participation in these workshops has been more 

or less consistent from one workshop to the next. Technical issues and concerns identified in the first meeting 

have continued to be pursued. New forms of beryllium have been produced including pebbles, and different 

compounds such as beryllides and intermetallics have been explored as a means of improving performance in 

the nuclear environment. There is still much to do including finding pathways for disposal and/or recycling of 

irradiated beryllium. 

Keywords: Beryllium Workshops, History and Evolution, Beryllium Nuclear Technology 

 

1 Background 

Beryllium has been used in nuclear applications virtually from the beginning of the development of peaceful 

applications of nuclear energy. It forms an integral part of many research fission reactors where it serves as a 

neutron reflector and multiplier in research reactor cores. More recently in fusion technology it has been 

planned on for its excellent qualities as a plasma-facing material and for its neutron reflection and 

multiplication characteristics in the tritium breeding blanket. 

Processes for manufacturing beryllium have developed over the years as efforts have been made to increase 

toughness and ductility by using powder metallurgy techniques. Issues arising from its use in nuclear 

applications relate to swelling and alteration of mechanical properties due to neutron irradiation. Various 

techniques for compaction and sintering have been explored. To minimize issues of swelling and cracking of 

beryllium under irradiation, the production of beryllium in small pebble form has been explored. Another 

concern is finding ways of forming and joining beryllium to substrates that will survive the nuclear 

environment. Because of nuclear transmutation products such as tritium and long-lived activation products 

from uranium and other naturally occurring heavy metals, disposal and possible recycling of irradiated 

beryllium are also of significant concern in both fission and fusion applications. Beryllium is toxic to some 

individuals and beryllium dust is pyrophoric, so there are health and safety concerns associated with its use. 

mailto:gxlutah@infowest.com
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2 Workshop Genesis 

As with many sensitive technologies, centers of excellence and capability for beryllium in nuclear applications 

are somewhat isolated and localized. In the mid-1990s there was a growing sense that there should be 

communication and collaboration between these groups if the goals for beryllium in this industry were to be 

realized. The first gathering of specialists interested in nuclear applications of beryllium, especially for fusion, 

was held at what is now the Idaho National Laboratory on 11 September 1989. This was the grandparent, so to 

speak, of the BeWS series we now have. There were 22 participants. Names and institutions of these persons 

are listed in Table 2.1. 

Table 2.1: Participants at the first meeting of specialists interested in fusion applications of beryllium, held 11 September 
1989. 

D. Baldwin Battelle Pacific Northwest Laboratory 
C. K. Dorn Brush Wellman, Inc. 
H. Matsushima Brush Wellman (Japan), Ltd. 
R. A. Anderl 
D. E. Ardary 
S. Brereton 
L. C. Cadwallader 
J. G Crocker 
J. S. Herring 
D. F. Holland 
G. R. Longhurst 
L. G. Miller 
D. Mousseau 

EG&G Idaho, Inc. 

H. Kawamura 
T. Kurasawa 
H. Yoshida 

Japan Atomic Energy Research Institute 

T. Suzuki Kawasaki Heavy Industries, Ltd. 
I. Hitani Mitsubishi Atomic Power Industry, Inc. 
K. Nishida NGK Insulators, Ltd. 
J. M Beeston Private Consultant 
R. Causey Sandia Livermore National Laboratory 
K. Ashibe Toshiba Corporation, Research and Development Center 

 
The main objective of that meeting was to bring together persons with experience and interest in research that 

was being conducted on beryllium, particularly aspects related to its use in nuclear facilities. Ten presentations 

were made on topics of discussion that included health and safety aspects of working with beryllium, 

production of beryllium pebbles, storage and release characteristics of the radioactive tritium bred in the 

beryllium by neutron transmutations, swelling and mechanical property changes caused by the irradiation, and 

storage and disposition of irradiated beryllium. 

As a follow-on to the 1989 meeting in Idaho, and to broaden the participation in these discussions, it was 

decided to hold a satellite meeting to the Fifth International Conference on Fusion Reaction Materials (ICFRM5) 

at Clearwater Beach, Florida. That meeting was held as a Beryllium Technology Workshop on November 20, 

1991. 

The objectives of that workshop were to (a) bring researchers, developers, designers, and managers together; 

(b) get the “flavor” of work in progress on beryllium at the various institutions; (c) identify areas where 
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additional effort is most needed; and (d) communicate the results of these discussions to participants and 

others with financial or technical resources to pursue the tasks identified [1]. 

Forty-two persons attended including representatives from major beryllium manufacturers and research 

laboratory personnel from laboratories in Canada, England, France, Germany, Japan, and the United States. 

Designers from major fusion projects attended as did private consultants. 

Twelve formal presentations were made. Following the prepared presentations there was a group discussion 

of the areas where additional research was needed or planned and of the relative importance to fusion of those 

areas. That discussion resulted in the following as the most important needs, in order of priority. 

1. Dimensional stability under irradiation 

2. Changes in mechanical properties, notably ductility and creep resistance under irradiation 

3. Thorough understanding of tritium interactions with beryllium 

Other important issues, not ranked, included manufacturing capabilities and functional integrity of such forms 

as pebbles and low-density blocks, means to dispose of or recycle irradiated beryllium, bonding of beryllium to 

substrates and plasma-spraying, alternative alloys and intermetallics for improved performance. Personnel 

protection during installation and maintenance was another issue of concern. 

Perhaps the most significant action at this workshop was a conversation that took place following the group 

discussions. Prof. Mario Dalle Donne of Kernforschungszentrum Karlsruhe, Dr. Hiroshi Kawamura of Japan 

Atomic Energy Research Institute ORAI, Dr. Vladimir Shestakov of Kazakh National State University and Dr. 

Glen Longhurst of the Idaho National Engineering Laboratory met together to consider a proposal of Prof. Dalle 

Donne that application be made to the International Energy Agency (IEA) to sponsor regular meetings such as 

this one as an official international meeting series. Prof. Dalle Donne volunteered to lead in making that 

application, working with acquaintances who were part of the IEA. That proposal was prepared and presented 

to the IEA. It was accepted under the IEA Implementing Agreement for a Programme of Research and 

Development on Fusion Materials, and the Workshop on Beryllium for Fusion Applications was born. This 1991 

workshop at which the decision was made to apply to the IEA has been referred to as BeWS-0. 

At that time, the main focus of the workshop series was on fusion applications of beryllium, notably those 

associated with tokamaks and with ITER in particular. It was decided that the International Organizing 

Committee (IOC) for the Beryllium Workshop series would be comprised of representatives from the then four 

major ITER parties: the European Union, Japan, the Russian Federation, and the United States. The principal 

responsibility for the various workshops in the series would rotate among the members of the IOC who would 

then recruit a local organizing committee from institutions falling functionally within those respective ITER 

parties. It was also decided that it would be most convenient if the Beryllium Workshops where held convenient 

in time and location to the International Conference on Fusion Reactor Materials (ICFRM). It was the intent that 

following each Workshop meeting, a proceedings publication would be produced containing the written 

versions of the papers presented at the Workshops. That goal has not always been achieved. In some years only 

the presentation files themselves have been available. 
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3 Beryllium Workshops 

3.1 Venues and Participation 

The first IEA sponsored International Workshop on Beryllium for Fusion Applications (BeWS-1) was held 4-5 
October 1993 at Kernforschungszentrum Karlsruhe, Germany. Since then, twelve additional meetings have 
been held at nominally two-year intervals, generally in concert with the ICFRM. Table 3.1 lists the dates, 
numbers of attendees, numbers of papers presented, numbers of institutions contributing to those 
presentations, and the locations of these meetings. 
 

Table 3.1: Dates, locations, and participating institutions for the IEA Beryllium Workshop meetings. 

Meeting Year Attendees Papers Institutions Location 

BeWS-0 1991 42 12 12 Clearwater Beach, FL, USA 

BeWS-1 1993 52 20 23 Karlsruhe, Germany 

BeWS-2 1995 45 37 26 Jackson Lake Lodge, WY, USA 

BeWS-3 1997 68 38 38 Mito, Japan 

BeWS-4 1999 69 38 41 Karlsruhe, Germany 

BeWS-5 2001 46 27 31 Moscow, Russia 

BeWS-6 2003 54 49 48 Miyazaki, Japan 

BeWS-7 2005 45 27 33 Santa Barbara, CA, USA 

BeWS-8 2007 56 22 27 Lisbon, Portugal 

BeWS-9 2009  16 24 Almaty, Kazakhstan 

BeWS-10 2012 64 30 28 Karlsruhe, Germany 

BeWS-11 2013 41 35 20 Barcelona, Spain 

BeWS-12 2015 44 30 44 Jeju, South Korea 

BeWS-13 2017 35 29 46 Chiba, Japan 

 
In addition to the technical discussion, each meeting has featured a cultural experience at or near the venue of 

the meeting. Consistently, workshop banquets have been held for participants and guests. Frequently these 

banquets have featured entertainment representative of the culture and history of the region. There have also 

been tours of culturally significant places such as shrines, museums and centers for arts and crafts. 

3.2 Changes 

The name and scope of the BeWS series has changed slightly over the years since its inception. BeWS-1 was 

titled, “IEA Implementing Agreement for a Programme of Research and Development on Fusion Materials 

Workshop on Beryllium for Fusion Applications.” The name for BeWS-2 was shortened to “2nd IEA International 

Workshop on Beryllium Technology for Fusion.” That name continued through BeWS-6, but it was further 

modified for BeWS-7 to “7th IEA International Workshop of Beryllium Technology.” This was in consequence of 

the broadening of the scope of the meeting to include non-fusion applications, notably those in fission reactors 

and other fields of interest. 

 

The IOC voted at the BeWS-10 meeting to create an award for excellence in beryllium research. Called the Mario 

Dalle Donne Memorial Award (MDDMA), commemorating workshop founder, Prof. Mario Dalle Donne, the 

award recognizes outstanding achievement in the field and is intended to stimulate further excellence. There 

are two parts to the award. One is a crystal pyramid with the recipient’s name and recognition engraved on it. 
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The second is the recipient’s name engraved on a plaque attached to a travelling trophy that is retained by the 

recipient until the next BeWS meeting (Figure 3.1). The award was first given at BeWS-11 in Barcelona, Spain 

and has been awarded at each meeting since. The first award was to Dr. Masaru Nakamichi of the Secretariat 

of Nuclear Safety Commission, Japan. The second and third were received by Dr. Vladimir Chakin and Dr. Jörg 

Reimann, respectively, of the Karlsruhe Institute of Technology (Figures 3.2 and 3.3). 

 

   
Figure 3.1:  Travelling 
trophy for the Mario Dalle 
Donne Memorial Award. 

Figure 3.2:  Dr. Vladimir Chakin receiving the 
Mario Dalle Donne Memorial Award at BeWS-12 
[2]. 

Figure 3.3:  Dr. Jörg Reimann receiving the Mario 
Dalle Donne Memorial Award at BeWS-13 [3]. 

 

4 Technical Progress 

As previously noted, major concerns or uncertainties related to beryllium use in fusion applications identified 

in the 1991 meeting (BeWS-0) were 

• Dimensional stability under irradiation 
• Changes in mechanical properties, notably ductility and creep resistance under irradiation 
• Thorough understanding of tritium interactions with beryllium 
• Manufacturing capabilities and functional integrity of such forms as pebbles and low-density blocks 
• Means to dispose of or recycle irradiated beryllium 
• Bonding of beryllium to substrates 
• Plasma-spraying 
• Alternative alloys and intermetallics. 
• Personnel protection during installation and maintenance 

As the BeWS series has progressed, the specific categorization of papers has changed slightly from one meeting 

to the next, but in general the papers presented fall within the following groups. The numbers in parentheses 

following those topical areas are the total numbers of papers falling generally into those areas that have been 

presented in the first thirteen Workshops. 

1. Applications for Advanced Machines (40) 
2. Production and Characterization (96) 
3. Chemical Compatibility and Corrosion (25) 
4. Forming and Joining (30) 
5. Plasma and Tritium Interactions (51) 
6. First Wall Issues (31) 
7. Neutron Irradiation Effects (53) 
8. Health and Safety Issues (20) 
9. Disposal and Recycling (8) 

The scope of the first two groups is rather broad. Developing production techniques for foams, pebbles, 

beryllides, and intermetallics and establishing their properties and performance characteristics all fall within 
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the second group for example. It should be noted that in several instances the technical scope of a paper could 

have fallen into more than one category. No effort was made here to resolve those commonalities. Each paper 

was assigned one category in the development of these numbers. 

Figure 4.1 is a display of the numbers of papers in each category broken down by category and workshop in 

which they were presented. 

 
Figure 4.1: Activity of beryllium technology research as gauged by the numbers of papers presented at the various BeWS workshops in 

nine different research categories. 

 

Several observations may be made regarding these data. First, as may be expected, the level of activity in all of 

the categories varies from year to year. One contributor to that is the long-term nature of some research efforts 

which do not produce results on predictable schedules. Also, works are performed by various institutions, some 

of which move into the research area and others leave. 

By far the category of greatest activity is the Production & Characterization area. Considerable effort has gone 

into producing different forms of beryllium including pebbles, beryllides, and intermetallics and in 

characterizing the mechanical, thermal, and material interaction performance of these. Second place is a virtual 

tie between Neutron Irradiation Effects and Plasma and Tritium Interactions. These two areas both involve the 

response of beryllium to perturbations from the outside such as particle collisions, gas production and swelling, 

and intense heat loads. Considerable testing has been done in fusion-environment simulators and in nuclear 

reactors to evaluate the response of various beryllium forms and compositions to these environments. 

The areas where the least amount of work has been reported are Health and Safety research and Disposal and 

Recycling of irradiated beryllium. Although both are important, programmatic urgency is probably less for 

these categories compared with the need to find technological solutions to design and performance problems 

involving beryllium components to meet development needs of ITER and other future machines. 

The following discussion highlights a few selected accomplishments that have been reported just to illustrate 

progress that has been made. 
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4.1 Neutron Irradiation Effects 

4.1.1 Dimensional Stability 

It had been known for many years that beryllium subject to neutron irradiation experiences swelling in 

consequence of the (n,2n) and other reactions that produce 4He, 3H and other products. While the (n,2n) 

reaction is highly desirable for neutron multiplication, a principal reason for using beryllium in nuclear 

applications, the associated swelling of beryllium parts in large fission reactors results in the need for periodic 

core internals change outs which are costly and time consuming. Swelling in fission applications was 

sufficiently well characterized to allow rough estimates of component lifetime, but because of the substantial 

difference in neutron energy spectrum between fission and fusion environments, there was considerable 

uncertainty as to the extent and rate at which beryllium will swell under fusion conditions. 

There is still a lack of information on irradiation effects on most grades of beryllium. It is now known that 

hydrogen isotopes and helium tend to collect in small bubbles in metallic beryllium. Swelling of irradiated 

beryllium is mainly due to the formation of such bubbles, whose volume is determined by what is effectively 

surface tension at the interface between the gas molecules and the matrix. As the bubble size increases, the 

pressure of the gas within the bubble decreases resulting in a greater volume per gas molecule. Hence, anything 

that can inhibit the migration of gas atoms produced by transmutation to coalesce into gas molecules in bubbles 

would improve swelling resistance. Small grain size and the presence of finely distributed pinning points, such 

as BeO inclusions, would help retard swelling [2]. 

As of the last workshop, BeWS-13, there were still no comparison data for swelling in irradiated S-65, TGP-

56FW, and CN-G01, beryllium grades under consideration for ITER [3]. It is known that swelling takes place 

faster at higher temperatures, due in part to the greater mobility of gas atoms produced by the nuclear 

reactions to move through the lattice to bubble nucleation sites. Grades with the smallest grain size and highest 

BeO content were found to have the lowest amount of high temperature swelling [4]. Grain boundaries and 

inclusions also tend to pin the flow of dislocations in the material making it stiffer and more resistant to 

swelling. Swelling mechanisms as then understood were incorporated into the ANFIBE code, developed by 

Scaffidi-Argentina et al. [5] in 1998, but code results remain to be validated under fusion relevant conditions. 

4.1.2 Changes in Mechanical Properties 

In 1991, beryllium was considered for use as tiles on plasma-facing surfaces, as pebbles or blocks inside 

containers made of other materials in breeder blankets, and as evaporated coatings such as had been used in 

the Joint European Torus (JET). Particularly in designs involving manufactured shapes, mechanical properties 

such as thermal expansion coefficient, Young’s modulus, ductility, yield and ultimate strength, and thermal 

conductivity are important in design and effect performance and service lifetime. The effects of the fusion 

neutrons, plasma ions, and thermal environments on these properties of beryllium generally and on the various 

grades of beryllium were largely unknown at that time. 

An extensive study of irradiation effects on five different grades of beryllium, three manufactured by hot 

extrusion and two by hot isostatic pressing was reported by Chakin et al in 2001 [6]. 

Mechanical property changes of beryllium pebbles were studied in the HIDOBE-02 experiment in the High Flux 

Reactor (HFR) at Petten, Netherlands between 2005 and 2011 [7]. Constrained and unconstrained beryllium 

pebbles made using the rotating electrode process ranging from 1 mm to 2 mm in diameter were irradiated at 

average temperatures from 370°C to 650°C for 1,247 full power days, resulting in damage doses of 21 to 37 

displacements per atom (dpa). Post-irradiation hardness was found to decrease by about 50 percent at the 
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highest irradiation temperatures. Pebbles irradiated and tested for creep at lower temperatures showed lower 

creep rates and crack formation compared with higher strain rates and no crack formation in pebbles irradiated 

and tested at higher temperatures. 

One interesting discovery was that when vacuum hot-pressed S-65 Grade beryllium is used for plasma facing 

surface tiles, the orientation of the tile face relative to the direction of axial compression makes a difference. 

The tensile strength and elongation in the direction of compression are lower than in the transverse direction. 

Thus, by making sure the normals to the tile faces are in the transverse direction relative to the compression 

axis, cracks that develop will tend to result in effectively new castellations rather than allowing layers to break 

free of the tile and fall into the plasma chamber [8]. 

4.2 Tritium Interactions 

It was earlier noted that 3H (tritium) is one of the products of neutron transmutation in beryllium. In general, 

there is about an order of magnitude less tritium produced than helium depending on the local neutron energy 

spectrum. Some tritium will be absorbed from the plasma by plasma-facing beryllium. Because of its 

radiotoxicity, tritium is of concern in accidents, in storage after irradiation, and possibly during maintenance. 

While the He (both 3He and 4He) is insoluble in the beryllium and must exist in bubbles or as interstitial atoms, 

it was not known whether there is a beryllium hydride or how the tritium exists in beryllium. Knowledge of its 

release characteristics on heating the beryllium was just beginning to come forth. Now it is known that most of 

the tritium resides as hydrogenic molecules in the helium bubbles [9,10], though some also may be associated 

with hydroxides near inclusions. 

4.3 Manufacturing Capabilities 

4.3.1 Pebbles 

At BeWS-5, held in 2001, several study results on beryllides were presented by the Japanese team. Then, an 

energetic study on new beryllium materials more relevant to fusion than to fission was started [11, 12]. Be12V 

and Be12Ti have been considered as attractive material forms for neutron multiplication in tritium breeding 

blankets because of their higher melting temperature, greater resistance to oxidation, low neutronic activation, 

and lower retained gas inventories than either Be or their alloying elements alone. However, they are brittle 

[13]. Among the developments since BeWS-0 was successful demonstration of the manufacturing of Be12V 

pebbles using the Rotating Electrode Method. Be12V single phase pebbles demonstrated a lower chemical 

reactivity than Be pebbles, and retained tritium is two orders of magnitude less than that of Be [14]. 

4.3.2 Joining 

The present ITER design calls for approximately 700 m2 of First Wall panels clad with small castellated 

beryllium tiles that must be brazed to a CuCrZr substrate. Significant progress has been made in developing the 

brazing process. Testing reported in 1991 showed considerable scatter in results [15]. Braze alloys have been 

optimized and the heating cycle has been changed from electron-beam heating to induction heating to minimize 

the thickness of the brittle intermetallic layer that forms at the braze joint and reduce re-crystallization in the 

beryllium. This results in greater strength and the ability to better withstand thermal and mechanical shocks 

[16]. 
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4.4 Disposal and Recycling 

It is necessary to develop beryllium reprocessing technology for effective resource use and to aid in disposing 

of irradiated beryllium. From that point of view, preliminary reprocessing tests were performed using un-

irradiated and irradiated beryllium by Kawamura et al. in 1995 [17]. After a workshop on beryllium disposal 

and recycling held at the INEL in 2002, it was concluded that at that time there was in the United States no 

identified pathway to disposal for irradiated beryllium [18]. Most of the irradiated beryllium from fission 

reactors is held in temporary storage. Some beryllium components from research reactors at the Idaho National 

Laboratory had been buried as low-level waste in the Radioactive Waste Management Complex there. Routine 

surveys found tritium plumes above the locations where these items were buried, an indication that they were 

corroding and releasing incorporated tritium and other hazardous radionuclides into the soil. One approach to 

containment of these releases was encapsulation in a paraffin wax product [19]. Work in Belgium has 

addressed a number of disposal techniques including cementation, bituminization, vitrification, 

phosphatization, and direct disposal [20]. Several proposals have been made for developing one or more 

processes to remove the long-lived radioisotopes and tritium from the beryllium. A prominent one involves 

reacting irradiated beryllium with chlorine to produce a chemically pure vapor which is then reacted to 

regenerate the metal [21], and work is continuing in that direction [22] but the process remains to be fully 

implemented. 

5 Conclusion 

The Beryllium Workshop series began as an informal meeting of specialists in beryllium technology pertaining 

to nuclear applications. Through the efforts of Prof. Mario Dalle Donne and others, the meeting series was 

accepted for sponsorship by the International Energy Agency (IEA). Thirteen workshops in this series have 

been held commencing in 1993 and coming at nominally two-year intervals, typically near in location and in 

time to the International Conference on Fusion Reactor Materials. 

These workshops have provided a valuable forum for sharing results of work in this field. They have also 

pointed desirable directions for research and development of the science and technology supporting the use of 

beryllium in nuclear applications, especially in fusion. Participants come from many countries, principally those 

represented or participating in the international ITER program. Attendance at the workshops has varied but is 

typically in the range of 40 to 60 persons. The number of institutions with persons contributing as authors or 

co-authors of the papers presented is approximately the same. Publication of the proceedings of these 

workshops is a valuable and useful archive for the accomplishments of the participants. 

Besides providing a valuable technical forum, workshop participants have been treated to outstanding cultural 

experiences in the venues where workshops have been held. The organizers are to be congratulated for the 

great service they have performed. 
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One of the reference tritium Breeder Blanket concepts developed in the Europe that will be tested in ITER 
machine under the form of Test Blanket Module (TBM) is the Helium-Cooled Pebble-Bed (HCPB) TBM concept 
in which lithiated ceramic pebbles are used as a tritium breeder and beryllium/beryllides pebbles as a neutron 
multiplier material. This concept uses the EUROFER97 reduced activation ferritic-martensitic (RAFM) steel as 
a structural material and pressurized helium for heat extraction (8 MPa, 300-500ºC). 
 
The paper gives a brief general description of the European HCPB TBM design and the main design 
requirements including the requirements to beryllium multiplier material. The EU TBMs development and 
qualification plan with identification of the main milestones will be also presented. 
 
The main part of the paper will be devoted to the presentation of beryllium materials development strategy, 
qualification plan and overview of the current status of research, development and characterization. 
 
The paper will present the main results and achievements obtained in the following areas:  (i) post-irradiation 
examination (PIE) of Be/beryllides materials irradiated in HIDOBE-01 and HIDOBE-02 irradiation campaigns 
aiming at determination of the materials’ performance, properties and characteristics under neutron 
irradiation (e.g. dimensional stability/changes, porosity, morphology and microstructure by OM, SEM and TEM, 
tritium retention/release characteristics and mechanical properties; (ii) characterization of the as-received 
reference 1mm Be pebbles produced by the rotating electrode process (REP) in terms of their size distribution, 
chemical composition including level of impurities, characteristics of tritium release from Be pebbles, 
interaction of Be pebbles with air/steam at various temperatures. 
 
A new irradiation experiment LIBERTI, foreseen for the functional materials (i.e. beryllium materials and 
ceramic breeder pebbles), will be introduced as well as a study performed on definition of the main objectives, 
test matrix, functional materials to be irradiated and irradiation parameters. A conceptual design of this new 
LIBERTI irradiation experiment will be briefly described. 
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Chiyoda Technol Co. (CTC) was starting the feasibility study concerning beryllium recycle with Kazakhstan 
team (Ulba, INP, NTSC and so on) from last January.  Japanese team consists of CTC, NGK, Sumitomo Corp. and 
JAEA. 
 
Concerning the decommissioning of the research reactors all over the world, only problem is “treatment of 
activated beryllium neutron reflector (ANBR)” and a common issue facing the world's research reactors. In 
addition, by recycling the beryllium recovered from "activated beryllium neutron reflector“ which is like urban 
mineral resource, it can also contribute to the production and supply of beryllium neutron multipliers of 
International Thermonuclear Engineering Reactor (ITER), which is jointly developed worldwide with 
Kazakhstan, and beryllium material for advanced neutron reflectors of research reactors. Finally, we will start 
our business for beryllium pebble supply from 2025 year. 
 
Our concept is shown as follows. First of all, research reactor owners cut beryllium parts (valuables, not waste) 
beryllium neutron reflector, remove tritium from beryllium parts and export to Kazakhstan. Because 
Kazakhstan cannot receive waste from foreign country by Kazakhstan’s law. 
 
The recycle process consist of two, i.e. treatment process and Be pebble fabrication process. The treatment 
technology (Patent) of activated beryllium neutron reflector designed before 15 years is shown as follows. First, 
ANBR of research reactors is reacted at about 500℃ with halogen gas flowing, and to form Beryllium halide. As 
the beryllium is changed from solid to gas by sublimation reaction, beryllium is flying out.  However, the 
impurities of activated beryllium neutron reflector such as activated 60Co remain in place and can be separated 
from beryllium. Then, lower activated beryllium is obtained. The problem is solved by this treatment. 
 
We will present the outline of beryllium recycle, business model and so on. 
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Session 2:  Alternative Blanket Concepts & Beryllide Intermetallic 
Compounds 
On Beryllium for Tritium Breeding Blankets: Resource Availability, Alternatives and 
Determining the Optimum Route to Commercial Fusion 

R. Pearson (The Open University, UK) et al. 

On beryllium for tritium breeding blankets: 
resource availability, alternatives and determining 

the optimum route to commercial fusion 

Richard J. Pearson and William J. Nuttall 
 

School of Engineering & Innovation, The Open University, United Kingdom 
 

Beryllium is a critical material for DT fusion reactors, particularly for its use as a neutron multiplier in tritium 
breeding blankets. However, the requirement for just one GW-e scale fusion DEMO reactor is around 400 tons 
and the global beryllium industry produces just 300 to 400 tons per year. 
 
Beryllium production would have to increase significantly to support the demands of an emerging fusion 
industry. Furthermore, terrestrial reserves of beryllium are scarce; estimated at around 100,000 tons, it is 
enough to support a maximum of only ~250GW-e of installed fusion power plants. This is indicative of a 
broader problem that seemingly long-term challenges that may present a showstopper for the development of 
commercial fusion, such as the availability of beryllium resource, are affected by near-term decisions. 
 
Here, we provide a strategic analysis concerning the choice of breeding blanket for future DT fusion reactors. 
We take a commercial perspective on a problem which has, up until now, been fundamentally considered to be 
a technical challenge. Alternative breeding blanket materials and designs, specifically those using lead or 
uranium, are considered against beryllium from the perspective of availability, supply chain performance, cost 
and technological viability. 
 
The strategic differences between these breeding blanket options, as well as the knock-on effects on lithium-6 
enrichment and the availability of blanket coolants (specifically helium) are also considered. Through this, we 
seek to ensure that a systems’ view of all possible challenges that may affect commercial viability. 
 
Finally, in the event that smaller, cheaper fusion devices can be developed on rapid timescales by private fusion 
organizations, we detail the challenges to developing breeding blankets on such accelerated timescales. From 
this, we aim to understand whether a faster route to commercial fusion is feasible, and indeed whether such a 
faster route is preferable to current public programs using large devices on slower timescales, from the 
perspective of breeding blanket development. 
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Overview of Beryllium and Beryllide R&D as Neutron Multipliers in QST 

M. Nakamichi (QST, Japan) et al. 
 

Overview of beryllium and beryllide R&D as 
neutron multipliers in QST 

Masaru Nakamichi and Jae-Hwan Kim 
 

National Institutes for Quantum and Radiological Science and Technology, Aomori, Japan 
 

DEMO reactors require advanced neutron multipliers that have higher stability at high temperature. Beryllium 
intermetallic compounds (beryllides) are the most promising advanced neutron multipliers. Development of 
the advanced neutron multipliers 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 activities. In 
Japan, beryllides fabrication R&D has been carried out in the DEMO R&D building at IFERC, Rokkasho. 
 
Because beryllides are too brittle to allow production of the pebbles, establishing fabrication techniques for 
beryllides is a key issue for development of the advanced neutron multipliers. Conventional syntheses of the 
beryllides involve a powder metallurgy process involving a hot isostatic pressing method, a casting method, 
and an arc-melting method. However, beryllides synthesized conventionally are so brittle that it was not easy 
to fabricate the block or rod type by these methods. 
 
On the other hand, a plasma sintering method has been proposed as a new technique for beryllides synthesis 
and joining because this method results in powder surface activation that enhances powder particle 
sinterability and reduces high temperature exposure. From the results of beryllide synthesis experiments, it 
was clarified that the not only disk type but rod type of beryllide has been successfully fabricated by the plasma 
sintering method. 
 
To fabricate the prototypic beryllide pebbles using the plasma-sintered beryllide rod, the rotating electrode 
method (REM) was selected because the experience base for its use is broad for not only Be pebbles but also 
metallic pebbles in industry in general. The result of beryllide granulation revealed that the prototypic beryllide 
pebbles with 1 mm in average diameter were successfully fabricated. In this study, the recent progress on R&D 
of beryllides as the advanced neutron multipliers in Japan will be presented. 
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Development, Characterization & Modeling of Neutron Multiplier Materials at KIT 

P. Vladimirov (KIT, Germany) et al. 

Development, characterization & modelling of 
neutron multiplier materials at KIT 

P. Vladimirov1, D. Bachurin1, V.P. Chakin1, R. Gaisin1, A. Goraieb2, F. Hernandez1, 
M. Klimenkov1, R. Rolli1, C. Stihl1, N. Zimber1, S. Udartsev3, M. Kolmakov3, A. Vechkutov3, 

and E. Frants3 
 

1Karlsruhe Institute of Technology, 76131 Karlsruhe, Germany 
2Karlsruhe Beryllium Handling Facility, 76344, Eggenstein-Leopoldshafen, Germany 

3Ulba Metallurgical Plant (UMP), Abay Avenue 102, 070005 Ust-Kamenogorsk, Kazakhstan 
 

Beryllium is an efficient neutron multiplier material, which permits compensation of unavoidable losses of 
neutrons in tritium breeding blanket and ensures closing fuel cycle of fusion reactor. Until recently, the pebble 
bed concept with interchanging layers of beryllium and lithium ceramic pebbles was considered for the Helium-
Cooled Pebble Bed tritium-breeding module of the first experimental fusion reactor ITER as well as for the next 
demonstration fusion reactor DEMO. 
 
Beryllium pebbles with a diameter of 1 mm produced by the rotating electrode method were tested in the 
HIDOBE irradiation campaign. The analytical TEM/EELS studies and tritium retention measurements suggest 
that significant fraction of generated tritium (up to 100% below 500°C) is trapped within helium bubbles and 
small gas-vacancy clusters. Being negligible in ITER, the total accumulated tritium inventory imposes critical 
safety issues as it may exceed the acceptable limits for the DEMO blanket. Thus, advanced neutron multiplier 
materials should be developed and characterized for their application in DEMO and beyond. 
 
Usage of material with lower volumetric swelling and tritium retention, higher irradiation and chemical 
resistance as well as with higher melting temperature allows changing from the pebble bed concept to that 
based on solid hexagonal blocks made of titanium beryllide. Industrial route for fabrication of Be12Ti blocks 
was developed in cooperation with Ulba Metallurgical Plant, Kazakhstan. Fabricated blocks were successfully 
tested in 50 cycles of heating and cooling between 900°C and 200°C with heating rate of 12°C/s. 
 
Our recent ab-initio calculations indicate lower tritium retention in Be12Ti than in pure beryllium in accordance 
with already published experimental results. 
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R&D on Vanadium Beryllides as an Advanced NM for DEMO Fusion Applications 

J.H. Kim (QST, Japan) et al. 
 

R&Ds on Vanadium Beryllides as an advanced 
neutron multiplier for DEMO Fusion applications 

Jae-Hwan Kim, Petr Kurinskiy, and Masaru Nakamichi 
 

Fusion Energy Research and Development Directorate, 
National Institutes for Quantum and Radiological Science and Technology, 

2-166 Obuchi, Omotedate, Rokkasho, Aomori, 039-3212, Japan 
 
Beryllium intermetallic compounds (beryllides) such as Be12Ti, Be12V, and Be13Zr are the most promising 
advanced neutron multipliers for demonstration (DEMO) fusion reactors owing to low reactivity with water 
vapor and low swelling at elevated temperatures. 
 
By a novel process combined with a plasma sintering and a rotating electrode process for a rod fabrication and 
granulation, respectively, we have successfully fabricated the beryllides pebbles with 1mm in diameter for the 
first time in the world and attempted the optimization of the granulation conditions to control the pebble size 
and improve the granulation yield. 
 
This presentation aimed to clarify the superiority of Be12V pebbles from viewpoints of easiness of fabrication 
process, excellent properties, low reactivity, low hydrogen retention, and verify the pebble packing fraction as 
well as the thermal conductivity for the pebble bed filled with Be12V pebbles. 
 
It was concluded that Be12V pebbles with single phase were successfully fabricated by two processes, a plasma 
sintering and rotating electrode process with high granulation yield (including improvement of the yield by a 
reuse process), which were advantageous to mass production while the Be12V pebbles indicated much lower 
reactivity with H2O as well as lower hydrogen isotope retention. Furthermore, the packing fractions of single-
sized pebble with either 0.4 (0.3-0.5) or 2.5 (2.36-2.80) mm and binary-size Be12V pebbles with 0.4 (0.3-0.5) 
and 2.5 (2.36-2.80) mm in diameter reached at 65% and 81%, respectively, which are target packing fractions 
for the blanket designing. In addition, the effective thermal conductivity of the single-size packing of Be12V 
pebble bed with 1 (0.85-1.18) mm in diameter found out to be lower by 33 % than that of Be pebble bed at 
873K, which this value is within an allowable range for the blanket designing. 
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Microstructure and Properties of Intermetallic Be12Ti Fabricated by Arc Melting or Hot 

Isostatic Pressing 

R. Gaisin (KIT, Germany) et al. 

Microstructure and properties of intermetallic 
Be12Ti fabricated by arc melting or hot isostatic 

pressing 

Ramil Gaisin1, Vladimir Chakin1, Aniceto Goraieb2, and Pavel Vladimirov1 
 

1Karlsruhe Institute of Technology (KIT), 76344 Eggenstein-Leopoldshafen, Germany 
2Karlsruhe Beryllium Handling Facility (KBHF GmbH), 76344 Eggenstein-Leopoldshafen, Germany 

 
Recently, Karlsruhe Institute of Technology has proposed an updated design of helium-cooled breeding blanket 
for the DEMO fusion reactor. In the new design, solid titanium beryllide blocks (Be12Ti) are considered as 
neutron multiplier instead of 1mm beryllium pebbles. In comparison with pure beryllium, intermetallic 
titanium beryllide swell less, retain less tritium under irradiation and have higher heat and corrosion 
resistances. A key issue for titanium beryllide blocks is the lack of production technology on an industrial scale. 
Further advancement of the new breeding blanket design requires the development of a Be12Ti blocks 
production technology. 
 
The work compares two different ways of Be12Ti manufacture: conventional casting and hot isostatic pressing 
(HIP). Conventional casting in laboratory argon arc-melting furnace resulted in composition shift towards 
titanium owing to extensive evaporation of beryllium. X-ray analysis showed the presence of other Be-Ti phases 
in the composition. The obtained ingot shows higher porosity and lower density. Because of these 
shortcomings, the casting of industrial-size titanium beryllide ingots seems impractical. Combination of hot 
extrusion for preliminary powder consolidation and HIP for further densification was chosen as an alternative 
way of Be12Ti fabrication following powder metallurgy route. Hot extruded rods produced from mixture of pure 
Be and Ti powders were subjected to HIP in 800-1200°C temperature range. 
 
After HIP, a fine-grained titanium beryllide microstructure is formed with traces of beryllium, beryllium oxide 
and other titanium beryllide phases. Transmission electron microscopy suggests that BeO particles pin grain 
boundaries and suppress grain growth during HIP. Be12Ti phase obeys very high hardness of 1400-1500 HV, 
but rather low fracture toughness. Therefore, fast heating and cooling during HIP should be avoided to 
eliminate possible cracking of the workpiece. To avoid crack formation during finishing, electrical discharge 
machining was used for cutting and final machining of the surfaces. As a result, the Be12Ti mock-up of the 
neutron multiplier block was successfully manufactured. The presented method of a titanium beryllide mock-
up manufacturing by combination of hot extrusion and HIP can be scaled up using larger extruded rods and 
industrial equipment. If necessary, the hot extrusion step can be replaced by other consolidation method (e.g. 
cold pressing). 
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In future fusion reactors, lithium will be needed for the generation of the fuel, tritium. In taking on a leadership 
role in the development of critical materials for fusion energy, the Karlsruhe Institute of Technology (KIT) is 
specifically working on materials for blankets that will be used in a Helium-Cooled Pebble Bed (HCPB). 
 
The Karlsruhe Beryllium Handling Facility (KBHF), a “Spin In” on the KIT North Campus. The necessary 
beryllium safety was built up with the support of KIT and commercial partner HIMA (Brühl, Germany). Novel 
production methods and new beryllium-based materials are now being qualified under cooperative 
agreements with the IAM-WPT (KIT, Germany), the world market leader for Beryllium Products, Materion 
Brush Inc. (Ohio, USA), and the Research Center for Hot Extrusion of the TU-Berlin. 
 
Based on current conceptual designs for an ITER Solid Breeder Test Blanket Module (TBM), about 150kg of 
breeder and 300 kg of multiplier will be needed for a single TBM.  Imagining an economically and logistically 
viable production process, a production rate of about one pebble per second is envisioned. Recycling is not 
being considered at this stage. 
 
Over the past few years, the Rotating Electrode Method (REM) is being developed for production of titanium 
beryllide pebbles, using 1kg powder-derived Be-Ti extruded rods as the electrodes.  These composite rods have 
a density of >90% from the hot-extrusion process. With the support of QST in Japan, initial yields of over 50% 
of pebble material in the needed size range have been achieved.  Using this process, a production rate of 100 
kg of beryllide pebbles per year seems realistic. This will be sufficient for the filling of an ITER TBM. 
 
In contrast to ITER, a DEMO reactor will have a full-scale blanket, so the needed quantity of materials will be a 
thousand times greater than for ITER TBMs. Under the contract to KIT, KBHF, and Be4FUSION have written a 
white paper, which gives an overview of possible production methods for advanced neutron-multiplier 
materials, including the necessary safety conditions. As a result, of that analysis, the latest DEMO Blanket Design 
at KIT is based on beryllide material in block-form, rather than pebbles. Beryllide compounds will be preferred 
for use in DEMO over beryllium metal, as they have a much lower swelling rate under neutron irradiation and 
much lower reactivity than beryllium metal has under the envisioned DEMO conditions. 
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Session 3:  Beryllium Materials under Extreme Conditions 
Radiation-Induced Formation of Gas Bubbles in Beryllium after Neutron Irradiation up to 

6000apm Helium Production 

M. Klimenkov (KIT, Germany) et al. 

Radiation-induced formation of gas bubbles in 
beryllium after neutron irradiation up to 

6000appm helium production 

Michael Klimenkov, Ute Jäntsch, Jan Hoffmann, Pavel Vladimirov, and Anton Möslang 
 

Karlsruhe Institute of Technology, Hermann-von-Helmholtz-Platz 1, 
76344 Eggenstein-Leopoldshafen, Germany 

 
The current interest in mechanical properties and microstructure of neutron-irradiated beryllium refers to its 
planned application in the Helium-Cooled Pebble Bed (HCPB) European concept of a breeding blanket of DEMO 
[1,2]. Irradiation experiments in high-neutron-flux nuclear research reactors yield information about 
microstructural evolution of beryllium under conditions relevant to fusion (temperature, damage dose, helium 
and tritium productions) excluding 14MeV neutrons impact which is not present in the neutron spectra of 
fission reactors. The HIDOBE-02 irradiation campaign accomplished at the HFR, Petten corresponds to 1246.5 
Full Power Days at a reactor power level of 45MW in the temperature range from 410°C to 680°C. Transmission 
electron microscopy (TEM) has been to study the evolution of voids during neutron irradiation at different 
temperatures. The target preparation of specimens was performed using focused ion beam (FIB). 
 
TEM study shows the formation of radiation-induced hexagonal flat gas bubbles inside the grains, however at 
the lowest irradiation temperature of 410°, the pebbles show a uniform shape. The diameters of the bubbles 
increase from a few nanometers at 410°C to more than hundred nanometers at 680°C. The number density of 
bubbles decreases, correspondingly, by more than two orders of magnitude. The preferable formation of 
bubbles along the grain boundary and dislocation lines was observed. Analytical investigations using electron 
energy loss spectroscopy show the presence of He and H23 inside bubbles. 
 
Spherical second-phase precipitates formed at GBs and inside grains were observed at the two lowest (370°C 
and 440°C) irradiation temperatures only. EDX mapping reveals that precipitates inside grain and at the GB 
have increased iron and aluminum content suggesting formation of Fe-Al-Be phase. In the material irradiated 
at 440°C, most precipitates have also Fe-Al-Be composition, while several other single- and multi-phase 
precipitates were found. The Fe-Al-Be phase is observed as 10-15nm precipitates inside grains and as 200 nm 
particle attached to a gas bubble at the GB. The present study shows detailed microstructural changes induced 
by neutron irradiation in beryllium. 
 
[1] M. Klimenkov et al., Journal of Nuclear Materials 455 (2014), pp. 660–664. 
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Experimental Investigation of Radiation Damage Effects in Beryllium: Updates on Recent 

Results obtained on Proton, Neutron, and He-ions Irradiated Samples 

V. Kuksenko (UKAEA) 

Experimental investigation of radiation damage 
effects in beryllium: updates on recent results 

obtained on proton, neutron and He-ions 
irradiated samples 

Viacheslav Kuksenko 
 

United Kingdom Atomic Energy Authority, Culham Science Centre, Abingdon, OX14 3DB, United Kingdom 
 
Beryllium is an essential material for reflectors and moderators in material testing nuclear reactors, plasma-
facing material (JET, ITER) and potential neutron multiplier (DEMO) for fusion reactor designs, target 
components material in the currently running (NuMI) and near-future multi-megawatt accelerator particle 
sources (LBNF), and it is under extensive investigation by fission, fusion reactor, and proton accelerator 
facilities communities. 
 
The paper gives an overview of the recent results obtained in the Materials Research Facility of the UKAEA on 
beryllium samples: 
 

• exposed to high energy protons in the NuMI beamline at 50ºC (maximum dose 0.5 dpa, 2000appm of 
helium transmutant), and investigated within the international RaDIATE collaboration; 

• after helium implantation at 50ºC and 200ºC (0.1dpa, 2000appm of helium); 
• after neutron irradiation at different DEMO relevant conditions during HIDOBE-2 campaign in the 

HFR and investigated within the collaboration with Karlsruhe Institute of Technology (Germany). 
 
The main part of the paper will be devoted to the micromechanical tests results obtained using nanoindentation 
hardness measurements and microcantilevers fracture tests. The local properties data will be analyzed in 
combination with observed microstructural changes. The paper will also give an overview of future plans. 
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Investigation of High-Dose Irradiated Beryllium Microstructure including STEM-EELS 

Analysis of He/T Bubbles 

N. Zimber (KIT, Germany) et al. 

Investigation of high-dose irradiated beryllium 
microstructure including STEM-EELS analysis of 

Helium/Tritium bubbles 

Nikolai Zimber1, Pavel Vladimirov1, Michael Dürrschnabel1, Slava Kuksenko2, 
Michael Klimenkov1, and Anton Möslang1 

 
1Karlsruhe Institute of Technology (KIT), 76344 Eggenstein-Leopoldshafen, Germany 

2UK Atomic Energy Authority, Culham Centre for Fusion Energy, OX14 3DB, Abingdon, United Kingdom 
 
Beryllium is considered as a plasma-facing material as well as an effective neutron multiplier material for the 
Helium-Cooled Pebble-Bed (HCPB) design concept of the tritium-breeding blanket being developed at the 
Karlsruhe Institute of Technology (KIT). Large amounts of helium and tritium will be generated by neutron-
induced transmutation within beryllium. Accumulation of tritium within 300 tons of beryllium pebbles 
required for the demonstration fusion reactor DEMO could imply severe safety and waste processing issues. 
 

In order to assess the tritium inventory, a fundamental understating of the microstructure developing during 
neutron irradiation is necessary. This work presents detailed analytical transmission electron microscopy 
(TEM) studies of the microstructural changes in beryllium after the high-dose irradiation program (HIDOBE-
02). The investigated beryllium samples were constrained into a containment and irradiated up to a 
displacement damage of 34dpa, a helium concentration of 5500appm and a tritium content of 600appm at 
387°C, 480°C, and 600°C. 
 

The microstructural investigations revealed the formation of zones denuded from bubbles along grain 
boundaries (GB), whereby their width is increasing with increasing temperature up to a size of several microns 
at 600°C. In addition, chains of bubbles were found within the denuded zones at various locations. We suggest 
alignment of these chains along dislocation lines, which are providing thermal vacancies for bubble growth. 
Otherwise, this observation would contradict the general assumption, that the vacancy-concentration in the 
direct vicinity of GBs is not sufficient for the formation of bubbles. 
 

For the first time, the co-existence of helium and tritium inside several gas bubbles located in the grain interior 
as well as at GBs was confirmed using electron energy-loss spectroscopy (EELS). In addition, we have shown 
that in hexagonal bubbles tritium predominantly occupies the basal plane, which is in good accordance with 
theoretical considerations. These observations underline the assumption that tritium is trapped directly inside 
the bubbles located within single grains and at their grain boundaries even at elevated irradiation 
temperatures. The results are used to quantify the amount of tritium within bubbles, i.e. to determine the 
He/3H-ratio, which is crucial in order to understand the interaction mechanisms between beryllium and 
tritium. 
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Tritium Release and Retention Behavior of Beryllium and Titanium Beryllide Irradiated up 

to High-Neutron Doses 
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beryllium and titanium beryllide irradiated up to 

high neutron doses 

Vladimir Chakin1, Rolf Rolli1, and Masaru Nakamichi2 
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2Quantum and Radiological Science and Technology, Rokkasho Fusion Institute, 2-166, Omotedate, Obuchi, 

Rokkasho, Aomori, 039-3212, Japan 
 
Beryllium pebbles with 1mm diameter will be used as neutron multiplier in the Helium-Cooled Pebble Bed 
(HCPB) breeding blanket of DEMO. Accumulation of helium in beryllium causes formation of helium bubbles 
that are the structural traps for tritium. Beta-radioactive tritium complicates handling of radioactive beryllium 
waste. Tritium and helium release and retention behavior of irradiated beryllium is an essential point on the 
safety reason. High-dose neutron irradiation tests in nuclear material testing reactors at relevant irradiation 
parameters allow to predict to some extent the tritium behavior in beryllium in the DEMO blanket conditions. 
 
The HIDOBE-2 experiment in the High Flux Reactor (HFR) included irradiation of beryllium pebbles with a 
diameter of 1mm fabricated by the rotating-electrode method (REM) at temperatures of 370, 440, 560, 650°C 
and up to 367, 502, 596, 644appm tritium and 3632, 4751, 5524, 5925 helium productions, corresponding to 
21, 29, 34, 37dpa damage dose, as well as pellets with a diameter of 8mm and thickness of 2mm from beryllium 
and titanium beryllide at temperatures of 440, 525, 664, 768°C and up to 430, 550, 625, 653appm tritium and 
4144, 5142, 5757, 5992appm helium productions, corresponding to 23, 31, 36, 38dpa damage doses, 
respectively. The post-irradiation examination (PIE) included the temperature-programmed desorption (TPD) 
tests using a flow-through setup with a quadrupole mass-spectrometer (QMS) and an ionization chamber (IC). 
The gas mixture of Ar+0.1 vol. % H2 was used as a purge gas to transport the species released under the 
permanent heating modes having constant rates of 1 and 7°C/min. The heating of pebbles and pellets was 
performed from room temperature up to 1100°C with a final exposure at the maximum temperature for 3h. 
 
As a rule, the tritium and helium release curves have only one release peak. The helium release peak is slightly 
shifted to higher testing temperatures relative to that of tritium peak. At the higher heating rate of 7°C/min, 
the tritium and helium release peaks are always manifested at higher temperatures as for 1°C/min. In any case, 
all tritium and helium release peaks cover the temperature region of 850-1050°C. The total tritium release, 
called in our case as tritium retention, decreases on increasing irradiation temperature. Tritium retention in 
titanium beryllide at three highest irradiation temperatures is significantly lower than that in beryllium. In 
particular, at temperatures of 664 and 768°C, the tritium retention in titanium beryllide is close to zero, while 
in beryllium this reaches up to 3000MBq/(g-s). 
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Beryllium tiles will be a major component of the next fusion reactor chambers. Tiles will cover nearly all the 
chamber walls and will be exposed to extreme operating conditions where erosion, radiation damage and fuel 
trapping are the most relevant. One way to study the retention processes rely on the production in laboratory 
of different kinds of Be coatings. In this study, we report results obtained on 400nm Be-C-O-2H films deposited 
on both Si and W plates and compared with deuterium implanted films. It is compared the efficiency of the two 
methods to incorporate 2H in the films and the role of the interlayers between the films and substrates in the 
retained contents. 
 
Implanted films were prepared at room temperature by using 15keV 2H+ ion beams. The fluence was limited to 
2 x 1017 ion/cm2 in order to avoid major morphological changes that may enhance a gas release. 
 
The samples were analysed with ion beam techniques namely, elastic backscattering spectroscopy (EBS), 
Rutherford backscattering spectroscopy (RBS) and nuclear reaction analysis (NRA) making use of 1600keV 
1H+, 2000keV 4He+ and 1000keV 3He+ incident beams, respectively. Some months after implantation, aged 
coatings were analysed by time-of-flight elastic recoil detection (TOF-ERDA) to evaluate 2H release. 
 
Results point to ion implantation as alternative to in-situ load for deuterium incorporation into thin layers and 
for the used ion fluences retained contents close to 3 at. % of 2H are easily obtained. Be, C, O and 2H depth 
profiles of thin layers evaluated by EBS/RBS/NRA or by TOF-ERDA are compatible. As predicted and due to the 
mirror quality of Si plates, the use of Si substrates led to slightly lower retained contents. Also, the release of 2H 
in aged samples agrees with previous data. 
 
For the case of thick coatings (5-10µm) the limit of 2 x 1017 ion/cm2 hinders the competitive role of ion 
implantation, while the retained amounts achieved by co-deposition of 2H deeply depends of the density of 
defects and C incorporation, as observed by Raman spectroscopy, and easily increase by a factor of 10. 
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Beryllium will be used as a neutron-multiplier material to increase the tritium-breeding ratio in nuclear fusion 
reactors. However, the chemical reactivity of beryllium is a factor of major concern, since the oxidation of 
beryllium at temperatures above 800°C can become an uncontrollable process. 
 
This work presents a detailed study of chemical composition and reactivity of Be pebbles after exposure to 
neutron irradiation, up to 3000appm He production and their influence in the oxidation kinetics process. In 
order to get information on this reaction, samples were oxidized at 700°C under controlled air atmosphere 
(60% humidity) and with a mixture of 60%O2 + 40%N2. The chemical composition of the irradiated samples 
was studied using ion beam analysis and scanning electron microscopy. The observations revealed the 
presence of small flakes, which are distributed in the surface, however no modifications in the pebbles shape 
after longer oxidation were observed. Ion beam elemental maps confirmed the presence of Be oxides 
distributed on the surface. Moreover, the thickness of the oxide layer increases with the annealing time 
following a parabolic law. 
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Compatibility of Neutron-Multiplier Materials with Structural Materials 

R. Rolli (KIT, Germany) et al. 

Compatibility of NMM with structural materials 

R. Rolli1, R. Gaisin2, P. Vladimirov2, and V. Chakin2 

1Institute for Applied Materials - Materials and Biomechanics, Karlsruhe Institute of Technology, 
Hermann-von-Helmholtz-Platz 1, 76344 Eggenstein-Leopoldshafen, Germany 

E-mail: rolf.rolli@kit.edu 
2Institute for Applied Materials - Applied Materials Physics, Karlsruhe Institute of Technology, 

Hermann-von-Helmholtz-Platz 1, 76344 Eggenstein-Leopoldshafen, Germany 
 

Abstract 
Solid tritium-breeding blankets with lithium ceramics as breeder and steel as structural material require 

beryllium as neutron multiplier to increase the Tritium Breeding Ratio (TBR) performance. In the base line 

HCPB blanket design of ITER, beryllium will be used in the form of a single-size pebble bed, with pebbles of 

1mm diameter produced by the Rotating Electrode Method (REM) by NGK, Japan. 

 

Beryllium pebble beds used for neutron multiplication in tritium breeding blanket are placed within boxes 

made of ferritic-martensitic steel EUROFER, so that a direct contact between boundary pebbles and steel walls 

is considered. 

 

Even at the maximum working temperature of beryllium pebble beds of 650°C, no significant interaction of 

pebbles with steel should occur. On the other hand, it is known that interstitial beryllium atoms can quickly 

diffuse in iron forming various brittle intermetallic phases. Formation of such phases could result in local 

reduction of steel ductility and increased risk of brittle fracture induced by impact loads. 

 

According to the updated design of breeding blanket for the DEMO fusion reactor, solid Be12Ti blocks are to be 

used for neutron multiplication. In comparison with pure beryllium, titanium beryllide has higher heat and 

corrosion resistance. It swells less and retains less tritium under irradiation. In the new design, Be12Ti blocks 

should not contact directly with EUROFER steel, but it could occur accidently. Considering much higher 

working temperature of beryllide, at about 900°C the interaction with steel again may cause iron beryllides 

formation in steel. 

 

Therefore, compatibility tests of beryllium and Be12Ti with EUROFER over long time were performed, and 

subsequent examinations by optical investigation of the interaction layer were documented. In this study, one 

will show the results of experiments, which were done in the Fusion Materials Laboratory at KIT. 

 

Keywords: Beryllium; NMM; EUROFER; Beryllide 
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1 Introduction 

Due to safety considerations, the experiments on compatibility of Be-containing material with EUROFER97 

should be performed within the hot cells in a dedicated facility allowing maximum test temperature of 900°C. 

Pilot test have shown that very long annealing time is required to reveal possible interactions at 650-700°C. 

Therefore, it is proposed to perform tests at higher temperatures (800-900°C) and evaluate beryllium diffusion 

coefficient in EUROFER97 by means of measuring of a thickness of the interaction layer. This approach would 

allow extrapolation to lower temperature and to longer annealing time. As far as initially uncompressed pebble 

beds become compressed due to irradiation-induced swelling, the effect of external loading on formation of the 

interaction layer will be investigated. Various batches of beryllium pebbles as well as beryllides plates will be 

tested. 

 

2 Be pebbles and EUROFER97 compatibility tests 
Compatibility studies on REM 1mm beryllium pebbles were performed according the scheme, which is shown 

in Fig. 1. The plates from EUROFER97 were placed in the holder with beryllium pebbles. The pebble bed was 

loaded by the piston from upper part of the bed. The compatibility tests were performed at temperatures of 

600-900°C for times of 0.5, 100, 400 h at different loadings. 

 

(a) (b) 

 

 

 

Figure 1. The scheme of compatibility experiment of Be pebbles with EUROFER97 (a) and cross section of a set-up after experiment (b). 

 

Degree of interaction between beryllium pebbles and EUROFER97 depends on parameters of the tests. 

Examples of the compatibility tests are shown in Figs. 2-3. Increasing temperature, time, or loading give an 

increase to the thickness of the interaction layer up to 100µm (Table 1). The effect of pore formation occurs in 

some beryllium pebbles during the compatibility tests (Fig. 4). The reason for this effect might be quite high 

loading. 
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Figure 2. Interaction layer in the compatibility test “Be pebble-Eurofer97” at 700°C at 600 N for 100 h. (O) 

 

 
Figure 3. Interaction layer in the compatibility test “Be pebble-Eurofer97” at 800°C at 400 N for 400 h. (OM) 
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Figure 4. Porosity formation in the Be pebbles during compatibility test “Be pebble-EUROFER97” at 800°C at 400 N for 400 h. (OM) 

 
Table 1: Summary of the interaction layer thickness during compatibility tests “Be pebble- EUROFER97” for different temperature, time, 
loading values. 

Temperature, °C Time, h Loading, N Interaction layer, µm 

600 100 600 None 

600 400 600 None 

700 100 600 ~6 

700 400 600 ~13 

800 100 400 ~100 

800 400 400 ~100 

900 0.5 50 None 

 

3 Be-Ti composite and EUROFER97 plates compatibility tests 
Be-Ti composite plates having 7×7×2 mm3 were cut using electrical discharge machining from a sample 

obtained by powder metallurgy. A mixture of Be and 30.8 wt. % Ti powders was extruded at elevated 

temperature to consolidate the powders. Extruded samples were subjected to hot isostatic pressing (HIP) at 

1000°C and 1000 bar for 4 h to synthesize Be12Ti phase. Fig. 5 represents the microstructure of Be-Ti composite 

after extrusion and HIP. Despite the stoichiometric content of beryllium, it did not fully react with Ti forming 

beryllide, and the structure is formed of 90% of Be12Ti and 10% of Be phase. Contact surfaces of the plates for 

compatibility test were perpendicular to extrusion direction. 

 

All contact surfaces were ground and mechanically polished before tests. EUROFER97 plates were cut and 

prepared in the same way. After tests the container and plates were embedded to electro-conductive resin. The 

plates were cut along compression direction along the diameter of the container. The surface of contact zone 
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was ground and mechanically polished. Optical microscopy (OM) and scanning electron microscopy (SEM) with 

energy-dispersive x-ray spectroscopy (EDX) were used to study microstructures. 

 

Compatibility tests of Be-Ti composite and EUROFER97 plates were performed according the scheme shown 

in Fig. 6. The plates from Be-Ti composite were placed between EUROFER97 plate and stainless-steel container. 

The compatibility tests were performed at temperatures of 700 and 900°C for time of 200 h at 500 or 1000 N 

loadings, which corresponds approximately to 10 or 20MPa. 

 

(a) (b) 

  

Figure 5. Microstructure of Be-Ti composite after powder extrusion and HIP at 1000°C: (a) along and (b) across extrusion direction. Grey 

areas correspond to Be12Ti phase, black particles correspond to Be. (SEM) 

 

 
Figure 6. The scheme of compatibility experiment of the Be-Ti composite and EUROFER97 plates. 

 

Fig. 7 represents the microstructure of the Be-Ti composite and the EUROFER97 contact zone after 

compression test at 700°C, 10MPa (500N) for 200 h. No interaction between the materials was found after the 

test. Taking into account the high melting point of titanium beryllide and low diffusivity, the test temperature 
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of 700°C seems to be too low to have any interaction effect for a limited test duration. Other tests were 

conducted at the highest possible test temperature of 900°C. 

 

 

Figure 7. Microstructure of contact zone of Be-Ti composite and EUROFER97 after compression test at 700°C, 10MPa (500N), 200 h. 

(OM) 

 

Fig. 8 represents the panoramic overview of the interaction zone between Be-Ti composite and EUROFER97 
after compression test at 900°C, 10MPa (500N) for 200 h. With temperature increase, the interaction occurred 
between materials in the form of several point interactions (Fig. 9a) whereas most of the contact zone had only 
limited or no apparent interaction (Fig. 9b). The thickness of interaction layer in some points reaches 138µm. 
 

 

Figure 8. Panoramic overview of the interaction zone between Be-Ti composite and EUROFER97 after compression test at 900°C, 10 MPa 
(500 N), 200 h. (OM) 

 
Energy-dispersive x-ray spectroscopy maps of Fe, Cr, W, V and Ti distributions do not show any diffusion of 
these elements from the steel to Be-Ti composite and vice versa. Unfortunately, beryllium cannot be reliably 
detected by EDX, since low energy characteristic x-ray of Be is known to be mostly absorbed by the sample. Be 
can be detected indirectly on Fe and Ti distribution maps (Fig. 10). Fig. 10a shows, that there is almost no iron 
in Be-Ti composite and iron concentration is less in the interaction zone in comparison with the rest 
EUROFER97. 
 
Since titanium does not diffuse into steel (Fig. 10b), a lower iron content in the interaction layer can only be 
explained by the diffusion of beryllium atoms from the Be-Ti composite into steel. Beryllium has high bonding 
energy with Ti in the Be12Ti phase, and therefore beryllium most likely diffuses from the beryllium phase into 
steel and not from beryllide phase. Fig. 10b shows lower amount of Ti in the central part of Be-Ti composite. 
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Apparently, beryllium phase reached the surface of the contact zone there and caused the point interaction 
owing to diffusion of Be atoms into EUROFER97. In areas without beryllium on the contact surface, no 
interaction is observed (Fig. 9b). With the aim to obtain a more intense interaction of titanium beryllide with 
steel, the third test was carried out under the same conditions, but at a higher pressure. 
 

(a) (b) 

  
Figure 9. Microstructure of the interaction zone between Be-Ti composite and EUROFER97 after compression test at 900°C, 10MPa 

(500N), 200 h: (a) point interaction, (b) no interaction. (SEM) 

 

(a) (b) 

  
Figure 10. EDX maps of the point interaction zone between Be-Ti composite and EUROFER97 after compression test at 900°C, 10MPa 

(500N), 200 h: (a) Fe and (b) Ti elemental maps. 

 

Fig. 11 represents the panoramic overview of the interaction zone between Be-Ti composite and EUROFER97 

after compression test at 900°C, 20MPa (1000N) for 200 h. With pressure increase, continuous interaction 

layers (Fig. 12a) were observed as well as several point interactions (Fig. 12b) and no interaction zones (Fig. 

12c). The thickness of the continuous layer reaches 47µm, the whole interaction zone is up to 150µm in depth. 

 

Linear energy-dispersive x-ray spectroscopy showed no titanium and lower iron in the interaction layer (Fig. 

13). Higher pressure resulted in better contact of materials and better diffusion of Be atoms from Be-Ti 

composite into EUROFER97. Since there is no interaction at many sites (Fig. 12c), it is likely that beryllium 
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diffuses into the steel from the beryllium phase. The pressure increase led to an increase in the interaction area, 

while the maximum depth of the interaction zone did not change significantly. The conducted tests show that 

with the aim to eliminate the interaction of Be-Ti blocks with EUROFER97, the amount of beryllium phases 

should be reduced to a minimum or a single beryllide-phase material should be obtained. 
 

 
Figure 11. Panoramic overview of the interaction zone between Be-Ti composite and EUROFER97 after compression test at 900°C, 

20MPa (1000N), 200 h. (OM) 
 

(a) (b) 

  
(c) 

 

Figure 12. Microstructure of the interaction zone between Be-Ti composite and EUROFER97 after compression test at 900°C, 20MPa 

(1000N), 200 h: (a) continuous layer, (b) point interaction, (c) no interaction. (SEM) 
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(a) 

 
 

(b) 

 

(c) 

Figure 13. EDX linear analysis across interaction zone between Be-Ti composite and EUROFER97 after compression test at 900°C, 20MPa 
(1000N), 200 h: (a) SEM, (b) Fe, and (c) Ti elemental distributions. 

 

4 Conclusion 

Interaction between beryllium pebbles and EUROFER97 depends on parameters of the tests. With temperature 
and load increase interaction layer reaches 100µm in depth. 
 
Compatibility tests of Be-Ti composite and EUROFER97 plates showed that interaction is mainly caused by 
diffusion of Be atoms from beryllium phase in the composite. There was no interaction layer after test at 700°C, 
10MPa for 200 h. With temperature increase up to 900°C, continuous interaction layer or point interactions 
were observed. The maximum depth of the interaction zone reaches 150µm. Titanium beryllide in some zones 
does not interact with steel even at the highest possible temperature and load test. 
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Comparison of Thermal Shock Damage on Beryllium Induced by Electron Beam and Laser 

B. Spilker (FZJ, Germany) et al. 

Comparison of the thermal shock damage on 
beryllium induced by electron beam and laser 

B. Spilker, G. Pintsuk, M. Wirtz, and M. Zlobinski 
 

Forschungszentrum Jülich GmbH, Institut für Energie- und Klimaforschung, 52425 Jülich, Germany 
 
The choice of beryllium as plasma facing material for ITER was driven by its low atomic number, which ensures 
an excellent plasma compatibility, its oxygen getter capability, and favorable thermomechanical properties. In 
contrast, the rather low melting point of 1560 K makes beryllium susceptible to significant damage during 
thermal transients. In recent years, efforts have been undertaken to thoroughly characterize the response of 
beryllium to ITER-relevant transient thermal loads with electron beam testing. Detailed insights about the 
damage, cracking, and melting thresholds have been obtained but at the same time it was noticed that the 
electron penetration depth might have an influence on the thresholds and the general damaging behavior. The 
volumetric loading with energetic electrons leads to a less steep thermal gradient in the heat affected layer 
compared to near surface loading methods like plasma and laser. 
 
In this work, a comprehensive testing campaign exerting ITER-relevant transient thermal loads with a 1064nm 
Nd:YAG laser on mirror finish S-65 beryllium specimen has been carried out. The facility used for this 
experiment was FREDIS (fuel retention diagnostic setup) located at Forschungszentrum Jülich. The loading 
conditions were chosen to mimic thermal loads originating from edge localized modes on thick beryllium layers 
in the divertor and off-normal events like massive gas injections/shattered pellet injections on the first wall. 
Namely, absorbed power densities in the range of 50-900MWm-2 with pulse durations of 1-10ms were applied 
for up to 1000 pulses. The samples were tested at room temperature and 250°C base temperature. After the 
laser loading, the damaged areas were investigated using scanning electron microscopy, laser profilometry, 
and energy dispersive X-ray spectroscopy. 
 
It was found that the cracking and melting thresholds were about 200-300MWm-2 lower for the laser loading 
in comparison to electron beam loading. The damage threshold dropped from 150-200MWm-2 for electron 
beam loading to 50-80MWm-2 for laser loading. This behavior was qualitatively expected due to the different 
thermal gradients into the depth for the same absorbed power density for both loading methods. For an 
absorbed power density of 800MWm-2 with a pulse duration of 1ms and 1000 pulses, significant evaporation 
of beryllium was observed. Prompt redeposition of beryllium in inverse cone structures was detected up to a 
distance of several mm from the loaded area. 
 
The obtained results demonstrated that transient thermal loading with fusion relevant characteristics in 
FREDIS is feasible and that the electron penetration depth needs to be considered for the interpretation of 
earlier results. Future plans involve studying the influence of damaged surfaces on the fuel retention 
characteristics of beryllium. 
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Session 4:  Industrial Fabrication 
Overview of the US Beryllium Industry 

K. Smith (Materion Brush, USA) 
 

Overview of the United States Beryllium Industry 

Keith J. Smith 
 

Materion Brush, Inc., Elmore, Ohio, U.S.A. 
 
Beryllium is a critical material of construction for the ITER First Wall Panels. The supply and fabrication of 
beryllium is key to the success of the ITER project. This presentation will provide an overview of the US 
beryllium industry including mining, manufacturing, and fabrication capabilities. Beryllium raw material 
availability, ITER-relevant First Wall and instrumentation beryllium grades, and engineering and program 
management services provided in support to those products will be discussed. Additionally, activities related 
to process improvements within Materion’s beryllium manufacturing plants will be addressed. 
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Status of the BP1 Pebble Production 

K. Nojiri (NGK, Japan) 
 

Status of the BP1 Pebble Production 

Keigo NOJIRI 
 

NGK Insulators, Ltd., 1 Maegata-cho, Handa, Aichi 475-0825 Japan 
 
Beryllium metal is used in various industrial and R&D scenes due to its unique and extremely excellent 
properties. One of the representative properties is a nuclear reaction. Beryllium is candidate as neutron 
multiplier in ITER. Beryllium neutron multiplier will be used in form of pebbles, small spheres of high quality. 
 
“BP-1” beryllium pebble is the reference material for the multiplier of the TBM (Test Blanket Module) for ITER. 
The specifications of “BP-1” shall contain a minimum beryllium content of 99.0%. And it should be a sphere 
made by REP (Rotation Electrode Process) with diameter of 0.8-1.2mm. REP is a method to produce metal 
sphere. High voltage electric power is charged between the both electrodes. The rotating beryllium electrode 
ejects beryllium droplets by centrifugal force. The droplets of melted beryllium form into spherical shapes 
before solidification. 
 
When beryllium pebble is adopted as neutron multiplier of TBMs, the beryllium pebble should be needed in 
the amount of several hundred kilograms. The productivity improvement is one of the most important issues 
for the pebble production. As the first plasma of ITER is approaching, the production development is now 
coming to its practical stage. 
 
The details will be presented in this workshop. 
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Ulba Metallurgical Plant (UMP), Abay Avenue 102, 070005 Ust-Kamenogorsk, Kazakhstan 

E-mail: FrantsEV@ulba.kz 
 

Abstract 
The research results of tantalum and titanium beryllides synthesis and production of billets and articles from 

these materials are represented in this scientific work. It shows that articles from intermetallic compounds of 

compositions Ta2Be17, TiBe12 can be obtained using powder metallurgy methods. Conditions for conducting 

synthesis of beryllides, x-ray structural analysis results, microstructural studies results, microhardness, and 

electrical conductivity are listed. Methods and techniques of the produced billets machining are described in 

this scientific work. 

 

Keywords: beryllium, tantalum, titanium, beryllide, synthesis, x-ray structural analysis, microstructure, 

powder metallurgy 

 

1 Introduction 
In the recent ten-year period interest to heat-resistant beryllides, especially to titanium and tantalum 

beryllides grew significantly. 

 

Titanium beryllide (TiBe12) is considered as the alternative to beryllium material of neutron multiplier in the 

breeder of international fusion reactor DEMO. Based on [1] the material is rather less “swelled” under neutron 

radiation and is less capable to hold tritium in comparison to pure beryllium. 

 

Application of Та2Ве17 resulted from using it as the material to fabricate and manufacture high-temperature 

components for the aerospace industry. As this material has a relatively low density (5.05g/cm3), high melting 

temperature (1990°С) and high heat resistance. Depending on the work duration, its temperature modes lie in 

the range from 1300 to 1700ºС and are 1.5 times higher than those allowed for heat-resistant alloys of niobium, 

cobalt, and nickel [2]. 

 

Usually those materials were handled as small laboratory samples without any assessment of possible large-

scale manufacture. 

 

Studies earlier (in early 2000) conducted at UMP JSC on producing billets of TiBe12 by casting showed that there 

was a principal technical possibility to produce ingots of big size. With that there was a notice that despite using 

heat insulation for side part of a mold and forced cooling-down of a bottom part, ingots of titanium beryllide 
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tend to form a shrink-hole of a big size. Some had cracks. As an example, see Fig. 1 with the image of a central 

part of Ta2Be17 ingot with casting defects visible. 

 

In parallel with producing cast billets, we worked on fabricating a block of titanium beryllide using the methods 

of powder metallurgy. This paper is based on the successful experience of those years. 

 

 
Figure 1.  Ingots of titanium beryllide with casting defects. 

 

2 Experimental Procedure 
As initial materials, we used commercial powders of beryllium, ПТБ-56 grade and fragmented powders of 
tantalum, 5Б grade produced at UMP JSC. Be powder grain size made less than 56µm, that of tantalum, less than 
40µm. Titanium powder of commercial grade ПТОМ-1 produced by reducing titanium oxide with calcium 
hydride was purchased in Russia; its grain size was less than 50µm. Table 1 below shows chemical composition 
of the powders used and Figures 2-4 show the view. 
 

Table 1.  Chemical composition of initial powders and their process properties. 

Element 
Material (Lot No.) 

Be (56) 
Assay, wt. % 

Ta (25) 
Assay, wt. % 

Ti (ПТОМ-1) 
Assay, wt. % 

Be 98.93 -- -- 
Si 0.025 <0.0003 0.10 

Mn 0.012 <0.00003 -- 
Fe 0.11 0.00036 0.20 
Mg 0.019 <0.00008 -- 
Ni 0.018 0.000059 0.20 
Pb <0.005 -- -- 
Al 0.019 <0.0002 -- 
Cu <0.01 0.000037 -- 
C <0.05 -- 0.05 
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O 0.78 -- -- 
F <0.001 -- -- 
Cr 0.021 0.00015 -- 
Ti -- <0.00008 Base 
Sn -- <0.00003 -- 
Nb -- <0.0030 -- 
Zr -- <0.0003 -- 
Ca -- <0.0003 -- 
W -- <0.0003 -- 
Mo -- <0.0001 -- 
Co -- <0.0001 -- 
N -- -- 0.08 
H -- -- 0.35 

Other Properties 

Specific 
surface, m2/g 

0.32 -- -- 

Bulk weight, 
g/cm3 

0.57 4.97 1.36 

Bulk weight 
after bumping 
down, g/cm3 

0.98 -- 1.62 

 

  
Figure 2.  200x and 1,000x photomicrographs of beryllium powder, ПТБ-56 grade. 

 

  
Figure 3.  200x and 1,000x photomicrographs of fragmented tantalum powder, 5 “Б” grade.  
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Figure 4.  250x and 1,000x photomicrographs of titanium powder, ПТОМ-1 grade. 

 

The features of TiBe12 synthesis of a mixture of initial powders of beryllium and titanium with the ratio of Be 

(70 wt. %) and Ti (30 wt. %) were studied at different temperatures with further x-ray structural analysis. Fig. 

5 shows comparative diffraction patterns upon heating. 

 

 
Figure 5.  Diffraction patterns of a mixture of powders of Be (70 wt. %) and Ti (30 wt. %) after synthesis at different temperatures. 
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From the data shown in the figure above, you can see that full synthesis with producing low-temp tetragonal 

(I4/mmm) phase of TiBe12 is at a temperature of 1100°С. With that no lower titanium beryllides could be found 

in diffraction patterns. 

 

Same method was applied for studying the synthesis of a mixture of the powders of Та (70 wt. %) and Ве (30 

wt. %), which made it possible to state that at a temperature of 1270°С, a compound of Та2Ве17 is synthesized 

(see Fig. 6). 

 

 
Figure 6.  X-ray image of a mixture of powders of Та (70 wt. %) and Ве (30 wt. %) upon synthesis at a temperature of 1270°С. 

 

To produce billets, synthesized powders of titanium and tantalum beryllides were hot-pressed. Fig. 7 shows 

the view of billets of titanium and tantalum beryllides. 
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Figure 7.  Images of TiBe12 billets. 

 

The density of hot-pressed billets made about 2.26g/cm3, or 99.9% of theoretical density (TD). No defects such 

as cracks or pores were found in the structure. Figures 8-10 show images of the billets after fabrication and 

during their processing to become finished items. 

 

The density of Ta2Be17 billets made about 4.78g/cm3 (or 94.7% of TD). However, a part of billets had shearing 

distortion. Fig. 8 shows images of these billets. 

 

   
Figure 8.  Images of Ta2Be17 billets. 

 

Because of high hardness of the material, it was not possible to cut out articles and items using standard cutting 

equipment (lathe and milling machine). Positive results were only achieved using wire EDM (electrical 

discharge machine). Fig. 9 shows a Та2Ве17 billet cut out into samples and other pieces from this material. 
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Figure 9.  Images of Ta2Be17 billets after cutting by wire EDM. 

 

Holes in billets were made by hydro-abrasive cutting (see Fig. 10). With further wire EDM cutting, we made 

other TiBe12 items. 

 

   
Figure 10.  Images of an as-pressed TiBe12 billet, first after putting in a central hole, and then as a finished item. 

 

3 Physical & Mechanical Properties of the Materials 
From Figs. 11-12, one can see that the material has clear grain structure. Angular chamfers on the grain 

boundaries are not pores, they are traces of the grain residue (including oxide) chipping during sample 

grinding. Average grain size of the material was 59.6µm with a micro-hardness of 1,152.8kg/mm2. Material 

micro-hardness conforms with the data indicated in the references [3]. 
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Figure 11.  Microstructure of the Ta2Be17 billet. 

 
 

 
Figure 12.  Microstructure of the TiBe12 billet. 

 

Average grain size of the material made was 16.2µm, with a micro-hardness of 691.2kg/mm2. Table 2 shows 

the results of bend tests of Та2Ве17 samples at a room temperature. 
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Table 2.  Mechanical properties of Та2Ве17 during bend testing. 

Sample 
No. 

Bend Strength, σв 
(MPa) 

Offset Yield, σ0.2 
(MPa) 

Sample Deflection 
(mm) 

Elongation 
(%) 

1 121.5 -- 0.051 0 
2 133.7 -- 0.067 0 

 

From the data indicated in the table above, one can see that the material is not plastic at room temperature. In 

addition, material bending strength is 1.6 lower than stated in the references, and the obvious reason is the 

larger grain size. 

 

Depending on the density, electrical conductivity of Та2Ве17 measured at room temperature varied in the range 

from 2.6 to 9.5 MS/m. The most solid sample had electrical conductivity of 9.5 MS/m. The electrical conductivity 

of TiBe12 samples was about 5.06 MS/m. 

 

Values obtained are lower than those for beryllium (about 17.0 MS/m), however, higher than of those for 

titanium, which are in the range of 1.25 to 2.6 MS/m. Stronger samples of Та2Ве17 also have electrical 

conductivity higher than that of pure tantalum, which is about 7.4 MS/m. 

 

Fig. 13 shows the technical coefficient of thermal expansion (CTE or КТЛР) Та2Ве17, and Fig. 14 shows it for 

TiBe12. CTE (KТЛР) obtained values for TiBe12 are close to those stated in the references and for Та2Ве17, values 

are also compatible with those as in the references, however slope of the curve is opposite. 

 

 
Figure 13.  Variation of CTE (КТЛР) of Та2Ве17 plotted versus temperature. 
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Figure 14.  Variation of CTE (КТЛР) of ТiВе12 plotted versus temperature. 

 

Table 3 shows the results of defining corrosion resistance of Та2Ве17 in the oxidizing atmosphere at a 

temperature of 1300оС within 30 hours. 

 
Table 3.  Results of defining corrosion resistance of Та2Ве17 in an oxidizing atmosphere at a temperature of 1300оС. 

Testing time (h) 10 15 20 25 30 

Weight increase 
(mg) 3.08 5.29 7.29 9.05 11.23 
(%) 0.84 1.45 1.99 2.47 3.07 

 

As can be seen from the data shown in Table 3 above, the produced material has good stability when heated in 

the oxidizing medium in comparison with the initial materials: tantalum and beryllium, which are fully burnt-

out in red heat. Metallography study showed that the average grain size of samples and average value of micro-

hardness of samples upon heat treatment in air at a temperature of 1300оС within 30 hours remain as initial 

samples level. 

 

3.1 Thermal Cycling 

Experiments were conducted on thermal cycling heating of TiBe12 samples with the size of 20mm diameter x 

20mm. Heating mode was as below: 

 

• Heating-up from 200С to 900С for 60 sec. 

• Hold at 900С for 45 sec. 

• Cooling down from 900С to 200С for 60 sec. 

 

With the above conditions, 50 cycles of heating and cooling were performed. Heating took place in an induction-

type furnace with air medium inside. Cooling was done with compressed air. The sample remain integral upon 

testing. No defects like cracks or flakes were found. Fig. 15 shows sample heating status during thermal cycling 

testing, surface view upon oxide layer removal as well as end surface view in the edge area magnified by 25x. 
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Figure 15.  Views of test samples during thermal cycling. 

 

4 Summary 

In conclusion, some bullet point observations about this study: 

 

• A casting process does not make it possible to produce billets of Та2Ве17 and TiBe12 applicable for items 

fabrication and manufacture. Best results could be achieved by vacuum hot-pressing of the synthesized 

powders. 

• Synthesis of TiBe12 happens at a temperature of 1100°С. 

• Synthesis of Та2Be17 happens at a temperature of 1270°С. 

• The UMP JSC process makes it possible to produce items of TiBe12 with the density of about 99.9% of 

TD and Та2Ве17 with the density up to 94.7% of TD. 

• Wire EDM and hydro-abrasive cutting could be used effectively for machining the billets of Та2Ве17 and 

TiBe12. 
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In order to develop a simple mass-production technology of small true sphere of beryllium metal as neutron 

multiplier for nuclear fusion reactor, the method to make it directly from its powder by revolving inclined high 

temperature furnace was evaluated. By the reason that beryllium has a highly chemical activity in a high 

temperature condition, we have to take notice that beryllium metal easily reacts with different materials. For 

example, when using the alumina or magnesia ceramics of general material of crucible and furnace tube, 

beryllium easily reacts and adheres to them at a near beryllium melting point and be converted to beryllium 

oxide. Considering this fact, it is necessary to develop ceramic materials that are less reactive with beryllium. 

 

In this study, for forming the chemically inactive ceramics surface against metal beryllium at a high 

temperature range, the coating method of beryllium oxide on alumina ceramics using a silicate binder was 

developed. By using the alumina tube with a thick coating of beryllium oxide formed by this method, the 

possibility of simple process mass-production of small true sphere of metal beryllium by revolving inclined 

high temperature furnace was confirmed. 
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Beryllium is a proposed neutron-multiplier material in future fusion devices like ITER and DEMO. During 
operation of such devices, considerable accumulation of helium and, most importantly, radioactive tritium is 
expected in beryllium due to neutron-induced transmutation. As large tritium inventories are considered a 
safety issue for fusion applications, substantial experimental efforts have been made to investigate 
microstructural features serving as tritium traps in neutron-irradiated beryllium. 
 
At elevated temperatures and high neutron fluences, the most prominent change of microstructure is the 
emergence of gas bubbles filled with helium and tritium. Bubbles inside grains typically form oblate prisms 
with hexagonal bases lying on (0001) beryllium surfaces and covered by a considerable amount of tritium. As 
these bubbles are effective traps for dissolved tritium, they exert decisive influence on the effective tritium 
retention and release behavior of beryllium. Thus, a reliable model capable of predicting tritium inventory as 
well as retention and release behavior even under accidental conditions will have to comprise an accurate 
understanding of processes involving tritium at such bubble surfaces. Many further experiments aiming to find 
atomic processes that collectively govern the rise of such phenomena were done. Typically, exposure to a 
hydrogen isotope gas or implantation of hydrogen isotopes are typical measures to introduce controlled 
amounts of hydrogen isotopes into the sample. 
 
This work is dedicated to the understanding of such experiments by means of atomic processes modelled based 
on ab-initio methods. In that regard, two hydrogen coverage regions below and above ratios of 1H/Be are 
established at the surface. Coverages below 1 H/Be can be considered a low-coverage regime. Within this 
regime, the dynamics of hydrogen isotopes on the surface can be considered by lattice gas models as they are 
also well established in the scope of surface catalysis. In particular, kinetic lattice Monte Carlo methods in 
conjunction with energy estimation schemes like cluster expansions and appropriately constructed rate 
equations allow for the simulation of desorption experiments after exposure to hydrogen isotope gases. Such 
experiments are found to be closely associated with this low hydrogen coverage regime due to self-limiting 
adsorption processes even in the case of exposure to atomic hydrogen. The high coverage regime beyond 1 
He/Be, in contrast, is closely related to hydrogen isotope implantation. As there are no self-limiting processes 
in these circumstances, hydrogen coverages >1 H/Be can easily be attained, given the total implantation fluence 
is sufficient to saturate trap sites within the bulk of the beryllium samples. We found that under these 
circumstances, hydrogen diffusing towards a sufficiently pre-covered surface readily engages in reconstruction 
processes of the surface leading to the emergence of tetrahedral building blocks of BeH2 attached to the surface. 
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3University of Missouri Research Reactor (MURR) 
 
Beryllium is a highly effective neutron-reflecting structure that is commonly used in research and test reactors. 
In the case of the reflecting ring at the University of Missouri Research Reactor (MURR), an age-caused fracture 
could impact the operation of the control blades and the safe operation of the reactor. Moreover, it is a costly 
item that requires a multi-year lead-time to finance. Reflecting structures in other reactors have a similar 
concern. Therefore, it is important to forecast the expected life of beryllium structures to extract as much useful 
life, yet not degrade to the point where the component fails mechanically due to radiation damage. This work 
will describe the process that is being developed to estimate the expected life of beryllium components 
subjected to operational radiation in research and test reactors. There is a single reflector fracture in MURR’s 
history that is serving as a single reference point to evaluate the efficacy of the technique. 
 
Monte Carlo simulations are built for the reactor core and the surrounding reflecting, coolant, and irradiation 
positions. The output of these simulations is the gas production and gamma heating tallies for the operational 
fluence over a period that extends beyond the expected lifetime of the reflector. That lifetime is on the order of 
8 years with simulations being conducted out to 13 years in the case of MURR. The spatial distribution of 
fluence, gas production, and gamma ray absorption within the beryllium reflector structure provides a 
corresponding estimate of thermal/mechanical property changes, swelling, and heat-generation rate. The 
changes in mechanical properties of beryllium are estimated from a limited number of published studies in the 
open literature. 
 
Using the modified thermal/mechanical properties and the gamma heating profile at various points in time, a 
static stress analysis is carried out on the MURR reflector structure to determine the location and magnitude 
of the maximum stress. The analysis is carried out using the commercial finite element code, ABAQUS. The 
maximum principal stress is then compared with the ultimate stress value to determine if there is a likelihood 
of ductile failure. At the same time, the fracture toughness is used as a multiplicative factor on the maximum 
principal stress to evaluate the critical crack length to check the potential for a brittle failure. The critical crack 
length is then compared to expected native cracks in the reflector structure. The proposed paper will review 
the analysis process, including the Monte Carlo simulations, the ABAQUS finite element models, and the 
property variations used. The limited availability of material property data on irradiated beryllium of the type 
used in MURR and other research/test reactors will be discussed. 
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Valence Electron Structure of the Beryllides using Soft X-Ray Emission Spectroscopy 
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Valence electron structures of the beryllides using 
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Keisuke Mukai1, Ryuta Kasada2, Kiyohiro Yabuuchi1, Satoshi Konishi1, Jae-Hwan Kim3, and 
Masaru Nakamichi3 

 
1Institute of Advanced Energy, Kyoto University, Gokasho, Uji, Kyoto 611-0011, Japan 

2Institute for Materials Research, Tohoku University, 2-1-1 Katahira, Aoba-ku, Sendai 980-8577, Japan 
3Fusion Energy Research and Development Directorate, National Institutes for Quantum and Radiological 

Science and Technology, 2-166 Obuchi, Omotedate, Rokkasho, Aomori, 039-3212, Japan 
 
Beryllium-rich intermetallics (beryllides) have been developed as an advanced neutron multiplier for DEMO 
fusion reactors. Previous studies reported that the beryllides of Be12Ti and Be12V have advantages in oxidation 
resistance at elevated temperatures and tolerance against fast neutron irradiation compared with metallic Be. 
Toward an efficient mass production of neutron multiplier pebbles, additionally, Be13Zr beryllides has been 
developed as an alternative material because Be13Zr does not exhibit a peritectic reaction during granulation 
while having a low neutron absorption property. Electron structure can be altered by addition of transition 
metal such as Ti, V, and Zr, however, the change in the beryllides has rarely studied experimentally. 
 
This study aims to verify valence electron structures of the beryllides experimentally using soft x-ray emission 
spectrometer (SXES) attached to an electron probe micro-analyzer (EPMA). The SXES covers a low energy 
range (50–210 eV) including Be–Kα (~110eV) with ultra-high energy resolutions as good as 0.22eV. The 
plasma-sintered beryllide specimens of Be12Ti, Be12V, and Be13Zr fabricated in the beryllium facility of Quantum 
and Radiological Science and Technology (QST) were used for the EPMA/SXES analysis. The Be–Kα spectra of 
Be12Ti, Be12V, and Be13Zr showed changes of valence electron structures with shoulder (or peak) at the Fermi 
edges due to repopulation of electrons associated with the crystallographic structural change. The 
experimental spectra were directly compared with density of states (DOSs) obtained by density functional 
theory (DFT) calculations. The Be–Kα spectra by the SXES agreed well with the calculated Be 2p states from the 
bulk of Be12Ti, Be12V, and Be13Zr, although the photon energy was underestimated as large as 10%. 
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TEM Analytical Study of Ab-Initio Simulation of Impurities in Beryllium 

P. Vladimirov (KIT, Germany) et al. 

TEM analytical study and ab initio simulation of 
impurities in beryllium 

P. Vladimirov, N. Zimber, and M. Klimenkov 
 

Karlsruhe Institute of Technology, 76131 Karlsruhe, Germany 
 
Impurities and their spatial distribution significantly affect mechanical properties of beryllium and 
microstructural evolution under neutron irradiation. 
 
In this work we investigate interaction of naturally occurring impurities (Al, Fe and Si) with vacancies using 
analytical TEM and modelling based on the density functional theory. TEM studies have revealed abundant 
formation of Al-Fe-Be precipitates, formation of complex multiple phase precipitates, homogeneous 
segregations of elements to grain boundaries as well as Al-Fe-Be phase precipitation along dislocations. All 
precipitates are richly decorated with helium bubbles which are smaller in size than typical bubbles inside 
grains. Precipitates-free and helium-bubble-free zones were observed along grain boundaries. 
 
These experimental observations have inspired us to simulate interaction of impurities with vacancies as well 
as to calculate their migration barriers. These simulations were performed using the simulation program 
package VASP enhanced with the VTST extensions for the nudge elastic band (NEB) calculation of migration 
paths. 
 
Our simulations revealed strong attraction of Al and Si to vacancies, while Fe, unexpectedly, repels vacancies. 
This fact should also have implications on the mechanism of the solute atom diffusion: Al and Si might diffuse 
as a vacancy-solute atom complex going along vacancy gradient, while unbound Fe should rather move against 
it (so called inverse Kirkendall effect). Using the NEB method, we have calculated the migration barriers for 
these solutes if they migrate by the vacancy-exchange mechanism. For both iron and aluminum, diffusion 
barriers are similar for the jumps within and outside of basal plane suggesting their isotropic diffusion within 
beryllium matrix. 
 
On the contrary, the diffusion barrier of silicon is approximately two times lower than that of iron and 
aluminum within basal plane but is comparable with that when jumping out of basal plane. As it was shown by 
us previously, helium diffusion is also highly anisotropic. These facts imply a consequence for the width of 
zones denuded from precipitates and helium bubbles. Due to the nearly isotropic diffusion of Al and Fe the 
width of zones denuded in Al-Fe-Be precipitates does not depend on the orientation of grains with respect to 
the grain boundary. In contrast, anisotropic helium diffusion should result in variation of the width of bubble-
denuded zones depending on the inclination angle of the basal plane to the grain boundary. It seems that our 
preliminary experimental results support this hypothesis. 
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Beryllium: A Review of Uses, Potential Health Effects, and Impacts of Regulatory Activities 
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Beryllium: A Review of Uses, Potential Health 
Effects and Impacts of Regulatory Activities 

Marc Kolanz and Theodore Knudson 
 

Materion Corporation, Mayfield Heights, Ohio, U.S.A. 
 
Beryllium is a critical material with significant applications in the nuclear industry. This presentation will 
provide information on the significant uses of beryllium, the potential health effects of exposure to beryllium 
in the workplace and the impacts of regulatory activities in the US and EU. 
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CEA DEN, 13108 Cadarache, France, E-mail: mirjana.damjanovic3@cea.fr 
 

Abstract 

The Joint European Torus (JET) is the world’s largest fusion research reactor. Beryllium has been used in JET 

since 1989. Up to 3 tonnes of beryllium have been installed in the torus as an evaporated deposit and in form 

of solid components. About 12 tonnes of beryllium will be installed in ITER’s First Wall. Although the form of 

beryllium used at JET is predominantly beryllium metal, some beryllium dust can be expected due to erosion 

of the first wall surfaces and minor machining that has been carried out. Additionally, exposure can occur in 

areas where maintenance and decontamination of the components are performed, respiratory protective 

equipment is cleaned and in beryllium handling areas (e.g. BeHF). 

 

As routes of exposure to beryllium are inhalation and dermal contact, both airborne and surface contamination 

controls are required. Currently at JET, the level of beryllium surface contamination is monitored by pursuing 

regular smears (weekly, monthly, quarterly or yearly) using dry sampling methods (Whatman n°1 filter paper). 

 

The purpose of this paper is to compare results of beryllium smear samples analysis obtained by using Ghost 

Wipes™ and Whatman filter paper. The objective is to determine the most effective method for dust collection 

and hence improve workplace contamination control and worker protection for purposes of ITER. 

 

Keywords: beryllium, surface sampling, sampling medium, beryllium analysis 

 

1. Introduction 
Beryllium is a naturally occurring element that can be found in nature together with other elements. It is 

lightweight metal with specific stiffness 6 times higher than the specific stiffness of steel [1]. Its excellent 

physical and nuclear properties make this element very attractive for use in both nuclear and non-nuclear 

applications [2]. In nuclear fusion, beryllium will be used as plasma-facing material (PFM) and neutron 

multiplier in Test Blanket Modules (TBM) in ITER [3][4]. 

 

In JET, beryllium has been used since 1989 in form of solid components and as an evaporated deposit on the 

First Wall [5]. Machine operations can cause erosion of the First Wall surfaces causing the generation of dust 

[5]. Unfortunately, exposure to beryllium dust or fumes through inhalation or dermal exposure can lead to 

acute and chronic beryllium disease (CBD) [6][7][8]. Symptoms of CBD can appear 10-15 years after the 

exposure to small amount of beryllium (0.5μg/m3) [6]. Therefore, it is of great importance to have certain 
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controls of exposure in place in order to protect workers who are at risk of exposure to beryllium. Such 

measures include: 

 

• Dedicated facilities to each segment of beryllium utilisation with a containment de-sign which will 

prevent spread of contamination outside of the facility and ventilation which will change the air 

frequently so that airborne beryllium contamination is minimized. 

• Personal and respiratory protective equipment, such as coveralls, gloves, overshoes, pressurized suits, 

full face masks, hoods and disposable masks. Depending on the task, worker is required to wear 

suitable personal and respiratory protective equipment. 

• Training of the personnel for work with beryllium, medical examination of the workers, guidelines and 

rules while working with beryllium, designation of the areas in which beryllium can be found, 

depending on the airborne and surface contamination levels which can be detected (depending on the 

work). 

• Routine airborne and surface beryllium monitoring in all beryllium designated areas and personal 

exposure assessment. 

 

1.1 Surface Beryllium Contamination Monitoring as a means of Exposure Control 

Currently, there is no commercial method for real-time beryllium monitoring. Therefore, any higher levels of 

beryllium, to which workers might have been exposed, are detected only after the exposure from the air and 

surface samples taken in the area. This implies that it is not possible to prevent such exposures in time to stop 

with the work which could potentially harm the personnel. 

 

However, routine sampling and sample analysis can give us beryllium contamination levels which are usual for 

the area and/or type of work. These levels can help in defining the required personal and/or respiratory 

protective equipment. Any unusual increase in beryllium contamination noticed in routine samples, would 

require area to be checked the source of contamination to be identified prior to any exposure to present 

beryllium contamination levels. 

 

In order to react early when a change in contamination levels appears, it is important to have accurate surface 

sampling. The accurate surface sampling depends on several things, such as sampling technique, type of surface 

sampled, and medium used for sampling. There are a few surface sampling methods that can be used [9]. The 

method used in this work is wipe sampling. Wipe sampling consists of dry or moistened medium applied in a 

defined motion and direction pattern with constant pressure on the surface. In the case of moistened wipes, 

wetting agents can be deionized water, alcohol, mild detergents, etc. [9]. 

 

In this paper, sampling media are compared regarding their respective collection efficiencies. Chosen media, 

surface sampled, sampling technique and other factors which can compromise sampling are described in 

chapter 2.  The results obtained are presented and discussed in chapter 3.  A conclusion is found in chapter 4. 

 

2. Experimental Overview 

2.1 Experiment Objectives and Description 

The objective of this work is to compare collection efficiencies of two different media. The media chosen for 

smearing tests are Whatman n°1 filter paper and Ghost Wipes™. Whatman n°1 filter paper [10] is currently 

used at JET as a sampling medium for loose beryllium and tritium contamination. The Ghost wipes [11] are 
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considered for use in ITER as a sampling medium for loose beryllium contamination. The basic properties of 

each sampling medium are presented in the table below: 

 
Table 2.1: Basic properties of chosen sampling media [10][11] 

Medium Surface Area (cm2) Wetting Agent 

Whatman n°1 Filter Paper 23.75 None (dry filter paper) 

Ghost Wipes 225 Yes (de-ionized water) 

 

2.1.1 Surface Sampling Technique 
Samples were taken following standard procedure by the Health Physics Group at UK Atomic Energy Authority site 
in Culham for wipe sampling [12]. Depending on the surface shape and size, surface sampling was performed by 
wiping the surface in a circular pattern and Z- or S-pattern (see Fig. 2.1). 
 

 
Figure 2.1: Surface wiping patterns - circular (left) or Z-pattern (center and right) 

 

Wiping of the surface consists of applying chosen medium (in this case Whatman n°1 or Ghost Wipe) in a pre-

defined method of motion and direction with applied constant pressure onto a surface area of interest. Prior to 

wiping, technicians would be instructed on previously mentioned technique. It is of great importance that every 

smear pair (Whatman n°1-Ghost Wipe) was taken applying exactly the same technique, so that results obtained 

by the samples analysis are comparable. There are many factors in sampling technique which can compromise 

the sampling and result in producing less accurate results. These factors will be described in Section 2.3. 

 

2.1.2 Sample Analysis Method 

Analysis of beryllium samples taken with Whatman n°1 filter paper and Ghost Wipes was performed using UV 

fluorescence assay, in accordance with NIOSH 9110 procedure [13]. Preparation of beryllium samples was 

performed according to NIOSH 9110 with minor modifications defined in a work procedure for beryllium 

samples preparation [14]. Brief representation of preparation and analysis method is shown in Fig. 2.2. 

 

Prior to performing the experiment on collection efficiencies of Whatman n°1 and Ghost Wipes, the preparation 

and analysis method using UV fluorescence assay was validated for Ghost Wipes. In the validation report [15], 

it is shown that applying preparation and analysis method used on Whatman filter paper, would recover 

beryllium collected by Ghost Wipes, even with minor modifications, such as the amount of dissolution solution 

added during the preparation phase or the vials used during preparation. These minor changes compared to 

the standard Health Physics procedure are required due to the larger size of Ghost Wipes relative to the 

Whatman n°1 filter paper, which is a standard wiping medium used on the Culham site. 
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Figure 2.2: Sample preparation and analysis procedure at the UKAEA Culham site 

 

2.2 Stages of the Experiment 
The smearing tests were performed in two different environments, hence there are two stages of the experiment. The 
first stage of the experiment was in the laboratory environment, under ideal conditions. Four glass plates were spiked 
with a known amount of beryllium and wiped with both media. The results obtained after the analysis of the samples 
were used to estimate the efficiency in the laboratory conditions. The efficiencies of different media were analysed 
and compared. 
 

The second stage of the experiment was in the real environment. In this case, the real environment is the Materials 
Detritiation Facility (MDF) on the Culham site. A surface from a fume cupboard, which is used for intermediate level 
waste sorting, was used for testing and comparing wiping media. The surface was divided into more smaller areas and 
each one was wiped with a different medium. As the true levels of beryllium contamination on the surface are 
unknown, the efficiency was not estimated the same way as it was in the case of laboratory environment. Rather the 
amount of beryllium from each smear was compared with other smears. 
 

2.2.1 Stage 1 – Lab Environment 

The chosen area surface was glass. Glass was chosen because it is not expected that it will absorb any beryllium. 

Four identical glass plates, shown in the Fig. 2.3, were used in the experiment. Plates were tested for any residue 

beryllium contamination prior to spiking any beryllium on them. 
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Figure 2.3: Four glass plates used for experiment stage 1 - laboratory environment 

 

Each pair was spiked with a different amount of beryllium liquid standard solution. The beryllium liquid 

standard solutions used for this experiment are classified as certified reference materials (CRMs). The 

beryllium standards used are: 0PPB, 40PPB, 200PPB and 800PPB. In Table 2.2, the amount of beryllium spiked 

on the plates is presented. 

 
Table 2.2: The amounts of spiked beryllium 

Beryllium Liquid 

Standard (PPB) 
Plate 

Amount of Spiked 

Beryllium in the Liquid 

Standard (ml) 

Expected Amount of 

Be in the Sample (g) 

0 

1 
1 0 

2 

3 
2 0 

4 

40 

1 
1 0.04 

2 

3 
2 0.08 

4 

200 

1 
1 0.2 

2 

3 
2 0.4 

4 

800 

1 
1 0.8 

2 

3 
2 1.6 

4 

 

After spiking, the plates are left to dry in one of the Health Physics fume cupboards.  That is done because dried 

beryllium standard poses a higher inhalation risk than beryllium contained in the solution. Plates 1 and 3 were 
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smeared using Whatman n°1 filter paper and plates 2 and 4 were smeared using Ghost Wipes (see Fig. 2.3). 

After wiping with the chosen media, the plates were cleaned from any beryllium left on plates using pre-

moistened alcohol wipes (AZO brand). After clean-up, the plates were tested for any possible beryllium 

contamination using standard Health Physics procedure [14]. Once the results confirmed that plates are clean 

from beryllium, new standard would be spiked onto the plates and left to dry before wiping of the plates would 

take place. 

 

2.2.2 Stage 2 – Real Environment 
The second part of the experiment was in the real environment, which in this case is a surface in a fume cupboard 
(FC) used for Intermediate Level Waste (ILW) sorting in Materials Detritiation Facility (MDF). The surface was 
divided into 10 smaller surfaces, as shown in Figure 2.4. 
 

 
Figure 2.4: Area in FC in MDF chosen as a real environment for testing wiping media 

 

The size of the chosen area is 820mm x 1200mm. As exact levels of beryllium and contamination distribution 

are unknown, the area was divided into 10 smaller areas and each one was smeared using a different medium. 

In Figure 2.4, each surface is numbered 1-10 and marked with WP if smeared using Whatman n°1 filter paper 

or GW if smeared using Ghost Wipes. The size of smaller surfaces is given in Table 2.3. 

 
Table 2.3: division of FC surface into 10 smaller surfaces 

Surface No. Size (cm2) Wiping Medium 

1 

1210 

Whatman n°1 Filter Paper 

2 Ghost Wipes 

3 Whatman n°1 Filter Paper 

4 Ghost Wipes 

5 Whatman n°1 Filter Paper 

6 Ghost Wipes 

7 Whatman n°1 Filter Paper 

8 Ghost Wipes 

9 
75 

Whatman n°1 Filter Paper 

10 Ghost Wipes 
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Surfaces 1-10 as shown in Figure 2.4 can be grouped into 5 pairs. Each one out of 5 larger surfaces is wiped 

with both media. The results are then compared within the larger surface, as it is considered that contamination 

on each part is uniform. For instance, it is more difficult to predict if contamination will be uniformly distributed 

over Surfaces 1 and 2, or over Surfaces 8 and 1. Therefore, both options are taken into account during analysis 

of the results. The two options for grouping of Surfaces 1-10 are shown in Figures 2.5 and 2.6. 

 

 
Figure 2.5: FC surfaces selection - 5 pairs, first option 

 

The idea is to see in how many pairs, one of the media will show more beryllium contamination than the other, 

and how big is the difference in collection efficiency between the chosen media. 

 

 
Figure 2.6: FC surfaces selection - 5 pairs, second option 

 

2.3 Surface Sampling – technique factors that compromise sampling and analysis 
Throughout Chapter 2, it could be noticed that there are some factors which can positively or negatively affect 

the final results. It is important that these factors are taken in consideration, as the affected results might not 

be comparable. The conditions for wiping the surface with Whatman n°1 filter paper and Ghost Wipes must be 

the same, so that results are a real representation of their collection efficiency and not a representation of the 

other differences (sampling technique, wiped surface, size of the media etc.). In this section, factors identified 

as potential to compromise sampling will be analysed. These factors are: 
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• Media characteristics 

• Surface quality 

• Sampling technique and sample manipulation 

 

2.3.1 Media Characteristics 

The objective of this experiment is to compare the collection efficiencies for two different wiping media under 

the same conditions. Therefore, it is important to compare the chosen media characteristics to each other and 

try to adjust some of their properties. For purposes of this experiment, the two media tested are Whatman n°1 

filter paper and Ghost Wipes, which are described in the beginning of Chapter 2. From Table 2.1, it can be 

expected that Ghost Wipes will have an advantage in surface wiping due to their wetting agent and size. 

 

Whatman filter paper has a surface at least 9 times smaller than Ghost Wipes. Moreover, it is a dry medium, 

hence it is expected to pick up less than a wet medium. As the purpose of this experiment is to compare the 

quality of the chosen media (performance of the material as it is) and not the quantity (Ghost Wipes are 

obviously bigger than Whatman n°1 filter paper), no changes were applied regarding the wetting agent. 

 

 
Figure 2.7: Folded Ghost Wipes (left), Whatman n°1 filter paper (centre), cut Whatman n°1 filter paper (right) 

 

The size was adjusted so that both media had the same size and shape. Initially, the idea was to cut the Ghost 

Wipes down to match the shape and size of the Whatman n°1 filter paper, but during that process, the Ghost 

Wipes would lose a significant amount of wetting agent. The amount of wetting agent in the Ghost Wipes was 

measured during the validation of fluorescence assay on Ghost Wipes [15]. The value obtained in this report is 

considered during calculations and any loss of the wetting agent would make the dilution factor incorrect. 

Therefore, it was decided to cut the Whatman n°1 filter paper to match the size of the folded Ghost Wipe, as it 

is in its packaging (Fig. 2.7). Several Ghost Wipes were taken out of their bags and measured. The size of the 

surface of the folded Ghost Wipe is 27mm x 42mm. 

 

2.3.2 Surface Quality 

The quality of the surface which will be wiped with chosen media should be the same in case of both media 

with, if possible, same amount of beryllium contamination and same kind of beryllium contamination, e.g. BeO, 

acetate, etc. In this experiment there are two stages. 

 

The first stage is in the lab environment, meaning that the sampling conditions are created. The surface chosen 

was glass. The purpose in this stage of the experiment was not to compare the amount of beryllium collected 
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from Ghost Wipes and Whatman n°1 filter paper directly, but rather to compare the recovered beryllium from 

the wipe with amount of beryllium spiked onto the surface. For this reason, surface chosen for wiping had to 

be made of a material which would not absorb any beryllium. Therefore, plates made of glass, were chosen. The 

shape of the glass plates is concave. The spiked amount of beryllium is presented in Table 2.2. In this way the 

amount and quality of beryllium contamination as well as the quality and size of the surface were the same. 

 

In the second stage of the experiment, surface chosen to be wiped is the surface from the FC in MDF. The FC is 

used for sorting of ILW. In this case, it is not possible to have equal amounts of beryllium contamination on the 

surfaces, but quality of the surfaces (vinyl cover on the surface) is the same. The distribution of the 

contamination is not known in advance. Therefore, it was assumed that the contamination is uniform and 

justification for that is the surface division. 

 

For instance, if the contamination is localized in one corner of the surface, then smearing one side of the surface 

with one medium and other with another medium will not represent the real situation regarding the collection 

efficiencies of the media. Therefore, more segments were divided. If contamination is localized in the corner 

between Surfaces 1 and 8, part of that contamination will be collected with one medium and part with another 

medium. If the contamination was localized on the right side, between Surfaces 5 and 6, it would still be 

detected with both media. 

 

The possibility of having higher contamination on a smaller surface far from the centre is low because of the 

nature of work performed on the chosen surface. The contamination is, therefore, expected around the centre 

of the FC surface. With the division of the surface as described earlier, the difference in recovered beryllium 

from both media can be understood as the difference due to efficiency and not due to beryllium contamination 

distribution. 

 

2.3.3 Sampling Technique 

In Section 2.1.1, the surface-sampling technique applied in this experiment was described. In Stage 1 of the 

experiment, the glass plates were wiped using a circular pattern, covering the whole contaminated surface. In 

Stage 2 of the experiment, all 10 surfaces were wiped using a Z-pattern. The Stage 1 wiping was performed by 

a different technician each time, whereas the Stage 2 wiping was all performed by the same technician. 

 

Each group of samples was collected by a different technician. Although the same instructions were given and 

every technician followed them, many differences were still noticed in the applied techniques. Many of them 

are not easy to quantify. The differences recognized are: 

 

• Pressure and number of strokes: Each technician had a different approach in handling the glass plates. 

Some would take a plate with one hand and wipe with other. As the plates are concave, holding the 

plate with one hand would provide stability, hence higher pressure was applied on the surface during 

wiping. One technician made very few strokes, still enough to wipe all the surface, while another would 

use a greater number of strokes, but apply less pressure, also holding the plate. Others would not take 

the plate in the hand but try to hold it in place with one hand on the FC surface and wipe with other 

hand. As the plate was less stable using this last technique, the pressure applied in that case would be 

even less. The number of strokes would be more than 10. 

 

• Pick-up of the contamination and folding of the smear: Some technicians tried to pick up visible 

contamination while having the wipe on the surface and fold it immediately without lifting the medium 
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from the surface, while the others would wipe, lift the unfolded medium, and then fold it. In this case, 

it seems like less contamination would be picked up, particularly when wiping with a dry medium. All 

smears were folded with the contamination on the inside. 

 

This is not considered as a big factor to the results reported in this paper, because each technician who sampled 

the glass surfaces was sampling the whole group of the surfaces (4 glass plates) in the same way. For instance, 

the glass plates spiked with 40PPB beryllium liquid standard solution (1ml for Plates 1-2 and 2ml for Plates 3-

4), were wiped by the same technician in the same way and at the same time. Therefore, if the sampling 

technique was less efficient than technique of someone else, it was less efficient in sampling using both the 

Whatman n°1 filter paper and Ghost Wipes. Therefore, the results will be comparable to each other. This can 

have an effect in calculating mean recovery, but still the mean recovery of one medium is obtained under same 

conditions as the mean recovery of the another medium. Hence, the results are still comparable. 

 

3. Results and Discussion 

3.1 Lab Results 

In Stage 1, there were 8 pair-samples, therefore a total of 16 samples analysed. In case of 100% recovery, the 

expected amount of beryllium, given in μg/sample, is presented in Table 2.2. The results were obtained in PPB 

for each sample. The results were then converted into μg/sample by applying the dilution factor, which 

depends on the amount of dilution solution and detection solution added. In the case of Ghost Wipes, the 

amount of de-ionised water from the wipe was included in the dilution factor. The results are then compared 

against the spiked amount of beryllium on the plate in μg. The beryllium recovery for each smear was calculated 

using the following formula: 

 

 
 

The mean recovery for Whatman n°1 filter paper and Ghost Wipes is shown in Table 3.1. 

 
Table 3.1: Mean recovery and RSD [%] for Whatman n°1 filter paper and Ghost wipes 

Media Mean Recovery (%) Standard Deviation 
Relative Standard 

Deviation (%) 

Whatman n°1 Filter Paper 28.67 0.22 77.33 

Ghost Wipes 87.66 0.10 10.95 

 

The difference between the collection efficiencies of Whatman n°1 filter paper and Ghost wipes was visible 

even with the naked eye. From Figure 3.1, it can be seen that Plate 3 smeared using Whatman n°1 filter paper 

still contains some dried beryllium standard, while Plate 4 wiped with Ghost Wipes looks completely clean. 

 

From Figure 3.2, it can be seen that the mean recovery of Ghost Wipes is around 3 times higher than that of 

Whatman n°1 filter paper. The mean recovery based on results from this experiment supports the mean 

recovery of Ghost Wipes based on results from the paper of Sarah K. Dufay et al. [16], where the reported mean 

recovery for Ghost Wipes was reported as 85.9%. 
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Figure 3.1: Plates 3 (on the left) and 4 (on the right) wiped with Whatman n°1 filter paper and Ghost Wipes, respectively 

 

 
Figure 3.2: Comparison of mean recovery for Whatman n°1 filter paper and Ghost Wipes. 

 

According to the results from this stage of the experiment, beryllium recovery depends on the amount of 

beryllium contamination. It can be seen from Table 3.2 that the efficiency of the Whatman n°1 filter paper is 

significantly higher when tested on surfaces with higher levels of contamination, while the efficiency of Ghost 

Wipes is greater than 70% in case of any amount of beryllium contamination. 

 

Therefore, the relative standard deviation (RSD) reported in Table 3.1 is significantly higher for Whatman filter 

paper than for Ghost Wipes. This might be due to the fact that the Whatman n°1 filter paper was used in a dry 

condition. 
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Table 3.2: Comparison of mean recovery for Whatman n°1 filter paper and Ghost wipes with change of Be contamination. 

Beryllium 

Standard 

(PPB) 

Recovery using 

Whatman n°1 

Filter Paper (%) 

Recovery using 

Ghost Wipes 

(%) 

Comments on Differences 

in Efficiencies 

40 0-15 85-100 
GW are at least 7 times more 

efficient 

200 20-40 75-90 
GW are 1 to 6 times more 

efficient 

800 55-65 90-100 
GW are less than 2 times as 

efficient 

 

3.2 Real Environment Results 

In Stage 2 of the experiment, there were 5 pair-samples, in total 10 samples taken from the surface in FC used 

for ILW sorting in the MDF. The division of the FC surface into 10 smaller surfaces allowed for more accurate 

comparison of the efficiencies, as the contamination on smaller area is more likely to be uniform and therefore 

the same for both media. From Figure 3.3, it can be seen that beryllium surface contamination results from 

Ghost Wipes (purple) are significantly higher comparing to the results from Whatman n°1 filter paper (red). 

 

 
Figure 3.3: Beryllium recovered from different parts of FC using Whatman n°1 filter paper (red) and Ghost wipes (purple). Results are 

expressed as μg/m2. 

 

In Figures 3.4 and 3.5, the results are compared using the groupings from Figures 2.5 and 2.6, respectively. It 

can be seen that in both cases, Ghost Wipes were more efficient than dry Whatman n°1 filter paper. Having the 

pairs grouped either way (from Fig. 2.5 or Fig. 2.6), comparison showed that Ghost Wipes collected between 5 

and 5.5 times more beryllium from the surface than dry Whatman n°1 filter paper. 

 

For the comparison shown in Figure 2.5, the biggest gap in beryllium recovery was for the left side (Surfaces 1 

and 2), where Ghost Wipes collected 8.43 times more beryllium than dry Whatman n°1 filter paper. The 

smallest gap was for top and right side (Surfaces 3-6), where Ghost Wipes collected 3 times more beryllium 

than the dry Whatman n°1 filter paper, which is in agreement with the Stage 1 experiment results. 

 

For the comparison according to grouping shown in Figure 2.6, the biggest gap was for the bottom right 

segment (Surfaces 6 and 7), where Ghost Wipes collected as high as 12 times more beryllium than the dry 
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Whatman n°1 filter paper. The smallest gap was for the bottom left (Surfaces 1 and 8), where Ghost Wipes 

collected only two times more beryllium than the dry Whatman filter paper. In Section 3.1, it was mentioned 

that the gap between beryllium recovery for chosen media was bigger in case of lesser amount of beryllium 

contamination on the surface. From the results presented in Figures 3.4 and 3.5, the same conclusion can be 

reached. The bigger gaps between the results were where beryllium contamination was not too high (e.g. 

bottom right from Fig. 3.5). 

 

 
Figure 3.4: Results comparison for smear pairs grouped as in Fig. 2.5. 

 

 
Figure 3.5: Results comparison for smear pairs grouped as in Fig 2.6. 
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4. Conclusion 

The results indicate a significant difference between collection efficiencies of dry Whatman n°1 filter paper and 

Ghost Wipes. Under laboratory conditions, the Ghost Wipes showed a mean recovery of 87.66%, with a 

standard deviation of 0.1 and a relative standard deviation (RSD) of 10.95%. The dry Whatman n°1 filter paper 

showed a mean recovery of 28.67%, with a standard deviation of 0.22 and RSD of 77.33%. In the real 

environment, Ghost Wipes recovered more beryllium in all smear pairs. The amount of beryllium collected 

using Ghost Wipes was from 2 to 12 times higher than amount of beryllium collected using dry Whatman n°1 

filter paper (see Figs. 2.5 and 2.6). 

 

Based on efficiency results, it seems that using Ghost wipes will provide better recovery for loose beryllium 

surface contamination with ~87.66% recovery (see Fig. 3.2). In both stages of the experiment, it appears that 

Whatman n°1 filter paper shows lower efficiency when wiping the surface with low beryllium contamination. 

Its efficiency increases with the level of beryllium contamination (see Table 3.2 and Figs. 3.4 and 3.5). 

 

4.1 Future Work 

As previously mentioned in the Conclusion above, Ghost Wipes showed better collection efficiency for loose 
beryllium surface contamination than dry Whatman n°1 filter paper. These results were obtained based on analysis of 
16 samples in a laboratory environment and 10 samples in real operational environment, for a total of 26 samples. The 
difference between beryllium recoveries for chosen media varies from 2 to 12 times in favour of Ghost Wipes. 
 

It was also noticed that collection efficiency depends on many factors, such as sampling technique, the quality of the 
medium used, and the quality of the surface wiped. In order to have a narrower range of efficiency differences, more 
samples would be needed for analysis, especially for the case of low beryllium contamination. Also, it would be 
necessary to test the wipes on different surfaces and components in the real operational environment. 
 

The surfaces used in this experiment were glass and a surface covered with vinyl. Due to the relative smoothness of 
these materials, the wiping of the surfaces is relatively feasible. Some surfaces can be more challenging in the sense 
of being rougher. This might have an impact on the quality of the sampling technique. The rough surface can damage 
the sampling medium and therefore result in a change in the sampling technique (e.g. more tapping instead of actual 
wiping) for such surface. 
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Beryllium metal powder does have the potential to be combustible and/or react under certain conditions. 

Beryllium metal powder is classified as a “Flammable Solid” for transportation purposes and exhibits mild 

explosive potential by several test methods. This presentation will review the information on the potential 

combustibility and explosivity of beryllium and explore these potential risks for the use of beryllium in fusion 

energy production. 
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Cambridge Technology Ltd., Lisieux Way, Taunton, TA1 2JZ, United Kingdom 
 
With substances that are an airborne hazard such as asbestos, silica, and beryllium, there is often a perception 
of risk. This does not always correlate with the actual risk. With airborne contamination, the primary risk is the 
substance entering the lungs. However, it has been observed that workers and public often relate this to the 
physical object itself rather that the particulate surrounding the object. 
 
For example, you will often hear people say ‘don’t touch that, it’s asbestos’ but people may walk through a 
heavily contaminated area with no controls in place. Asbestos and beryllium are relatively harmless in their 
solid form, as they are not readily airborne. However, an asbestos or beryllium-contaminated area will have 
fine particulate that is easily airborne, and thus, high risk. This demonstrates a disparity between the perceived 
risk and actual risks. 
 
What would the control limit for a swab of the physical item be? This question was asked because the current 
control limit (in Europe) is 0.002mg/m3 of air. As swabs will give results in mg/cm2 of surface material, there 
is no way to translate this easily, especially when you consider the Van der Waals force. There is little research 
that is related to this issue. In the asbestos industry, swab testing has been used for many years, but has never 
been used as a definitive marker, and is increasing falling out of favour, as it cannot be used on items containing 
asbestos, only following a removal of asbestos, where the dust has settled, and then only to give an indication 
of the level of cleanliness, not contamination. The Health and Safety Laboratory in the UK has done some 
research. However, this only refers to fibres that have been disturbed and left to settle, not a physical object. 
This means that there is very little data surrounding whether the airborne risk has a linear relationship with a 
physical object. 
 
How cautious should we be of physical objects that produce an airborne hazard? Due to the lack of concrete 
evidence people are left to make their own mind up, and this relies on the subjective nature of risk awareness 
and risk culture. As this differs from workplace to workplace, there is currently no consistent standard to be 
drawn upon. The aim of this research paper is to begin the process of making a relationship, if it exists and 
opening the way for further research into the subject. 
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Identifying Beryllium Exposure Risks and the Diagnosis of CBD 

K. Creek (Beryllium Solutions International, USA) et al. 

Identifying Beryllium Exposure Risks and the 
Diagnosis of Chronic Beryllium Disease 

Kathryn Creek, CIH, MS and Robert Winkel, CIH 
 

Beryllium Solutions International LLC, Los Alamos, New Mexico, U.S.A., Email: Creek@Beryllium-Solutions.com 
 

Abstract 
The successful identification of workplace beryllium risks and disease requires specially trained occupational 

health professionals and physicians using special techniques and tests. Without these key elements, risk 

priorities can be misidentified, and disease can easily be misdiagnosed. 

 

While all occupational exposure limits rely on weight-based methods, the more accurate risk indicator is 

particle number. Studies are presented that highlight these now apparent differences. Further, Chronic 

Beryllium Disease (CBD) has been misdiagnosed as sarcoidosis in progressive cases and as onset of old age for 

the less progressive or early symptomatic conditions. 

 

Experience within the US Department of Energy (DOE) contractor facilities gives a clear example of how CBD 

can go unrecognized. After several CBD cases were diagnosed at the DOE Rocky Flats Plant, worker studies 

were initiated that included the Beryllium Lymphocyte Proliferation Test (BeLPT). Historical identification of 

CBD and other illnesses from the US and select countries is presented. Early diagnosis is critical to enable 

treatment to inhibit the progression of the disease, to give feedback for occupational health and safety 

practices, and to allow for medical removal from beryllium exposure. Recommended methods for identifying 

CBD with current diagnostic tests along with available guidance on the application and interpretation of those 

tests are discussed. 

 

Keywords: Beryllium Exposure, Chronic Beryllium Disease, Beryllium Risk, Risk Assessment, Beryllium 

Sensitization, Nickel Sensitization, Copper Beryllium, Ultrafine Particulate Exposure, T-Cell Mediate Immune 

Response 

 

1 Introduction 
Beryllium is a light-weight element that comes from ores that are processed into beryllium metal, beryllium 

oxide, beryllium-containing alloys and beryllium salts.  Beryllium metal is primarily used in the defense, 

nuclear, and aerospace industries.  Beryllium-containing alloys of aluminum, nickel, magnesium, and iron alloys 

are increasingly used in various industries (Müller-Quernheim, 2006). The primary very widespread use of 

beryllium is not the pure metal but is copper-beryllium alloy. 

 

Beryllium exposure is known to cause the occupational diseases of Acute Beryllium Disease (ABD), 

conjunctivitis, dermatitis, lung cancer, and Chronic Beryllium Disease (CBD).  ABD, conjunctivitis, dermatitis, 

and lung cancer are mostly diseases of the past when exposure levels were less controlled and much higher 
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than current workplace exposure limits (Hardy, 1965). This article discusses primarily CBD, which is a risk 

even under current occupational exposure limits used for beryllium. 

 

In order to provide a clear understanding of the exposure risk, the systems involved in CBD which are the skin, 

the immune system, and the lungs are discussed. Some basic information on how genetics plays a role is given 

since only a subset of the population is susceptible or genetically predisposed to acquiring CBD. 

 

Further, the steps to progression to CBD are described. This leads into the current understanding of the risks 

of occupational exposure to beryllium. A historical perspective of lessons learned from the US Department of 

Energy is given to allow the reader to understand that there is a current risk today at manufacturing and 

research facilities that process beryllium-containing components.  Diagnosis of CBD is discussed to include an 

understanding of the necessary medical tests, given that CBD can and currently is easily misdiagnosed.  

 

2 Human Body Systems Involved in CBD 
As mentioned earlier, three body systems play a role in the development of CBD from exposure to beryllium.  

Also described is a very basic understanding of genetics so that the terms used here can be more easily 

understood. 

 

2.1 The Skin 

The skin is the largest organ in the body and the first line of defense against foreign invaders.  The skin has 

three primary layers, the epidermis, the dermis, and the hypodermis as shown in Figure 2.1. While the skin 

provides a passive physical barrier, the skin also contains elements of the innate and adaptive immune system 

that actively defend against foreign invaders.  Foreign invaders are also called antigens. The skin contains 

immune cells and lymphatic vessels that allow communication of the skin with the immune system to activate 

the body’s defenses against antigens. 

 

 
Figure 2.1:  Diagram of the layers of the skin. 

 

2.2 The Immune System 

The immune system as shown in Fig. 2.2 consists of the tonsils, thymus gland, bone marrow, spleen, and the 

lymphatics and lymph nodes.  Further, this system has immune cells that are produced initially in the bone 
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marrow, mature in various organs, and circulate throughout the body through the bloodstream and the 

lymphatic system where some of them reside in other system’s organs such as the skin and lungs. 

 

 
Fig. 2.2: Pictorial of the Human Immune System. 

 

There are many types of immune cells, and in this article, the description primarily includes cells that are part 

of the adaptive immune system and are involved in the human’s response in developing CBD. 

 

The skin’s epidermis layer contains Langerhans cells (a form of dendritic cell) which capture, process, and 

present antigens to T-Cells (also called T Lymphocytes). The name T-Cell is derived from the fact that the cells 

mature in the thymus.   Langerhans cells are a subset of macrophages that reside in the skin.  Macrophages are 

cells that engulf antigens in a process called phagocytosis.  A well-known type of macrophage is a white blood 

cell.  Figures 2.3 and 2.4 are examples of a dendritic cell and T-Cell showing the cell extensions where the 

receptor sites are located. 

 

 
Figure 2.3:  Artistic rendering of the surface of a human dendritic cell illustrating fin-shaped dendrites or cell extensions that fold back 

onto the membrane surface. Wiki image. 
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Figure 2.4:  T-cells showing the receptor cites outside the cell. 

 

The basic function of the immune system is to locate and destroy then remove foreign invaders.  To provide an 

understanding of the immune system in general, all categorical system reactions are described, including 

protective responses such as fighting infections, and the harmful responses of hypersensitivity to a perceived 

foreign invader.  There are two types of immune system reactions, the innate and the adaptive.  The innate 

reactions happen immediately and are non-specific.  A type of adaptive reaction is one where the cells 

remember or know the foreign invader from prior exposure.  The adaptive reaction takes days to be initiated. 

An adaptive reaction that is well known is our body’s defence against bacteria. B-Cells produce antibodies and 

T-Cells kill and remove the infected cells.    

 

However, some individuals have immune cells that overreact; their adaptive immune system responses are 

harmful to the body.  For the purpose of this article, this is called a hypersensitivity reaction as shown in the 

diagram in Fig. 2.5. 

 

 
Figure 2.5:  Simplistic diagram of the good and harmful responses of the immune system. 

 

Common allergies to grasses, pollen, and certain foods are a type of hypersensitivity reaction.  There are four 

types of hypersensitivity reactions, Type I through IV as shown in Fig. 2.6. CBD is a Type IV T-Cell mediated 

immune system reaction.  The term “T-Cell mediated” means that T-Cells convey the antigen’s presence to other 
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immune cells.  Type IV immune system reactions do not involve antibodies, but rather the immunity involves 

the activation of macrophages, antigen-specific T-Cells, and release of these cells’ cytokines (signalling 

proteins) in response to the antigen. 

 

 

Fig. 2.6:  Four types of hypersensitivity reactions with a few of their associated diseases. Images courtesy of Dental Care.  

 

T-Cells carry receptor molecules that have the shape and charge designed to recognize specific targets on 

foreign invaders.  These molecules are called Major Histocompatibility Complex (MHC) molecules. One can 

think of these molecules as an extension outside the cell that have a cup-like or fin-shaped receptor.  The cups 

or fins are varying shapes and have different electrical charges to enable binding to or holding onto a specific 

antigen.   Our bodies make the MHC molecules.  There physical size and shape of the cups or folds (i.e., receptor 

locations) are specific and differ depending on the coding of our genes. 

 

A short discussion of how genetics plays a role in immune system response is in order.  Humans have 23 pairs 

of chromosomes which exist inside all cells in the nucleus.  Chromosomes are comprised of strands of 

deoxyribonucleic acid (DNA) and genes are a subset of the DNA.  DNA is made of chemical building blocks called 

nucleotides. These building blocks are made of three parts: a phosphate group, a sugar group and one of four 

types of nitrogen bases. 

 

To form a strand of DNA, nucleotides are linked into chains, with the phosphate and sugar groups alternating.  

The four types of nitrogen bases found in nucleotides are: adenine (A), thymine (T), guanine (G) and cytosine 

(C). The order, or sequence, of these bases determines what biological instructions are contained in a strand of 

DNA. For example, the sequence ATCGTT might instruct for blue eyes, while ATCGCT might instruct for brown. 

Chromosomes have two pairs; one from each parent.  Individuals that have one copy of a gene are called 

heterozygotes and those that have two identical genes are called homozygotes.  See Figs. 2.7, 2.8, and 2.9. 
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Figure 2.7:  Twenty-three base pairs of chromosomes.  Chromosome six is highlighted because the markers for CBD are located on this 

chromosome. Wiki image. 

 
Figure 2.8:  Pictographs of cells with 23 chromosome pairs, a chromosome, DNA and genes.  Wiki image.  

 

Figure 2.9:  DNA double helix showing colour coded bases of cytosine, guanine, adenine, and thymine. Wiki image.  



Proceedings of the 14th International Workshop on Beryllium Technology 
24-25 October 2019 – Long Beach, California, U.S.A. 

_____________________________________________________________________________________ 
 

Page 375 of 447 

2.3 The Respiratory System 

The respiratory system is divided into two parts:  the upper respiratory tract and the lower respiratory tract.  

The upper respiratory tract includes the nose, mouth, and the upper trachea.  The lower respiratory tract 

includes the lower trachea and the lungs, which are further divided into the bronchi, bronchioles and the 

alveoli. 

 

The gas exchange surface area of the lungs ranges from 50 to 75 square meters, or approximately the size of a 

tennis court.  The alveoli are small air sacs that have a single-layer membrane with blood capillaries in direct 

contact with this membrane.  This is where the oxygen and carbon dioxide are exchanged in the lungs.  Figures 

2.10 and 2.11 show the lower respiratory tract and the alveoli. 

 

 
Figure 2.10:  Drawing of the bronchi, bronchial tree and the lungs in relation to the size of the alveoli. Wiki image.  

 

Figure 2.11. Expanded view of the alveoli showing the open air sacs and the capillaries in direct contact with the outside of the alveoli. 

Wiki image. 

Inhaled airborne beryllium particulate can deposit in the lungs through the physical processes of 

interception, impaction, sedimentation, and diffusion.  The location in the lung where the particles 

deposit and the percent captured depends on the size of the particles.  The lung deposition curve (Fig. 

2.12) shows that large particles are deposited mostly in the upper airways and the tracheobronchial 

regions, whereas the small particles deposit over all surfaces.  It is a common misconception that 
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small particles, here referred to as ultrafine particles (i.e., less than 100nm), are not deposited in the 

lungs.  This is not the case and clearly 10nm particles are almost all (~90%) deposited in the lungs. 

 

 
Figure 2.12:  Lung Deposition Curve showing the regions in the lung that particles deposit versus particle size. Image 

courtesy of Michael McCawley. 

3 Steps to Progression of CBD 
The major events in the acquisition of CBD are initial sensitization through skin exposure combined with 

inhalation exposure to airborne beryllium particulate.  An individual must be susceptible in order to acquire 

CBD.  If the individual is not susceptible or does not have CBD specific genetic markers, they can receive higher 

exposures and still not acquire CBD. CBD genetic markers are specific chromosome coding for the body to make 

CBD specific cup-like or fin-shaped immune cell extensions. 

 

This paragraph describes a more complete understanding of the specific known genetic expression, but the 

reader may choose to skip this. Susceptible individuals are known to have a variation at the human leukocyte 

antigen in the DP (HLA-DP) sub region that presents this gene coding for the Major Histocompatibility Complex 

(MHC) Class II antigen-bearing cells of T-Cells. This HLA complex is a series of genes located on chromosome 

6.  There is a group of HLA-DP variations called alleles where glutamic acid residue at position 69 is found in 

individuals with CBD.  The symbol used for this is HLA-DPβ1E69, but it is more commonly referred to as Glu69 

(McCanlies, 2003, Falta, 2010).  This specific code translates to a more electronegative receptor cup that can 

“bind” to or hold onto beryllium (Snyder, 2003). 

 

However, while this marker is associated with individuals who have CBD, over 40% of the population have this 

marker. We know that roughly up to only 20% of the exposed workers acquire CBD, so there is more research 

needed before genetic markers can be relied upon as an indicator of susceptibility.  Yet, if an exposed individual 

is a homozygote and has rare alleles, they can have as high as 70% probability of acquiring CBD. The allelic 

frequencies were higher for Chinese and Hispanics as compared to Caucasians and African Americans (Kreiss, 

2016, Weston, 2002). 

 

It is important to note the difference between the two terms susceptibility and sensitivity as these are a 

common cause for confusion and misunderstanding.  Susceptibility is the ability for an individual to react to an 

antigen based on their genetic makeup, whereas sensitivity or sensitization is a reaction to an antigen in a 
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susceptible individual.  Simply stated, when the term sensitization is used, the individual has been exposed to 

an antigen and is reacting to it. 

 

3.1 Skin Exposure 

Langerhans cells, and T-Cells are the immune system cells that are involved in establishing the sensitization 

reaction to beryllium in the skin.  Of course, beryllium particulate can go into the epidermis and dermis when 

there are wounds and intact skin.  There have been studies to support the theory that beryllium particulate can 

penetrate the skin through common flexing of the skin (Tinkle, 2003). 

 

However, a more logical means by which beryllium can enter the skin was presented by research that proposed 

that sweat can dissolve metal into ions which can then enter the skin (Stephaniak, 2010).  This theory is 

strongly supported by a common skin sensitization reaction to nickel.  There is ample evidence that nickel ions 

from solid nickel metal enter the body through skin contact (Satio, 2016). Sweat may not be necessary for the 

migration to occur. 

 

 
Figure 3.1.  Schematic of the skin with the immune cells locations on left and names and shapes of immune cells described further in 

Section 3. 

 

3.2 Immune System Recognition & Lung Exposure to Beryllium Particulate 

Through skin contact with a solid beryllium-containing particle, the beryllium ions move into the epidermis.  

Langerhans cells in the skin’s epidermis find the beryllium and become activated. The beryllium is bound to 

the Langerhans cells external antigen receptor.  The Langerhans cell moves into the dermis layer and presents 

the beryllium to the naive T-Cell. 

 

The naive T-Cell learns from the Langerhans cell that beryllium is a foreign invader or antigen and becomes a 

helper T-Cell, also called CD4+ T-Cell.  The helper T-cell travels to the lymph nodes where the helper T-Cells 

activate the system to make an abundance of helper T-Cells (i.e., the cells proliferate).  These helper T-Cells 

then circulate throughout the lymphatic system and the bloodstream and along with other locations, they can 

reside in the lungs.  See Fig. 3.2. 
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Figure. 3.2:  Diagrame of the full process of immune cell reactions. Steps 1 and 2 occur in the skin, step 3 occurs in the lymphatic system 

and the lung, and steps 4 and 5 occur in the lungs. 

Once the sensitized individual has beryllium particulate deposited in the lungs, the immune cells find the 

particles or ions.  A helper T-Cell will then multiply and at the same time excrete cytokines, which are signals 

for other cells such as macrophages to come investigate. 

 

Macrophages blindly move in the lungs and will encounter and engulf beryllium particles.  With CBD, multi-

nucleated giant cells develop when the macrophage engulfs the beryllium particle.   See Fig. 3.2.  Giant cells are 

seen in sarcoidosis patients as well as CBD and hence the reason that CBD is easily misdiagnosed as sarcoidosis.  

(Müller-Quernheim, 2006) The alveoli sacs are where the most damage occurs, where giant cells become 

surrounded by additional immune cells to form what is termed a non-caseating granuloma.  This group of cells 

can be described as 3-dimensional sphere-like accumulation where the cells form onion-like layers.  The alveoli 

become clogged with a mass of immune cells that die in the process of trying to remove the beryllium.  Fibrosis 

results in the most progressive cases which is similar to asbestosis and silicosis.  
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Fig. 3.3:  Normal cells and damaged cells.  A giant cells with multiple nuclei is noted. Wiki images. 

4 Understanding Beryllium Exposure Risk 
There are two primary exposure risks for beryllium, contact with the skin and inhalation of particulate.  Skin 

contact with particulate is a risk especially if it stays on the skin for long periods of time.  Higher incidence of 

sensitization has been shown when the skin is wet, such as in operations like plating, pickling, and ultrasonic 

bath parts cleaning.  Further, skin exposure to soluble beryllium salts such as beryllium nitrate can also be a 

risk for acquiring beryllium sensitization. 

 

There are differences in CBD risk for beryllium oxide (ceramic), beryllium metal, and beryllium salts.  The more 

soluble the chemical is, the less risk there is since soluble particles are more likely to dissolve and therefore 

cannot be engulfed by a macrophage.  Beryllium oxide is the most insoluble and therefore the highest risk.  It 

is important to note that the naturally occurring form of beryllium, which is a form of beryllium aluminium 

silicate of beryl, beryllide, bertrandite, etc. is not a known risk. 

 

All beryllium regulatory limits for beryllium are based on mass or weight.  However, CBD is an immune system 

response with damage beginning with individual particles deposited in the lung.  Given that immune cells move 

blindly, the probability of the cells finding a particle is increased if the number of particles increases.  It is not 

likely that a large particle has more risk than a small one for this type of disease. 

 

One million 100nm-sized particles have the same weight as one 1µm particle.  It has been proven that the mass-

based exposure limits are not predictive of CBD (McCawley, 2001).  Further, it has been proven that average 

airborne beryllium exposure levels as low as 0.02µg/m3 can cause CBD (McCawley, 2001, Schuler, 2005). A 

better indicator of risk is that of airborne beryllium particle number and in relation to the deposition rate for 

the specific particle size.  It is unfortunate that standard exposure monitoring methods do not measure 

beryllium particulate number and the author speculates that this is the primary reason that regulatory limits 

in the US are not particle number based. 

 

DOE’s proposed action level is set at 0.05µg/m3 (DOE, 2016) and in private discussions with the authors (Creek, 

2017) they reported that this level was established in order to prevent any airborne beryllium.  This is 

supported by Dr. David Michaels’ paper entitled “Beryllium's Public Relations Problem: Protecting Workers 

When There Is No Safe Exposure Level” (Michaels, 2008). Thus, DOE’s proposed action level takes into 

consideration the analytical detection limit.  Therefore, this limit was set to allow the measurement to be 

technically feasible.  DOE is not under the same requirement as is OSHA to evaluate economic feasibility of 
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proposed standards.   DOE is both the regulator and the funding source for work performed by DOE contractors.  

In contrast, OSHA is required to prove economic feasibility and has set their action level at a higher level of 

0.1µg/m3 (OSHA, 2016).  While this standard will reduce the prevalence of CBD, it is almost a certainty that it 

will not eliminate it.  Further, companies following rote regulatory compliance will focus on operations that 

have the higher weight-based exposures and may ignore other operations that could potentially be a higher 

risk. 

 

To fully understand the risk of an operation’s airborne exposure, an evaluation of airborne particle number as 

well as size should be conducted.  While a method is available to determine total deposited particle number, 

some of the equipment used for this method is expensive and not standard to most occupational health 

practitioners (McCawley, 2009).  Yet even without these tools, a subjective evaluation can be made.  Operations 

that involve high speed and high heat as well as those wet operations that generate bubbles (plating, ultrasonic 

bath) will generate large numbers of ultrafine particulate. 

 

4.1 Beryllium-Containing Alloys 

It is a common misconception that copper-beryllium operations do not result in enough exposure to cause CBD, 

given that copper-beryllium has a low percentage of beryllium (<2%).  It has been well documented in multiple 

studies and with health outcomes noted in copper-beryllium industry disease rates that exposure to copper-

beryllium alloys can cause CBD (Schuler, 2005, Maier, 2019, Thomas, 2009). 

 

Another misconception is that skin exposure to copper beryllium plays no role in initiating the disease.  The 

beryllium in copper beryllium is no different than beryllium metal.  Copper beryllium is an alloy, not a chemical 

compound where two elements are bound to each other.  Fig. 3.5 shows an SEM image of copper-beryllium 

where the beryllium metal is a gold color.  Therefore, exposure to beryllium particulate whether it comes from 

the beryllium metal or the beryllium metal alloy is still a risk. The only difference in the risk is that the 

contamination level of a solid alloy would be less, but it is still high enough to be a concern. 

 

 
Fig. 3.5:  Scanning electron microscope image of copper beryllium alloy. 

While it is believed that wet operations are a control method for airborne particulate, if the operation involves 

high speed processes such as machining, small mist/beryllium particles can be easily generated.  Exposure can 

result from inhalation of the mist that contains beryllium particles.  Further, the mist can evaporate resulting 

in only beryllium particles that can also be inhaled (Donaldson, 2019).  This is especially true for lathing 
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operations of large-diameter parts. Cutting fluid is recycled, can easily become contaminated, and the filters 

are not designed to remove the ultrafine particulate.  Operations that involve heat are also an exposure risk.  

As quoted from Donaldson, 2019, electron discharge machining (EDM) generates a very fine smoke and fume 

that can be seen rising out of the pool of dielectric oil. Small particles can linger in the air.  As an example, it 

takes over 13 days for a 100nm particle to fall one meter. 

 

Dust contaminated with man-made beryllium can become resuspended and can be a primary risk for locations 

where operations have ceased but the contaminated equipment and room surfaces remain. DOE establishes a 

surface contamination housekeeping limit of 3µg/100cm2, requiring work surfaces to be below this level at the 

end of a shift (DOE, 1999). 

 

One final exposure risk not discussed earlier is the risk to mucous membranes.  While it is not well documented, 

it is possible that beryllium exposure to mucous membranes such as the eye mucosa are a risk to developing 

sensitization. This is somewhat supported in that conjunctivitis was prevalent during the time period from 

1930-1960.  The fact that conjunctivitis develops from exposure to beryllium shows that the mucous 

membranes have some ability to react to beryllium (Creek, 2001).  Therefore, the eyes should be protected 

from contaminated hand to eye contact and for exposures above the exposure limit to the eye conjunctiva by 

using respirators that protect the eyes. 

 

5 History of CBD in the DOE Complex 
While there are many excellent articles on various industrial exposures and the risk of disease, (Michaels, 2008, 

McCawley, 2001 to name a few) the best lessons learned come from experience with the DOE and its contractor 

sites.  This historical perspective is given to allow the reader to understand what it means to have unchecked 

exposure risks and not provide sufficient medical surveillance or exposure monitoring for workers.  Prior to 

1983, the hazard of beryllium within the DOE Complex was thought to be adequately controlled.  Sites had 

administrative or policy documents that included control of beryllium exposures.  Worker exposure monitoring 

was conducted on a routine basis at most of these DOE sites. Medical surveillance testing had not uncovered 

any disease using standard testing such as chest X-rays and pulmonary function tests. 

 

Concerns started to arise when Rocky Flats Environmental Test Site had their first case of CBD diagnosed in 

1984.  This was thought to be an anomaly from some high exposure event.  The second case in the early 1990s, 

however, was the triggering event to DOE’s initiating beryllium worker studies, which included testing the 

workers with the Beryllium Lymphocyte Proliferation Test or BeLPT. 

 

This second case has many interesting aspects in that the worker was a semi-professional soccer player and 

had trained in the Rocky Mountains.  He had at one time been in excellent health where his high-altitude 

training resulted in a very high lung capacity (>140%).  The worker describes how medical doctors would 

marvel at his chest x-ray, commenting that his lungs were so large that a non-standard size x-ray film had to be 

used.  Yet as a Rocky Flats worker in his 40’s, he started to experience shortness of breath during his sports 

activities.  He consulted his private physician as well as Rocky Flat’s  physicians.  Company doctors did not 

believe the individual’s condition was work related and his private doctor was not knowledgeable about CBD.  

The worker went to a local facility that specializes in pulmonary diseases, National Jewish Health, where he 

was diagnosed with CBD. 

 

During this timeframe, the DOE believed that beryllium exposures at Rocky Flats and other DOE facilities were 

well controlled. Many of the sites had conducted beryllium machining operations since the 1960s.  However, 
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the common sampling method used fixed-area air samplers based on radiation protection methodology.  The 

samples were collected well outside the breathing zone.  Although the results were below the Occupational 

Safety and Health Administration Permissible Exposure Limit (OSHA PEL) of 2µg/m3 8-hour Time-Weighted 

Average (TWA) used at the time, the workers could have had substantially higher exposures.  The method of 

sampling underestimated the exposure levels. 

 

There is a picture of the Rocky Flat’s beryllium machinists inside the beryllium machine shop having a holiday 

party and holding a long submarine sandwich. Over half of the  workers had beards showing respiratory 

protection was probably not worn.  This photo emphasizes that the workplace controls were insufficient. 

Nonetheless, Rocky Flats second case contributed to the DOE’s decision to perform the Beryllium Worker 

Studies and provide the BeLPT to those who had worked in or accessed the beryllium areas. 

 

When the results revealed beryllium sensitization and CBD at all the sites in the initial studies, the DOE issued 

the first expanded regulatory standard in the world, with an action limit set at  0.2µg/m3 (DOE, 1999).  The 

standard included the requirement to provide the BeLPT to the exposed population.  Today, it is known that 

nearly 75% of the current sites tested (20 out of 27 locations or companies), have workers that are sensitized 

and 50% of the sites have cases of CBD (ORISE, 2017).  Further, the numbers in the ORISE reports do not reflect 

the total number of cases since they don’t report former workers or current  workers that are bypassing their 

employer’s system by using the Energy Employees Occupational Illness Compensation Program (DOL, 2000). 

 

Some of the reasons for limited recognition of beryllium hazards during the early 1990s at DOE sites are 

discussed.  All sites had medical surveillance programs, with most having board certified occupational 

physicians and certified industrial hygienists.  These professionals were of the opinion that their program 

should have identified or uncovered a problem if one existed. As mentioned, they believed that the exposure 

limit was protective.  It was believed that since  exposure levels were below the regulatory limit the workers 

would not acquire the disease.  There was no or little consideration of low percentage beryllium alloys as being 

a potential risk.  There was loss of personal testimony due to retirement or employees relocating.  They did not 

anticipate significant contamination or risk for locations where only finished components were handled.  There 

were complications due to classified work. 

 

To further elaborate, the excuses included statements like “we don’t have beryllium on-site”, “we only use 

copper beryllium”, “we only handle the finished parts”, and “we monitor for radiation and it should pick up the 

problem if we have one”.  However, the reality was that sites that stated they didn‘t have beryllium, used it in 

rocket fuel research and as a nuclear moderator for nuclear reactors.  The site that used radiation monitoring 

as their control method, conducted open air explosive testing of assemblies containing beryllium parts.  This 

location is highly beryllium contaminated and resulted in at least one very severe case of CBD. 

 

Some of  these sites turned out to be in the top 5 of the highest number of CBD cases within the DOE complex.  

In fact, when one facility started investigating, the industrial hygienists set up the equipment calibration area 

(a location that is supposed to be contaminated free)  in one of the most contaminated areas within the facility. 

The individuals that performed the evaluations were Certified Industrial Hygienists (CIH), yet in general, 

surface sampling in the IH field is rarely done. Further it was discovered that the facility that only handled 

beryllium parts had highly contaminated parts containers. Handling of the contaminated containers generated 

enough exposure to cause disease as can be seen in the ORISE report (ORISE, 2017). 
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The point to be made here is that for the majority of today’s beryllium processing facilities, there is probably a 

risk of workers getting CBD.  Beryllium facilities across the globe can apply this DOE experience to their 

processes.  While DOE has some unique work, the levels of contamination would be similar in private industry 

if not higher as shown by the France worker studies (Vincent, 2009, Rousset, 2019).  Responsible employers 

should be obligated to provide the BeLPT to all workers that go into the processing area.  The BeLPT is 

discussed in the next section. 

 

6 Diagnosis of CBD 
 

Diagnosis of CBD for involves two primary steps, first the determination if the individual is beryllium sensitized 

and then a medical follow-up for those diagnosed with beryllium sensitization.  It is well established by the 

experience of the DOE that the only definitive way to diagnose sensitization and CBD is by using the Beryllium 

Lymphocyte Proliferation Test or BeLPT.  “Absence of evidence is not evidence of absence” (Michaels, 2008). 

Without the use of the BeLPT, CBD can and is being misdiagnosed as sarcoidosis, Chronic Obstructive 

Pulmonary Disease, and Hypersensitivity Pneumonitis (Müller-Quernheim, 2006, Maier, 2019).  Sarcoidosis is 

a disease of unknown cause.   One author suggests that sarcoidosis is CBD and recent comparisons of the two 

continues to show how the two diseases have a strong overlap (Rossman, 2003, Culver, 2016). 

 

6.1 Definition of Beryllium Sensitized or BeS 

Once again, terminology is important, and the definition of beryllium sensitized or BeS can vary depending on 

the organization that is using it.  However, the golden definition by the Energy Facilities Contractor Operating 

Group (EFCOG, 2008) and further simplified by (Maier, 2019) for beryllium sensitization are test results as 

follows: 

 

• 2 Abnormal BeLPTs 

• 1 Abnormal and 1 Borderline 

• 3 Borderline BeLPTs 

• Abnormal Bronchoalveolar Lavage (BAL) BeLPT 

 

The EFCOG’s BeLPT Interpretation Guide is a useful resource to help determine the next step for a borderline 

or abnormal test result.  The BeLPT is a blood test that uses live cells.  The blood cells are exposed to a beryllium 

salt.  If a person is sensitized, their cells will multiply (or proliferate) and this is called a BeLPT+ or an abnormal 

result. 

 

6.2 Routine Exam 

The medical tests and procedures conducted that are standard for a beryllium medical surveillance routine 

exam are as follows: 

 

• Medical and work history with emphasis on past, present, and anticipated future exposure to beryllium 

• Respiratory symptoms questionnaire 

• Physical examination with special emphasis on the respiratory system, skin, and eyes 

• Low dose computed tomography scan when recommended 

• Pulmonary function test (spirometry) for forced vital capacity and forced expiratory volume (FEV1) 

• Beryllium lymphocyte proliferation test (BeLPT, i.e. the blood test) 
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• Other tests deemed appropriate by the examining physician for evaluating beryllium-related health 

effects  

• Follow up testing for BeLPT+, borderline, or uninterpretable cases 

• Medical follow up for BeLPT+ cases 

 

6.3 Medical Follow-Up for BeS Cases 

The medical follow up for those diagnosed as Beryllium Sensitized (BeS) involves invasive tests and should be 

performed by a medical facility that has experience diagnosing pulmonary diseases preferably one that has 

experience diagnosing CBD. The following test and procedures are conducted: 

 

• Chest radiograph (B reading) or High-Resolution Computed Tomography 

• Pulmonary function testing 

• Diffusing Capacity of the Lung for Carbon Dioxide (DLCO) 

• Exercise Physiology 

o Workload, Maximum Oxygen Update (VO2 max) 

o Gas exchange (rest, exercise) 

• Bronchoalveolar Lavage (BAL) 

o Percent lymphocytes 

o BAL LPT 

• Lung biopsy with subsequent histopathology tests (Fig. 6.1 shows normal and abnormal alveoli cells) 

 

The BAL is a test where a bifurcated tube (two branches) is placed in the lungs, one side is used for the patient 

breathing, the other side is filled with sterile fluid to collect (lavage) the cells for further testing. 

 

The BeLPT has been repeatedly and incorrectly referred to a test that is plagued with inaccurate results.  

However today it is known that this test is as accurate or better than some of our standard screening tests such 

as those for breast, colon, and pancreatic cancers (Mroz, 2019).  Further, some governmental organizations 

refuse to use this test because their position is that a blood test is too invasive.  A blood test is a common medical 

procedure and even children are at times given blood tests to diagnose the more harmful diseases.  Testing the 

workers is the only prudent thing to do. 

 

These excuses fall short from a good justification especially when there is a valid risk of disease. No excuse is 

good enough to walk away from protecting workers from the risk of CBD. A more likely reason is that some 

organizations do not want to use the BeLPT because they fear what happened to DOE will happen to them. If 

an organization processes beryllium, they are probably right, it could happen to them.  Initiating the BeLPT on 

an exposed population is not an easy or pleasant task but it is a necessary one. 

 

Regarding frequency of testing, CBD has a long latency period. Therefore, the medical surveillance should be 

repeated in a set frequency (i.e., yearly) and ongoing to continue after employment but less frequent after 

exposures cease. 

 

6.4 Tests Under Consideration 

A final discussion on additional tests under consideration. While there is some use of beryllium urinalysis, this 

has not yet been demonstrated to be accurate at predicting exposure intake or dose.  Many food and other 

products contain naturally occurring beryllium, which can be an interferant. Studies conducted by INRS in 
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France have used the exhaled breath condensate and tested for the immune cytokines of TNF-α (Rousset 

(2019).  This test shows promise at being an effective screening test since a positive result indicates the worker 

is sensitized and reacting to beryllium in the lung. 

 

7 Summary 
Available evidence indicates that beryllium sensitization and disease occurs in over 75% and 50% respectively 

of all workplaces where beryllium and beryllium alloys are present.  With increasing evidence that weight-

based exposure limits are not effective at preventing beryllium sensitization and CBD, it is incumbent on 

employers to take additional measures to accurately identify processes and activities that present the greatest 

risks to workers. 

 

Characterization of processes by particle number generated rather than total mass is the best method to 

accomplish this.  Implementation of a medical monitoring program utilizing the BeLPT is a critical and 

necessary step to further identify worker groups at risk and allow for medical removal of sensitized workers, 

hopefully reducing the number of cases that progress to CBD. 
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Key Elements of a Successful Beryllium Control Program 

K. Creek (Beryllium Solutions International, USA) 

Key Elements of a Successful Beryllium Control 
Program 

Kathryn Creek, CIH 
 

Beryllium Solutions International LLC, Los Alamos, New Mexico, U.S.A. 
 

The regulatory requirements for beryllium control have increased in Europe and the United States. The 

European Commission has proposed the Directive 2004/37/EC for the protection of exposure to carcinogens, 

including beryllium with a lowering of the current exposure limit to 0.2μg/m3 following a seven-year grace 

period at 0.6μg/m3. 

 

The U.S. Department of Labor, Occupational Safety and Health Administration (OSHA) published their 

expanded standards for General Industry, Construction, and Maritime Standards on January 9, 2018. Portions 

of the Standards came into effect in May 2018, including lower permissible exposure limit of 0.2μg/m3 which 

is 10% of the previous limit. 

 

Further requirements for the standard include establishing regulated areas, conducting exposure assessments 

and exposure monitoring, written exposure control plan, engineering and work practice controls, prohibition 

of worker rotation, respiratory and personal protection, hygiene areas and practices, housekeeping, medical 

surveillance and removal, and communications. Key elements of a successful program for protection of the 

worker and compliance with the OSHA standard are presented. 
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Surface Beryllium and Worker Exposures 

M. Kolanz (Materion Corp., USA) et al. 

Surface Beryllium and Worker Exposures 

Marc Kolanz and Theodore Knudson 
 

Materion Corporation, Mayfield Heights, Ohio, U.S.A. 
 

As a naturally occurring element which is ubiquitous in nature, surficial levels of beryllium may contribute to 

workers exposures to beryllium with potential health impacts. This presentation will discuss the sources of 

naturally occurring beryllium, the origin of surface limits, soluble versus insoluble compounds, surface 

contamination and its relationship to skin/inhalation exposures and potential health effects. 
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Session 7:  The BeYOND Industrial Forum 
Overview of the BeYOND Workshop Series 

A. Goraieb (KBHF, Germany) et al. 

Overview of the BeYOND Workshop Series 
 

Aniceto Goraieb1 and Christopher Dorn2 
 

1Karlsruhe Beryllium Handling Facility (KBHF GmbH), Eggenstein-Leopoldshafen, Germany 
2Be4FUSION LLC, Upland, California, U.S.A. 

 
In the technical field of beryllium, there are currently two workshops that take place in alternating years, the 
IEA International Workshop on Beryllium Technology (BeWS) in the odd-numbered years and the BeYOND 
Industrial Forum in the even-numbered ones.  The name BeYOND is an acronym which stands for “Beryllium 
Opportunities for New Developments”. 
 
After trying various timing with respect to other conferences, it evolved that the BeYOND workshops would 
take place on alternate years from the BeWS, and normally held in conjunction with the SOFT Conference 
(Symposium on Fusion Technology), which is always held in Europe.  Meetings to date: 
 

• BeYOND-1:  Karlsruhe, Germany, 2009 
• BeYOND-2:  Porto, Portugal, 2010 
• BeYOND-3:  Karlsruhe, Germany, 2011 
• BeYOND-4:  Karlsruhe, Germany, 2012 
• BeYOND-5:  Barcelona, Spain, 2013 
• BeYOND-6:  San Sebastian, Spain, 2014 
• BeYOND-7:  Berlin, Germany, 2016 
• BeYOND-8:  Karlsruhe, Germany, 2018 

 
BeYOND was created with the idea of more emphasis on strengthening the connection between the beryllium 
research community and the beryllium industry, an aspect not always satisfied by the BeWS.  Since BeYOND-5 
in 2013, the workshop has generally also placed more emphasis on beryllium health and safety than typically 
found in the BeWS. 
 
At this point, BeYOND-9 is planned for 17-18 September 2020, to be held at or near the ITER Organization site 
in Cadarache, France. 
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Appendices 
BeWS-14 Participants List 
 

First Name Family Name Organization Country 

Eduardo Alves Instituto Superior Tecnico Portugal 

Raul Amarelle LEADING Enterprises Spain 

Vladimir Chakin KIT Germany 

Kathryn Creek Beryllium Solutions International USA 
France 

Mirjana Damjanovic CEA 
UK Atomic Energy Authority 

France 
UK 

Marta  Dias Instituto Superior Tecnico Portugal 

Christopher Dorn UK Atomic Energy Authority 
Be4FUSION LLC 

UK 
USA 

Fred Elsner General Atomics USA 

Ramil Gaisin KIT Germany 

Aniceto Goraieb KBHF Germany 

Klaus Hesch KIT Germany 

Hidetaka Kanawaza Chiyoda Technol Corporation Japan 

Hiroshi Kawamura Chiyoda Technol Corporation 
Japan Atomic Energy Agency (Retired) 

Japan 

Jae-Hwan Kim QST Japan 

Michael Klimenkov KIT Germany 

Theodore Knudson Materion Corp. USA 

Andreas Koester TROPAG GmbH Germany 

Marc Kolanz Materion Corp. USA 

Viacheslav Kuksenko UK Atomic Energy Authority UK 

Glen Longhurst Southern Utah University (Retired) 
Idaho National Laboratory (Retired) 

USA 

Patrick Lorenzetto Fusion for Energy Spain 

Joey Loyd Hardric Laboratories USA 

Peter Maehlmann TROPAG GmbH Germany 

Walid Mohamed Argonne National Laboratory USA 

Keisuke Mukai Kyoto University Japan 

Masaru Nakamichi QST Japan 

Yuri Natori KAKEN Laboratories Japan 

Keigo Nojiri NGK Insulators, Ltd. Japan 

Yi-Hyun Park NFRI Korea 

Richard Pearson The Open University UK 

Dirk Radloff KIT Germany 

René Raffray ITER Organization France 

Rolf Rolli KIT Germany 

Hans-Christian Schneider KIT Germany 
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First Name Family Name Organization Country 

Keith Smith Materion Brush Inc. USA 

Gary Solbrekken University of Missouri USA 

Peter Späh KIT Germany 

Benjamin Spilker Forschungszentrum Jülich Germany 

Christopher Stihl KIT Germany 

Arman Suleimenov Ulba Metallurgical Plant Kazakhstan 

Ron Townsend Materion Brush Inc. USA 

Carole Trybus Materion Brush Inc. USA 

Lee Vandermark General Dynamics USA 

Pavel Vladimirov KIT Germany 

Beth Walker Cambridge Technology Ltd. UK 

Lance Whalen General Dynamics USA 

Sunyoung Yang Modern Science Tech Inc. 
Motion High Tech Co., Ltd. 

USA 
Korea 

Nikolai Zimber KIT Germany 

Milan Zmitko Fusion for Energy Spain 
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Workshop & Venue Photos 
The BeWS-14 was held at one of more unusual venues in its history, aboard the permanently moored 
retired ocean liner, the RMS Queen Mary, located in Long Beach since 1967.  Today, the Queen Mary 
functions primarily as an event center and hotel. 
 

 
View of The Queen Mary in her berth at the harbor and sign near the entrance to the ship. 
 

 
The workshop was held in the former First-Class Smoking Lounge on board the ship.  Note the Art Deco 
style, including the decorative mural at the back of the room, seen in the photo on the left. 
 

 
Panoramic view of Long Beach harbor as seen from the decks of The Queen Mary. 
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Dr. Jae-Hwan KIM of QST in Japan, pictured on the right in both photos, was recipient of the 2019 Mario Dalle Donne 
Memorial Award for outstanding achievement in the field of beryllium research for fusion. 
 

 
Left: Drs. Hiroshi KAWAMURA and Glen LONGHURST, recipients of special BeWS Lifetime Achievement Awards for 
being two of the co-founders of the workshop, pictured with BeWS-14 Chair, Chris DORN. 
Right: Dr. Anton MÖSLANG of KIT, long-time BeWS IOC Chair, receiving his BeWS Lifetime Achievement Award from 
BeWS-14 Technical Chair, Dr. Pavel VLADIMIROV, in a ceremony held at KIT after the workshop. 
 

 
Left: Aniceto GORAIEB of KBHF, who holds the distinction of having attended more Be Workshops than any other 
individual participant (13 of 14), discussing the awards presentations with Glen LONGHURST. 
Right: Keith SMITH of the leading BeWS-14 sponsor Materion, using his company’s poster at the workshop’s vendor 
exhibition to illustrate a finer point of beryllium use in fusion research for one of the participants. 


