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ABSTRACT 
 
 

The IAEA has been involved for more than twenty years in supporting international nuclear 
non-proliferation efforts associated with reducing the amount of highly enriched uranium 
(HEU) in international commerce. IAEA projects and activities have directly supported the 
Reduced Enrichment for Research and Test Reactors (RERTR) programme, as well as 
directly associated efforts to return research reactor fuel to the country of origin where it 
was originally enriched. IAEA efforts have included the development and maintenance of 
several data bases with information related to research reactors (RRs) and research reactor 
spent fuel inventories that have been essential in planning and managing both RERTR and 
spent fuel return programmes. Other IAEA regular budget and Technical Cooperation 
activities have supported research reactor conversion and spent fuel return programmes. 
After the announcement of the Global Threat Reduction Initiative (GTRI) by United States 
Secretary of Energy Spencer Abraham on May 2004 at the IAEA headquarters in Vienna 
and following recommendations of the 2004 RERTR meeting, held in Vienna in November 
2004, IAEA support of RERTR and the programmes of repatriation of research reactor fuel 
to the country of origin are being strengthened. A comprehensive number of new activities 
have been initiated and some others are being prepared for 2006. 
The paper fully describes objectives, structure and implementation of IAEA new activities 
in support of RERTR and fuel return programmes. Special emphasis is put in explaining 
IAEA mechanisms used for implementation and specific contribution and value added 
through Agency’s involvement. Future activities under preparation are introduced and 
described. 

 
 
 
1. Introduction 
 
For over 50 years RRs have been one of the cornerstones of nuclear science and technology, 
with a good record of safe operation. They have played and continue to play a key role in the 
development of the peaceful uses of nuclear energy. Their contribution to the education and 
training of scientists and engineers for the whole nuclear community is well documented. In 
addition, RRs are used for a variety of purposes such as the production of isotopes for 
medicine and industry, non-destructive testing, analytical studies, the modification of 
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materials, research in physics, biology and materials science, and support of nuclear power 
programmes. 
As important as the continuous delivering of research, education, services and products is the 
requirement that the RRs community addresses the increasing international concern regarding 
security and non-proliferation. This concern is associated with the continued operation of 
many RRs with highly enriched uranium (HEU) and the existence of large inventories of 
HEU RR spent fuel in different countries.  
Agency’s competence in the area of RRs has been continuously built since its foundation. At 
present, RRs aspects at the Agency are articulated in two different subprogrammes, one 
dealing with utilization, modernization, fuel cycle issues (including conversion and spent fuel 
return) and decommissioning and the other with safety and physical security. 
The IAEA has been involved for more than twenty years in supporting international nuclear 
non-proliferation efforts associated with reducing the amount of highly enriched uranium 
(HEU) in international commerce. IAEA projects and activities have directly supported the 
Reduced Enrichment for Research and Test Reactors (RERTR) programme, as well as 
directly associated efforts to return research reactor fuel to the country of origin where it was 
originally enriched. IAEA efforts have included the development and maintenance of several 
data bases with information related to research reactors and research reactor spent fuel 
inventories that have been essential in planning and managing both RERTR and spent fuel 
return programmes. Other IAEA Regular Budget and Technical Cooperation activities have 
supported research reactor conversion and spent fuel return programmes. 
After the announcement of the Global Threat Reduction Initiative (GTRI) by United States 
Secretary of Energy Spencer Abraham on May 2004 at the IAEA headquarters in Vienna and 
following recommendations of the 2004 RERTR meeting, held in Vienna in November 2004, 
IAEA support of RERTR and the programmes of repatriation of research reactor fuel to the 
country of origin are being strengthened. A comprehensive number of new activities have 
been initiated and some others are being prepared for 2006. 
In the following sections the structure and implementation of IAEA new activities in support 
of RERTR and spent fuel return programmes are fully described. Special emphasis is put in 
explaining IAEA mechanisms used for implementation and specific contribution and value 
added through Agency’s involvement. Future activities under preparation are introduced and 
described. 
 
 
2. New IAEA Activities in Support of RR Conversion and Fuel Return Programmes 
 
Activities at the IAEA in support of GTRI are articulated either through the Regular Agency 
Programme or the Technical Cooperation (TC) Programme [1]. Even though organizational 
and administrative mechanisms are different in both programmes a strong interaction between 
them exists and a solid “one house approach” is used to implement the projects. 
 
2.1 Regular Programme 
 
In the following paragraphs descriptions of the most significant activities carried out under 
the Regular Programme in 2005 are presented. IAEA involvement in 99Mo production using 
LEU is reported in other presentation to this meeting [2] 
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2.1.1 Preparation of Guidelines for Research Reactor Fuel Qualification 
 
Several national and international efforts are underway to develop, qualify, and license Low 
Enriched Uranium (LEU) research reactor nuclear fuel (RRNF). On the one hand, different 
types of Russian designed LEU RRNF are being developed in order to allow for the 
conversion of an important number of Russian designed research reactors (RR) both in the 
Russian Federation and in former Soviet Union customers. On the other hand, a coordinated 
international effort seeks to qualify high density fuel based on γ-phase U-Mo alloy, either 
dispersed in aluminium or monolithic, for application in plate-type reactors of Western 
design, tube-type reactors of Russian design, and pin-type reactors of Canadian design. This 
development work has been undertaken to provide fuels with the higher densities needed to 
extend the use of low-enriched uranium (LEU) to those reactors requiring higher densities 
than currently available in silicide dispersions and to provide a fuel that can be more easily 
reprocessed than the silicide. 
Consistent with increasingly critical non-proliferation concerns brought about by the use of 
Highly Enriched Uranium (HEU) in RRNF, conversions of RRs from HEU to LEU are 
acquiring strong momentum worldwide. The latter implies that an important number of 
commercial operations involving LEU RRNF are foreseeable in the near future. For 
upcoming RRNF supply arrangements a clear appreciation is crucial of the requirements that 
the procured RRNF should meet. One of the main requisites is that RRNF supplied for RR 
core conversion should be qualified. Therefore, a common understanding of what “qualified 
fuel” means is necessary. In recent international RR meetings, participants expressed their 
interest in having the IAEA prepare a comprehensive publication on the above-mentioned 
subject. 
The IAEA has recognized that, even though a great deal of information on RRNF 
qualification is available in the open literature (including regulatory documents prepared for 
the qualification of LEU silicide fuel), so far no comprehensive document addressing the 
rationale of qualification of RRNF has been published. The IAEA also understands that such 
a guideline document will serve to indicate definitions, processes and requirements to be used 
in RRNF supply negotiation as well as helping in the orientation of fuel development 
activities. 
A Consultancy Meeting on the subject was held on 7-9 March 2005. Two consultants each 
from Argentina, France, and the United States and one each from Canada, the Republic of 
Korea, and the Russian Federation, plus two observers from the U.S. participated in the 
meeting, in addition to Agency staff from NEFW, Nuclear Fuel Cycle and Materials Section, 
NSNI, Research Reactor Safety Section, and NAPC, Physics Section.  
The purposes of the meeting were: i) to discuss basic definitions, approaches and processes 
relevant to the qualification of research reactor nuclear fuel; ii) to determine the scope and 
table of contents of a future IAEA guideline publication on qualification of research reactor 
nuclear fuel; iii) to draft the outline of the future document and prepare extended synopsis of 
the different sections of the guideline; iv) to define a time schedule for the preparation of the 
document; and v) to consent and assign responsibilities for the elaboration of the different 
chapters of the guideline document. 
The consultants readily agreed that guidelines for research reactor fuel qualification are 
needed and would be useful for fuel developers, fuel manufacturers, and all parties involved 
in research reactor fuel conversion projects. The consultants prepared a draft outline/table of 
contents for the guidelines document and short summaries were written for each of the 
chapters and for some of the sub-sections. The guidelines will have separate chapters 
discussing fuel qualification, and separately, fuel manufacturer/fabricator qualification. 
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The document, at present under preparation, will also include case studies on the “Western,” 
Canadian, and Russian approaches for qualifying RR fuel. 
 
2.1.2 Conversion of Slowpoke and Miniature Neutron Source Reactors 
 
The Canadian-designed and built Slowpoke-2 reactors (five still operating) and the Chinese-
built Miniature Neutron Source (MNSR, 27 kw) reactors (four in China, five abroad) are 
reactors of similar design. They have common operational, utilization, and spent fuel 
management issues. It is considered that an exchange of information on these matters would 
be of value to the reactor operators. 
Thus, these reactors represent an ideal basis to initiate an international effort to form a 
research reactor operators users group, suitable to allow participant operators to address 
common issues, problems, and opportunities and to exchange information. 
In addition, most of these reactors have cores consisting of less than 1 kilogram of HEU (90% 
or greater) and some of them are considering converting to the use of LEU fuel. 
Two Slowpoke-2 reactors in Canada operate using LEU fuel. One started up on LEU fuel and 
the other was converted to LEU fuel. In addition, the China Institute of Atomic Energy 
(CIAE) has also been studying conversion of the MNSR cores to LEU. However, cost is 
likely to be an important  factor to be considered by operators seeking to convert to LEU or to 
replace a spent core of such reactors. 
In view of the foregoing,  discussions among  Slowpoke-2 and MNSR operators with the 
objective of forming a users group to address operational and utilization issues, including 
conversion of Slowpoke-2 and MNSR reactors, as part of international efforts to reduce and 
eventually eliminate the civil use of HEU, may prove to be useful. 
A technical meeting regarding the conversion of SLOWPOKE and Miniature Neutron Source 
Reactors (MNSR) was held on 23-25 May 2005. Participants from Canada, China, France, 
Ghana, Jamaica, Nigeria, Pakistan, Syria and the U.S., participated in the meeting, in addition 
to Agency staff from NEFW, Nuclear Fuel Cycle and Materials Section, and NAPC, Physics 
Section and NSNI, Research Reactor Safety Section. The purposes of the meeting were: i) to 
discuss the operating, utilization, and fuel performance experiences of Slowpoke and MNSR 
research reactors; ii) to exchange information on ongoing programmes and future plans; iii) to 
review the experience of Slowpoke reactors which operate on LEU; iv) to examine whether 
there are technical solutions, including a qualified fuel, available for conversion of the HEU-
fuelled reactors; v) to exchange information on spent fuel management plans of the different 
operators; and vi) to discuss the opportunity of an international effort for the conversion of the 
reactors that may include a mutual procurement of LEU fuel. 
The participants of the Technical Meeting agreed that conversion to LEU has been clearly 
demonstrated for the SLOWPOKE, and based on initial analysis, appears to be feasible for the 
MNSRs. However, it was agreed that additional analysis, including various calculations, 
would have to be made in order to confirm that the MNSRs can be converted. All the MNSRs 
represented at the meeting stated their interest in conversion, as long as external funds are 
available to pay for the cost of the conversion. 
The six major recommendations contained in the Technical Meeting report are: i) the IAEA is 
to establish an international working group or another form of cooperation for SLOWPOKEs 
and MNSRs; ii) the IAEA is to consider preparation of a TECDOC on a generic design 
relevant to SLOWPOKE and MNSR core conversion to be discussed at a future meeting; iii) 
Member States to request participation in, or creation of IAEA TC projects that address 
conversion of SLOWPOKE and MNSR reactors; iv) donors to provide extra-budgetary 
resources to IAEA TC project(s) that address conversion of SLOWPOKE and MNSR 
reactors; v) the IAEA is to assist in the clarification of issues related to repatriation or other 
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secure disposition of MNSR spent fuel; and vi) U.S. DOE RERTR programme to expand to 
include MNSRs. 
Based on the results of the meeting, a new meeting of this group will be held in early 2006. 
The main objective of this meeting, in addition to further sharing of information on operating 
and utilization experience, will be to agree on the preparation of the TECDOC called for in 
the recommendations to this meeting, and to finalize the draft outline, including with chapter 
synopses, and to make drafting assignments as well as a schedule. The meeting should also 
consider the initiation of a CRP in 2006, possibly with extra budgetary funds, on preparations 
for MNSR conversion and repatriation of spent fuel. 
 
2.1.3 Use of LEU in Accelerator Driven Subcritical Assemblies 
 
An Accelerator Driven Sub-critical Assembly system (ADS) is composed of a sub-critical 
assembly and an accelerator.  In such a system, the accelerator provides a charged particle 
beam for generating a neutron source to drive the sub-critical assembly. 
The sub-critical assembly consists of an array of nuclear fuel elements without the possibility 
of sustaining a chain reaction.  The ADS operates in a sub-critical mode and stays subcritical, 
regardless of the accelerator being on or off. 
In such sub-critical assemblies the neutrons are produced by the interaction of the charged 
particles with the target materials and multiplied in the fuel materials.  The nuclear reactions 
of the sub-critical assembly can be stopped by turning off the charged particle beam. This is 
different from conventional fission reactors, which utilize control rods to absorb neutrons for 
terminating the chain reaction. 
The sub-critical assembly of the ADS includes nuclear fuel, coolant and reflector. In 
principle, HEU or LEU can be used for the sub-critical assembly fuel. 
At present, there are more than twenty IAEA Member States with ADS activities and in some 
of them several institutes and universities are performing ADS activities. Some Member 
States are operating or have plans for building ADS systems and it is imperative that these 
facilities only utilize suitable LEU fuel for the sub-critical assembly. 
A Technical Meeting was held in Vienna from 10-12 October 2005, which was attended by 
15 experts from 13 Member States. 
The main purpose of the meeting was to address non-proliferation concerns related to the use 
of HEU in Accelerator Driven Sub-critical (ADS) systems, by exploring the technical 
feasibility of using LEU as an alternative fuel material. In addition, participants presented 
reports describing the status and the current plans for ADS projects, including objectives, 
functions, main characteristics and design details with respect to the sub-critical assemblies. 
The meeting discussed the use of LEU instead of HEU for the sub-critical assemblies; 
optimization studies for using LEU in future ADS projects; conversion of existing ADS with 
HEU to LEU; and future ADS plans. 
Papers presented at the meeting will be compiled as “Working Material” and will be 
accessible on the Internet. 
The meeting recommended that a CRP be organized covering the following topics: i) 
analytical analyses of YALINA (Belarus) Booster configuration and comparison with 
experimental results including: original configuration, original configuration with 90% 
uranium enrichment fuel rods changed to 36%, original configuration with 90% and 36% 
uranium enrichment fuel rods changed to 21%, Monte Carlo and Discrete methods are 
included, results include subcriticality evaluation, neutron spectra, neutron flux spatial 
distributions, comparison with experimental results, analytical and experimental error 
analyses; ii) uncertainty analyses (data, methods, and experimental) using MUSE analytical 
and experimental results to enhance the understanding of obtained results and reduce the 
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errors; iii) performance analyses of LEU and HEU subcritical assemblies with respect to 
neutron multiplication, fuel requirements, neutron flux level, experimental capabilities, and 
utilization; iv) determination and studies of experimental ADS systems safety issues including 
the subcriticality level; v) neutron yield benchmark, neutron spatial distribution, neutron 
spectrum, and spatial energy deposition calculations from electron, proton, and deuteron 
targets with particle energy less than 200 MeV. Start from existing data sets and previous 
benchmark to reflect model and code improvements; and vi) benchmark calculation of SAD 
(Russian Federation) subcritical assembly. 
 
2.1.4 IAEA-Research Reactor and Spent Fuel Data Bases 
 
The IAEA has developed and maintains two research reactor-related databases. The Research 
Reactor Data Base (RRDB) contains data on 673 research reactors, based upon responses to 
questionnaires sent out annually by the IAEA to owners and operators of research reactors.  
The Research Reactor Spent Fuel Data Base (RRSFDB) contains data provided to the Agency 
on spent fuel inventories at 210 research reactors.  These data bases enable the Agency to 
analyse trends in research reactors worldwide, to plan the IAEA’s regular programme 
activities, as well as technical cooperation projects, and to support RERTR and spent fuel take 
back programmes. The IAEA completed during 2005 an effort to merge the two data bases 
and is in the process of distributing the questionnaires to the RR operators. The latter is 
indispensable to update and improve quality of records in the database. Considering the 
increasing importance of this database in supporting and planning GTRI activities, the IAEA 
strongly encourages RR operators and operating organizations to promptly and accurately 
respond to the questionnaires. The authors are ready to help in clarifying database aspects and 
respond to questions from RR operators with respect to the questionnaire and the process of 
gathering information. 
 
 
2.2 Technical Cooperation Programme 
 
The IAEA Technical Cooperation programme manages projects in member states that provide 
assistance in areas related to research reactor utilization, fuel conversion, spent fuel 
management and repatriation of fresh and spent HEU fuel and safety. 
 
2.2.1 Support of the Russian Research Reactor Fuel Return (RRRFR) 
 
These activities are carried out under TC Project RER/4/028, “Repatriation, Management and 
Disposition of Fresh and/or Spent Nuclear Fuel from Research Reactors”. The objectives of 
RER/4/028 are: i) to assist Member States with research reactors to repatriate, manage or 
dispose of their fuel, fresh or irradiated; ii) to support the Russian Research Reactor Fuel 
Return (RRRFR) programme; and iii) to support the Global Threat Reduction Initiative 
(GTRI) by facilitating the return of fresh or irradiated HEU (including the possibility of 
contracting the manufacture of transport casks) or LEU spent fuel to the country of origin. 
The Agency offers its management and technical experience in terms of technical advice, 
training, contract drafting and negotiations, Safeguards inspections, and application of safety 
standards to ensure that efficient and secure preparatory steps are taken in the country and the 
transfer is managed safely and securely. In addition, the Agency provides expert advice, 
organize training or technical workshops in areas relevant to safety, security or transportation, 
where needed. 
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For future spent fuel shipments under this programme, the IAEA would also help with pre-
transport activities such as environmental impact assessment, contracting the supply of 
transport casks, assessment of transport routes, and by providing advice in respect of handling 
deteriorated research reactor fuel. 
Since end of 2004 to present, the following main activities have been performed: 

a) On 22 December 2004, the IAEA helped Czech authorities and the US National 
Nuclear Security Administration (NNSA) remove HEU from the Czech Republic. Six 
kilograms of fresh HEU were safely returned to the Russian Federation. The nuclear 
fuel was originally supplied to the Czech Republic by the Soviet Union for use in the 
Soviet-designed 10 megawatt LVR-15 multi-purpose research reactor, located in Rez 
near the Czech capital, Prague. The IAEA carried out all the procurement and contract 
activities and safeguards inspectors were present in Rez to monitor the process of 
loading the fuel. 

b) On 25 May 2005, about three kilograms of fresh HEU were safely airlifted from 
Latvia back to Russia. The mission was a joint effort between Latvia, the Russian 
Federation, the United States, and the IAEA. The IAEA facilitated the contracts for 
the shipment to take place and IAEA safeguards inspectors were present to monitor 
the mission. 

c) On 26-27 September 2005, fourteen kilograms of fresh HEU have been safely 
returned to the Russian Federation from the Czech Republic. The mission was a joint 
effort between the IAEA, the United States, the Czech Republic and Russia. IAEA 
safeguards inspectors monitored and verified the packing of the HEU for from a 
research reactor at the Czech Technical University, Prague. The shipment contract was 
arranged by the IAEA, as part of its technical cooperation activities. The nuclear fuel 
was originally supplied to the Czech Republic by the former Soviet Union for use in a 
Russian designed multi-purpose research reactor operated at the Czech Technical 
University for education and training of physics and engineering students. 

d) By request of the RRRFR Programme, the IAEA initiated on July 25, 2005 a bidding 
process for the ‘Supply of a Research Reactor Spent Fuel Transport and Storage Cask 
System to be used for the Repatriation of Research Reactor Spent Nuclear Fuel to the 
Russian Federation’. The Agency prepared the Scope of Work for this procurement, in 
consultation with the RRRFR Programme. The deadline for offers was October 21, 
2005. An evaluation group consisting of five (5) international expert consultants was 
convened October 24-28, 2005 at IAEA Headquarters, Vienna, for the purpose of 
review and technical evaluation of the bids submitted in response to this IAEA 
procurement. To perform the technical evaluation of cask systems proposals from six 
(6) international cask vendors, the group developed a matrix of evaluation criteria. A 
final evaluation report was presented to IAEA. The financial evaluation is being 
completed by a separate, independent group. The target is to finalize the contract and 
deliver the purchase order, before end of 2005. 

 
2.2.2 Support of RERTR 
 
The IAEA has been involved with and has fully supported RERTR since its inception. Over 
the last years, the number of requests of IAEA assistance for RR conversion increased 
considerably. 
At present the IAEA is managing the following active TC projects, related to RR conversion: 

• KAZ/9/00, Support to Convert WWR-K Reactor to Low-enriched Uranium Fuel. 
• LIB/4/009    Enhancement of the Safety System of Tajoura Research Reactor and 

Critical Facility 
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• POR/4/016    Core Conversion of the Portuguese Research Reactor to Low-enriched 
Uranium Fuel 

• BUL/4/014    Refurbishment of Research Reactor 
• UKR/9/024    Modernization and Safety Improvement of Research Reactor 
• UZB/9/004    Improving Operational Safety of the Research Reactor at the Institute of 

Nuclear Physics 
• ROM/4/024    Full Conversion of TRIGA 14-MW Core from HEU to LEU Fuel 
• CHI/4/021    Production and Irradiation Qualification of Fuel Elements for Research 

Reactors 
New project proposals are being analyzed for different Member States like Jamaica and 
Poland, among others. 
In the following paragraphs a description of the most relevant activities carried out in 2005, in 
relation with RR conversion is presented (conversion of the Romanian TRIGA reactor and the 
Chilean qualification of LEU fuel are reported in other presentations to this meeting [3], [4]. 
 
a) The MARIA reactor, operated by the Polish Institute of Atomic Energy (IAE), is a 
Russian-designed research reactor that operates with Russian-supplied HEU fuel. The reactor 
initially operated with 80% enriched HEU and converted to 36% HEU in 1999. The present 
objective is to convert the current core to LEU fuel. 
Recently, IAE have been studying the possibility of using fully qualified LEU silicide fuel to 
convert the MARIA reactor. The proposed silicide fuel (U3Si2) with a density of 4.8 g/cm3 
has been qualified to very high burnups and there is extensive experience with its use in many 
research reactors worldwide. The assembly design proposed for use in MARIA would be 
unique, however, and would need to be qualified for the MARIA operating conditions by 
irradiating two lead test assemblies in the MARIA reactor. Poland has applied for a 
Footnote/a project (see explanation below) to the IAEA to support the conversion to LEU 
fuel. A first trilateral meeting between IAE, the IAEA, and DOE/NNSA to discuss the options 
for converting the MARIA reactor was held in the Świerk-Centre, Poland, 30 to 31 August 
2005. The objectives of the meeting were to discuss: i) potential fuel manufacturers; ii) fuel 
qualification requirements; iii) fuel procurement process under the IAEA; iv) project 
financing through the Footnote/a process; v) conversion analysis necessary and required 
support; vi) regulatory process; and vii) identification of major tasks and tentative schedule 
for conversion. 
The participants developed a schedule with milestones and deadlines that will allow the 
conversion of the MARIA reactor to LEU fuel without the necessity of procuring additional 
HEU fuel. A tentative schedule and milestones for conversion activities was developed at the 
meeting based on the IAEA approach, the technical aspects for qualification of the lead test 
assemblies, and procurement of the remaining LEU assemblies. 
Considering the very tight schedule for this project, the main recommendations were to timely 
carry out the following action items for which the IAEA is responsible: i) organize and expert 
mission to Poland to assist in developing design specifications and drawings necessary for the 
procurement of the LEU fuel; ii) organize an expert consultation for evaluation of tenders for 
LEU fuel supply; and iii) organize QA auditing inspection missions to the supplier’s factory 
to assess quality of assemblies fabrication. 
 
b) Conversion of the Portuguese reactor is being carried out under TC project: POR/4/016  
“Core Conversion of the Portuguese Research Reactor to Low-enriched Uranium Fuel” The 
objectives of the project are: to convert the present HEU fuel core of the Portuguese Research 
Reactor (RPI) to LEU fuel and return the HEU spent fuel to the USA within the framework of 
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an agreement signed by Portugal and the US Department of Energy (DOE) under the Foreign 
Research Reactor Spent Nuclear Fuel Policy. 
Representatives from Portugal (ITN), the IAEA and DOE/NNSA met September 1-2, 2005 at 
the IAEA in Vienna to discuss conversion of the RPI research reactor at ITN to low enriched 
uranium (LEU) fuel. At the meeting a planned overall schedule for fuel procurement and 
conversion of the reactor was developed. The IAEA will be responsible for the following 
actions: i) conduct an expert mission to Portugal on Safety Analysis Report documentation; ii) 
prepare call for tenders with specific instruction regarding validity & scope of offer; iii) 
conduct an expert mission to Portugal to assist in implementing previous recommendations 
regarding revision and/or upgrading of safety documentation; iv) issue the call for tenders for 
LEU fuel; v) convene a consultancy meeting to evaluate offers and select the preferred tender; 
vi) arrange fuel supply contract; and vii) Organize quality control missions to LEU fuel 
manufacturer, in order to carry out: verification of fabricator qualification, fuel quality plates 
inspection and final assembly quality inspection. 
A more complete description of this project is reported in other presentation to this meeting 
[5]. 
 
c) Conversion of the research reactor cores (10 MW and Critical Facility) at Tajoura, Libyan 
Arab Jamahiriya is being performed under a direct government to government agreement and 
not as an specific IAEA TC conversion project. Nevertheless, the government of the Libyan 
Arab Jamahiriya has requested assistance from the IAEA for: i) assessment of the quality of 
the proposed LEU IRT-4M replacement fuel, and ii) implementation of pool side inspection 
capabilities at Tajoura. 
The Agency appointed an appropriate independent fuel expert to help the Libyan counterpart 
in evaluating quality assurance and quality control aspects of LEU fuel at the fabrication 
plant. The IAEA also assisted in selecting and purchasing especial pool side inspection 
equipment to be used to closely control LEU fuel behaviour during irradiation. The latter 
includes, an underwater visual inspection device, a sipping test facility and a specifically 
designed endoscope system that allows visual inspection of the fuel surface within the narrow 
gaps between the fuel tubes. IAEA will appoint a group of experts to help in installing and 
starting up these new devices and in training the Libyan operating staff on the site. 
 
 
3. How is IAEA Technical Assistance Delivered? 
 
IAEA’s assistance is delivered through two main mechanisms that are summarized in the 
following paragraphs. 
 
3.1 Regular Programme 
 
The main mechanism is through co-ordinated research activities. These co-ordinated research 
activities are normally implemented through Co-ordinated Research Projects (CRPs) that 
bring together research institutes in both developing and developed Member States to 
collaborate on the research topic of interest. The Agency may also respond to proposals from 
institutes for participation in the research activities by awarding individual contracts not 
related to a CRP. A small portion of available funds is used to finance individual projects, 
which deal with topics covered by the Agency’s scientific programme. The Agency 
designates a Project Officer for the CRP, usually from its technical staff, who will liaise with 
the persons nominated as Chief Scientific Investigators for the participating institutes. 
Between them, they manage and liaise on the research programme, which has a duration 
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normally of between 3 to 5 years. The Agency’s Research Contracts Administration Section 
(NACA) of the Department of Nuclear Sciences and Applications is responsible for co-
ordinating and administering the CRP financial and contractual arrangements. 
Contact Information: 
Research Contracts Administration Section: E-mail: crp.research@iaea.org 
 
Other useful mechanisms are participation in IAEA’s Technical Meetings and Workshops and 
getting in touch with IAEA staff members to discuss and provide suggestions and ideas on 
new activities or required assistance.  
 
3.2 Technical Cooperation Programme 
 
From January 2005, as indicated before, a new TC regional project, RER/4/028, is being used 
to handle all projects on fuel repatriation. To facilitate the conversion of research reactors to 
LEU fuel, for the 2005-2006 cycle, the IAEA has a number of national Regular Core and 
Footnote a/ TC projects based on requests from Member States. The Regular Core TC 
projects are those projects which are funded by the IAEA out of their regular TC budget. The 
second type of project, the Footnote a/ project, is funded directly by a donor country. 
All mechanisms of  IAEA TC are applied to GTRI related TC projects: i) training 
(fellowships and scientific visits); ii) expert missions; iii) organization of technical meetings 
or workshops; and iv) procurement of equipment, fuel and services. 
When dealing with relevant purchases (like LEU fuel for conversion or fuel repatriation 
services), the IAEA offers mechanisms for international bidding, thus ensuring transparency 
and fairness and the best value for the money. The evaluation of tenders is carried out by 
international, independent and neutral experts and the contract is finally awarded to the best 
technical and financial offer. 
Application for TC projects is carried out by interested Member States, by sending their 
project proposals to the TC Department of the IAEA. 
 
 
4. Conclusions 
 
To continue contributing to international non-proliferation efforts, support of RERTR and the 
programmes of return of research reactor fuel to the country of origin, the IAEA initiated in 
2005 a robust and comprehensive set of new activities. These efforts will be maintained, 
strengthened and expanded in the following years. 
To assist Member States and the international initiatives in their efforts to reduce and 
eventually eliminate the use of HEU and return spent fuel to the country of origin, the Agency 
offers the all mechanisms available through its Regular Agency Programme and Technical 
Cooperation Programme. 
The IAEA encourages Member States to contact pertinent departments at the Agency to seek 
assistance and make suggestions for new activities in relation with RR and target conversion 
and fuel return issues. 
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ABSTRACT 

During 2005 CNEA has continued and developed new RERTR activities. Main goals 
are the plan to convert our RA-6 reactor from HEU to a new LEU core, to get a 
comprehensive understanding of U-MoIAI compounds phase formation in dispersed 
and monolithic fuels, to develop possible solutions to VHD dispersed and monolithic 
fuels technical problems, to optimize techniques to recover U from silicide scrap 
samples as cold test for radiowaste separation for final conditioning of silicide spent 
fuels. and to improve the diffusion of LEU target and radiochemical technology for 
radioisotope production. Future plans include 
o Completion during 2006 the RA-6 reactor conversion to LEU 
o Improvement on fuel development and production facilities to implement new 
technologies, including NDT techniques to assess bonding quality. 
o Irradiation of miniplates and full scale fuel assembly at RA-3 and plans to 
perform irradiation on higher power and temperature regime reactors 
o Optimization of LEU target and radiochemical techniques for radioisotope 
production. 

1. Introduction 

DUI-~ng 2005 RERTR R&D activities In CNEA were focused on 
the decision to convert the RA-6 reactor from its HEU core to a new LEU one, 
to get a deeper and comprehensive understanding of U-MoIAI alloys interaction 
zone formation in dispersed fuels, 

I 
! to develop promissory solutions to VHD monolithic and dispersed fuels 

technical problems, 
to optimize cold test for radiowaste separation for final conditioning of silicide 
spent fuels by recovering U from s~licide fabrication scrap samples 
to improve the diffusion of LEU target and radiochemical technology for 
radioisotope production. 



2. RA-6 conversion 
It is a pool-type 0.5MW reactor sited in Bariloche Atomic Center, Provincia de Rio 
Negro. At present and since its inauguration in1983 it is working with a HEU core. 
The conversion project and the adhesion to the SIVFFRR Acceptance Program is 
the result of all agreement between US NNSA DOE and CNEA. Respective 
contracts have just been signed. The project covers different tasks: 

Argentina as a partner of the GTR Initiative has decided to minimize the HEU 
inventory through a swapping operation of HEU (Arg)-LEU (USA) materials and 
down blending in CNEA other inventories 
Fuel design and U3Si2 fuel based fabrication of new LEU core 
Removal of HEU core and condition for transportation 
Cask loading and transportation to exportation port 

The project is going on schedule and it is foreseen its completion during 2006 
austral spring. 

3. Very High Density fuel development 
An intense activity both on dispersed and monolithic VHD fuels are taking place 
o U-Mo based (both dispersion coated and monolithic) miniplates using Zry-4 

cladding were produced and sent to INL-USA to be irradiated as a part of 
RERTR 7 experiment at ATR reactor. A special work will be presented during 
the technical sessions 

CNEA's MINIPLATES 

Plate thickness [mm] 

Meat thickness [mm] 

Meat width [rnm] 

Total U [g] 

. - 
columns) miniplates 

MZ501CNEA 

1,Ol 

0,51 

18,6 

Meat density [gu/cm3] 

Ratio Ulsurface [gu/cm2] 

Porosity [%] 

o Alternative VHD UZrNb based monolithic development: U, Zr and Nb alloys 
were studied and developed. The alloys characteristics to retain at low 
temperature methastable bcc crystalline structure were found. It was possible to 
produce UZrNb alloy 8gIcc density miniplates using Zry-4 cladding 

10,9 

FSW bonding techniques: continuing with the development of this technology to 
weld Al cladding to monolithic meat, through the design of a special thermal 
regulated bench, it was possible to produce 6 full scale plates. No bending or 
rippling in final product was observed. Bending tests were satisfactory There is 
needed the application of non destructive testing (NDT) techniques to assess 
the bonding quality during production. 

MZZSICNEA 

0,99 

0-26 

18,8 

Table 1: Characteristics of monolithic (left colur~ins) and dispersed coated (right 
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Photo 1 : view of upper plate after FSW process. 
o An irradiation program at RA-3 reactor is starting. The position for miniplates are 

the central irradiation box where a thermal neutronic fll-lx of 2e+14 nlcm21s) is 
achieved. The program includes the irradiation of diffusion couples to estimate 
tlie influence of irradiation on interaction zone growth. Aforementioned VHD 
prototypes are included in the irradiation program. 

4. Characterization of phases in U-MoIAI alloys interaction zone 

I Theoretical calculation using BFS (Bozzolo, Ferrante Smith, 1992) method for 
determining the atomic system energy as a function of it geometrical 
configuration were performed. This provides a virtual model of an alloy 
formation process. This methodology applied to UMoIAI-Si alloys predicts that 
the presence of Mo inhibits but does not avoid the Al diffusion and the tendency 
to compound formation. Mo-Si interaction inhibits Si diffusion. Also predicts Si 
atoms migration from Al alloys to interaction zone, the diffusion of Si in U if Mo 
is not present and Si inhibits Ai diffusion only in presence of Mo. This 
methodology suggest the formation of a phase of the type (U-MO)-(AI,S~)~. 

o Experimental studies of interdiffusion between UMoIAI-Si alloys, at 340 OC, 
were continued this year to identify the phases in the reaction layer. Data for 
new temperatures were added to the TTT diagram U-7wt%Mo, and U-7wt%l\/lo- 
0.9wt0hPt. Aforementioned theoretical calculation and simulation were 
performed to predict phase stab~lity. Main result is that the reaction layer at 340 
OC IS monophasic, and contains approximately.55 at% of Si. The structure is 
considered to be (U,Mo)-(AI,Si)3 A special work will be presented during 
technical sessions 

5. Cold test for silicide SNF fmal conditioning 

I Silicide production scrap recovery:: by means of a centrifugal device separation 
of Si from the stream of dissolved products were successfully performed. This 
is an important step to have available a process to separate actinides and 
radiowastes from spent fuels for final conditioniqg. 



6 .  LEU technology for radioisotope production: 
o a study on radionuclide purity was made on 46 LEU and 28 HEU batches of 

fission Mo-99 produced in CNEA between 2002 (HEU) and 2003 (LEU) were 
compared. A general improvement in the radionuclide purity after the change 
from HEU to LEU targets has been observed. The conclusions are that it is 
feasible to produce fission Mo99 from LEU targets to obtain a product that 
complies with the international requirements in accordance with specifications 
established in the most important Pharmacopoeias. Finally, the potential future 
positioning of LEU targets into the market, for fission Mo-99 production, should 
be based on economical or political factors and not in quality consideration A 
special work will be presented during technical sessions. 

Table 2: Radionuclide purity comparison 
o LEU foils for Mo-99 production: CNEA continue working in collaboration with 

US DOE in the irradiation of uranium folls and testing alkaline dissolution 
o IAEA Coordinated Research Project on developing techniques for small scale 

~ndigenous Molybdenum-99 production using Low Enriched Uranium (LEU): 
CNEA is participating as agreement holder 

o Sale of CNEA's LEU target technology to Australia's AIVSTO and Egypt's 
EAEA. 

o Development of a method for the recovery of the HEU contained in the filters 
and the separation of Sr-90 for the use in Y-90 generators 

7. Conclusions 

CNEA is deploying an intensive activity on R&D on RERTR technologies. 
Concerning VHD fuels, we focused our work some prorr~issory lines for 
technological solutions both on dispersed and monolithic fuels. Concerning LEU 
technologies for radioisotope production we are deeply involved on its 
development and sale. Future plans includes: 
c Completion during 2006 the RA-6 reactor conversion to LEU 
o Improvement on fuel development and production facilities to implement 

new technologies, including NDT techr~iques to assess bonding quality. 
o Irradiation of miniplates and full scale fuel assembly at RA-3 and plans to 

perform irradiation on higher power and temperature regime reactors 
o Optimization of LEU target and radiochemical techniques for radioisotope 

production 
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ABSTRACT 
 

The reduced enrichment programs for the JRR-3M, JRR-4 and JMTR of Japan Atomic Energy 
Agency (JAEA, former name is Japan Atomic Energy Research Institute (JAERI)) has been 
completed by 1999. The KUR of Kyoto University Research Reactor Institute (KURRI) has been 
partially completed and is still in progress under the Joint Study Program with Argonne National 
Laboratory (ANL). 
The JRR-3M using LEU silicide fuel elements has done a functional test by the Japanese Government 
in 2000, and the property of the reactor core was satisfied. 
JAEA established a “U-Mo fuel ad hoc committee” for feasibility study concerning future LEU fuel 
instead of the silicide fuel in 2001, and an installation of the U-Mo fuel was estimated from 2012.  
But the U-Mo fuel development is facing very difficult situation to use a high U-density of U-Mo fuel, 
so JAEA will carefully study the U-Mo fuel installation plan. 
In KURRI, the Japanese Government approved a cancellation of the Kyoto University High Flux 
Reactor (KUHFR) Project in February, 1991, and in April, 1994 the U.S. Government gave an 
approval to utilize HEU fuel in the KUR instead of the KUHFR. Therefore, the KUR will be operated 
with HEU fuel until the end of March, 2006.  After one year cooling time, all HEU KUR spent fuel 
elements will be sent to the U.S. by March 2008.  The full core conversion with LEU fuel of the 
KUR will be scheduled after 2007. 

 
 
1. Introduction 
 
Among fifteen research reactors and critical assemblies in operation in Japan, which are 
listed in Tables 1 and 2, those concerned with the RERTR program are the JRR-3M, JRR-4 
and JMTR of JAEA and KUR of KURRI.  These research reactors are shown in Table 3. 
The Japan Atomic Energy Agency, JAEA, was established in October 1, 2005 as a combined 
organization of Japan Atomic Energy Research Institute, JAERI, and Japan Nuclear Fuel 



Cycle Development Corporation, JNC.  In JAEA, the High Temperature Engineering Test 
Reactor (HTTR), which uses LEU fuel, reached the first criticality in November, 1998, and a 
full power test was completed in 2001.  The RERTR program in Japan had been pursued 
extensively under the direction of the Five Agency Committee on Highly Enriched Uranium, 
which consisted of the Science and Technology Agency (STA), the Ministry of Education, 
Science and Culture (MOE), the Ministry of Foreign Affairs, JAERI and KURRI, which was 
held every three months [1-21] .  It had played a remarkable role in deciding policies related 
to the program, and the 92nd Committee was held in December, 2000.  After this meeting, 
MOE and STA were joined as one Ministry (Ministry of Education, Culture, Sports, Science 
and Technology : MEXT) under the administrative reorganization policy in January, 2001.  
However, the Committee has not opened after MEXT started.  The history of RERTR 
program in Japan is tabulated in Table 4. 
  
 
 
 
 
 
                 Table 1 is inserted here. 
 



Table 1.   Japanese Research Reactors in Operation 
 

Name Owner Site Type and enrichment 

UTR KINKl Kinki University Higashi-osaka H2O(UTR) U-Al 90

JRR-3M JAEA Tokai D2O(tank) 
H2O(pool) 

U 
UO2 

UAlx-Al 
U3Si2-Al 

Nat
1.
20
20

KUR KURRI Kumatori H2O(tank) U-Al 
U3Si2-Al 

93
20

JRR-4 JAEA Tokai H2O(pool) U-Al 
U3Si2-Al 

93
20

JMTR JAEA Oarai H2O(MTR) 
U-Al 

UAlx-Al 
U3Si2-Al 

93
45
20

YAYOI University of Tokyo Tokai fast(horizontally 
movable) U 93

NSRR JAEA Tokai H2O(TRIGA) U-ZrH 20

HTTR JAEA Oarai Graphite-He(gas) UO2 
particle 

9.
(M

 



Table 2. Japanese Critical Assemblies in Operation 
 

Name Owner Site Type and enrichment   Max. 
Power 

Start-up
date 

TCA JAEA Tokai H2O(tank) UO2 
UO2-PuO2 

2.6% 
4% 200W 1962. 8 

NCA Toshiba Kawasaki H2O(tank) UO2 1-5% 200kW 1963. 12

FCA JAEA Tokai 
Fast 
Horizontally 
Split 

U 
U 
Pu 

93% 
20% 2kW 1967. 4 

DCA JNC Oarai D2O(tank) UO2 
UO2-PuO2 

1.2% 
1.5% 1kW 1969.12 

KUCA KURRI Kumatori Various 
multi-core 

U-Al 
UAlX 

93% 
45% 

100W 
1kW(short 
    time) 

1974. 8 
1981. 5 

STACY JAEA Tokai 
Homogeneous 
Heterogeneous 
Tank type 

U 
Pu 

4, 6, 
10% 200W 1995. 2 

TRACY JAEA Tokai Homogeneous 
Tank type U 10% 

10kW 
5x109W 

(transient) 
1995.12 

 
 
 
 
 

Table 3.    Research Reactors Relevant to RERTR in Japan 
 

Name Power(MW) First Critical Fuel Enrichment Conversion 

 KUR(KURRI) 
 
 KUHFR(KURRI) 

 
JRR-3M(JAEA) 

 
 JRR-4( JAEA) 

 
 JMTR (JAEA) 

      5 
 

30 
 

20 
 

  3.5 
 

50 

1964 
 

canceled 
 

1962 
 

1965 
 

1968 

HEU-LEU 
 
 
 

LEU-LEU 
 

HEU-LEU 
 

MEU-LEU 

(2006) 
 
 
 

1990 
 

1998 
 

1994 

 
 
 
 
 
 
 
 

Related Critical Assembly 

KUCA(KURRI) 0.0001 1974 HEU-MEU 1981 

 
 



  
Table 4.  History of Reduced Enrichment Program for Research and Test Reactors in Japan 
1977. 11 

1977. 11 

 

1978. 5 

1978. 6 

1978. 9 

1979. 5 

1979. 7 

1980. 1 

1980. 8 

1980. 9 

1981. 5 

1983. 3 

1983. 8 

1983.11 

1984. 3 

1984. 4 

1984. 4 

1984. 9 

 

1984. 10 

1984. 11 

 

1985. 1 

1985. 3 

 

1985. 6 

Japanese Committee on INFCE WC-8 was started. 

Joint Study Program was proposed at the time of the application of export license 

of HEU for the KUHFR. 

ANL-KURRI Joint Study Phase A was started. 

Five Agency Committee on Highly Enriched Uranium was organized. 

ANL-KURRI Joint Study Phase A was completed. 

Project team for RERTR was formed in JAERI. 

ANL-KURRI Joint Study Phase B was started. 

ANL-JAERI Joint Study Phase A was started. 

ANL-JAERI Joint Study Phase A was completed. 

ANL-JAERI Joint Study Phase B was started. 

MEU UAlx-AI full core experiment was started in the KUCA. 

ANL-KURRI Phase B was completed. 

MEU UA1x-Al full core experiment in the JMTRC was started. 

ANL-KURRI Phase C was started. 

ANL-JAERI Phase B was completed. 

ANL-JAERI Phase C was started. 

MEU-HEU mixed core experiment in the KUCA was started. 

Irradiation of 2 MEU and l LEU UA1ｘ-Al full size elements in the JRR-2 was 

started. 

Irradiation of LEU UAlx-Al full size elements in the JRR-4 was started. 

Thermal-hydraulic calculations for the KUR core conversion from HEU to LEU 

were performed. 

Irradiation of MEU UAlx-Al full size elements in the JMTR was started. 

Irradiation of MEU UAlx-Al full size elements in the JMTR was completed.  

Irradiation of LEU UxSiy-Al mini-plates in the JMTR was started. 

Irradiation of LEU UxSiy-Al mini-plates in the JMTR was completed. 



1985. 10 

 

1986. 1 

1986. 5 

1986. 8 

1987.11 

1988. 7 

1988. 12 

1990. 3 

1990. 11 

1992.5 

1993.11 

1994.1 

1994.9 

1995.12 

1996.12 

1998.7 

1999.9 

2000.3 

 

2002.3 

 

2004.4 

Neutronics calculations for the KUR core conversion from HEU to LEU was 

performed. 

Irradiation of MEU UAlx-Al full size elements in the JRR-2 was started. 

Irradiation of MEU UA1x-Al full size elements in the JRR-2 was completed. 

The JMTR was fully converted from HEU to MEU fuels. 

MEU UAlx-Al full core in the JRR-2 was started. 

PIE of MEU, LEU UAlx-Al full size elements in the JRR-2 was completed. 

Irradiation of LEU UAlx-Al full size elements in the JRR-4 was completed. 

LEU UAlx-Al full core test in the new JRR-3 (JRR-3M) was started. 

Full power operation of 20MW in the JRR-3M was started. 

Two LEU U3Si2-Al elements were inserted into the KUR core. 

Two LEU U3Si2-Al elements were inserted into the JMTR core. 

The JMTR was fully converted from MEU to LEU with U3Si2-Al fuel. 

ANL-JAERI Phase C was completed. 

The JMTRC was shutdown. 

The JRR-2 was shutdown. 

The JRR-4 was full converted from HEU to LEU with U3Si2-Al fuel. 

The JRR-3M was fully converted from LEU UAlx-Al fuel to LEU U3Si2-Al fuel. 

The decommissioning plan for the VHTRC was submitted to the Japanese 

Government. 

The HTTR operation has been started after the Functional Test completed by the 

Japanese Government. 

Core Outlet Gas (He) Temperature of HTTR was reached to 950℃. 

 



 2. Current situation of research reactors relevant to the RERTR program in Japan 
 
2.1 Japan Atomic Energy Agency (JAEA) 
(1) JRR-3M 
The JRR-3M was fully converted to LEU silicide fuel (4.8gU/cm3) with cadmium wires of 
burnable absorber in September, 1999 so as to decrease the number of spent fuels generated 
in a year. 
After converted to LEU silicide fuel in September, 1999, the JRR-3M has a lot of beam 
researches and users, many papers were also released so far, and no special problem related 
fuel was occured. 
 
(2) JRR-4 and JMTR  
JRR-4 and JMTR are in very good condition for operation after the conversion to LEU 
silicide fuels. 
 
The JMTR was completely converted to the LEU fuel in January, 1994.  The LEU fuel is a 
silicide fuel (U3Si2) with 4.8gU/cm3, and burnable absorber of cadmium wires is placed in 
each side plate of fuel element. The LEU silicide fuels allowed an extension of JMTR 
operating days without refueling that has been taken a 26-day operation from a 12-day 
operation by HEU fuels core. 
 
The JMTR experienced to stop operation so often due to functional problems, then a 
re-evaluation taskforce was started in 2003, and the report of the taskforce was submitted to 
President of JAEA. The report said that the reactor will continually operate until May, 2006 
at least, and an Operation plan after 2006 will be studied deeply until 2006. 
 
After the conversion, the LEU fuel elements have been used in JMTR without any trouble 
related fuel until October, 2004. 

 
 
(3) Spent Fuel Management  
Spent fuels from JRR-3M, JRR-4, JMTR and JMTRC are stored in their storage facilities.  
And these spent fuels will be shipped to U.S. under the Foreign Research Reactor Spent 
Nuclear Fuel Acceptance (FRRSNFA) Program of U.S., and seven shipments of JAEA have 
been successfully carried out since 1997. 
  
Recently, the JAEA is facing difficult issues concerning a transportation cask licensing and 
budget for transportation. But the license of Japan for the improved cask was approved this 
September and the JAEA is now preparing the application to obtain the license of foreign 
countries. 
 

 
2.2 Research Reactor Institute, Kyoto University (KURRI) 
 
The Kyoto University Research Reactor (KUR, 5MW) has been operated since 1964 using 
HEU fuel. The KUR has been still utilized for boron neutron capture therapy. Since February, 
1990, over 200 patients of cancer were treated by ten chief medical doctors of six groups. In 
order to increase the number of patients, the upgrade of the KUR Heavy Water Facility was 



completed. The main improvement of the facility is (1) to realize an epithermal neutron field 
in addition to thermal neutrons, and (2) to irradiate patients during continuous operation of 
the KUR, which were licensed in June, 1998.  Recently, treatment of head and neck cancer 
patients is increasing in addition to brain tumor and melanoma. 
 
According to the government policy, Kyoto University tried to convert the KUR to use the 
LEU fuel, and two LEU silicide fuel elements have been loaded to the core in May, 1992.  
In 1991, the Japanese Government approved cancellation of the Kyoto University High Flux 
Reactor (KUHFR) project.  In 1994, the U. S. Government gave an approval to utilize HEU 
fuel in the KUR instead of the KUHFR, since Kyoto University already prepared HEU fuel 
for KUHFR.  Therefore, the KUR will be operated with HEU fuel until the end of March, 
2006.  
 
As to spent fuel, the 6th shipment was done in July, 2004 under the U.S. FRRSNFA program. 
All KUR spent fuel elements produced in the KUR operation with HEU fuel will be sent 
completely by March, 2008. 
 
Kyoto University has a strong intention to continue the KUR operation with LEU fuel after 
2006.  In November, 2004, the Record of Decision (ROD) concerning ten-year extension of 
FRRSNFA program was issued by the U.S.DOE.  This decision was very important for the 
KUR operation with LEU after 2006.  Kyoto University is now preparing to apply the 
safety review concerning the use of LEU silicide fuel in the core to MEXT and to make a 
conclusion of the new contract with the USDOE.  It is expected the KUR revival operation 
with LEU in 2007. 

 
 
2.3 Other Facilities 

 
The Rikkyo University TRIGA Mark II reactor was shut down in 2002 and its spent fuel will 
be returned to U.S. in 2003. 
 
Musashi Institute of Technology also has a TRIGA Mark II reactor and its spent fuel will be 
sent to the U.S. in near future. 
 
The TTR spent fuels of Toshiba Company will be returned to the U.S. in 2003. 
 
The HTR (Hitachi Training Reactor) of Hitachi Company was decommissioned in 2005. 
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ABSTRACT 
 

The United States (U.S.) Department of Energy (DOE), in consultation with the Department of 
State, adopted the Nuclear Weapons Nonproliferation Policy Concerning Foreign Research 
Reactor Spent Nuclear Fuel in May 1996.  The policy was slated to expire May 12, 2009.  On 
October 15, 2003, a petition requesting a program extension was delivered to the United States 
Secretary of Energy by a group of research reactor operators from foreign countries.  In April 
2004, the Secretary directed DOE to undertake an analysis, as required by the National 
Environmental Policy Act, to consider potential extension of the Program and to re-organize the 
program under the DOE National Nuclear Security Administration’s (NNSA’s) new Office of 
Global Nuclear Material Threat Reduction.  Subsequently, program management transitioned to 
NNSA and the program was extended for an additional 10 years.  This paper provides a brief 
update on the program, discusses program transition to NNSA, the extension of the program, and 
the resulting direction and initiatives. 

 
Introduction 

The United States Department of Energy (DOE), in consultation with the Department of State, adopted 
the Nuclear Weapons Nonproliferation Policy Concerning Foreign Research Reactor Spent Nuclear Fuel 
in May 1996 establishing the Foreign Research Reactor (FRR) Spent Nuclear Fuel (SNF) Acceptance 
Program.  The FRR SNF Acceptance Program is a critical component of U.S. nonproliferation efforts. 
The primary objective of the program is to reduce, and eventually eliminate, highly-enriched uranium 
(HEU) of U.S. origin from civil commerce worldwide.  Since 1996, the FRR SNF Acceptance Program 
has conducted 32 shipments involving 27 countries resulting in the safe return of 6,783 spent nuclear fuel 
elements to the U.S. for management at DOE sites in South Carolina and Idaho, pending final disposition 
in a geologic repository.   

The program was initially scheduled to expire in May 2009.  Although the Acceptance Program 
has demonstrated significant progress, participation and shipping rates have not met initial 
expectations.  By 2004 and with less than two years remaining under the program’s original 
policy period, DOE had received only about 35 percent of the material eligible for return as 
estimated in the Final Environmental Impact Statement on a Proposed Nuclear Weapons 
Nonproliferation Policy Concerning Foreign Research Reactor Spent Nuclear Fuel [1] (FRR 
SNF EIS).   
 



 

 

Several factors have contributed to lower than expected receipts.  Some countries have burned 
fuel less rapidly than was expected in 1996.  In addition, FRRs in at least two countries decided 
to process their SNF at AREVA’s COGEMA facility in France, and consequently are no longer 
planning to return their SNF to the U.S. under the FRR SNF Acceptance Program  These 
countries were expected to contribute a significant percentage of the fuel elements projected for 
acceptance by 2009.  Further, as discussed below, delays have been experienced in the 
development of alternative low-enriched uranium fuels suitable for replacing HEU in the 
research reactors. 
 

Low-Enriched Uranium (LEU) Fuel Development 
 
The development and qualification of LEU fuel that can be processed is important to ensure 
FRRs are able to continue reactor operation and ensure proper disposition of SNF.  However, 
administrative and technical delays have been experienced in the development of an alternate 
“processable” LEU fuel. 
 
The most predominant LEU fuel being used today is uranium-silicide LEU fuel developed in the 
1980s by DOE.  Although processing studies concluded that the uranium-silicide fuel could be 
successfully processed at the SRS, disposition through a repository was chosen in lieu of 
processing at the SRS unless the physical condition of the fuel warranted a more immediate 
disposition.  To date, no SNF received from the FRR SNF Acceptance Program has been 
dispositioned by processing in the SRS H-Canyon Separation Facility.  The United Kingdom 
Atomic Energy Agency (UKAEA) demonstrated in laboratory scale trials [2] that uranium-
silicide LEU fuel could be processed at its facility in Dounreay, Scotland.  However, the capital 
investment in new equipment required for large-scale processing operations was determined to 
be uneconomical, and the facility was shutdown in 1998.  COGEMA in La Hague France is the 
only remaining major potential processing facility.  COGEMA has not processed 
uranium-silicide fuel on a commercial scale, and the facility may also require additional 
equipment for efficient processing operations.  However, COGEMA is now accepting a limited 
quantity of uranium-silicide LEU fuel for processing, and is investigating the possibility of 
increasing the quantity that could be accepted for processing [3].  Additional work is underway 
on other alternative LEU fuel options to ensure continued reactor operation and proper spent fuel 
disposition in the foreseeable future. 
 
Proposal to Extend the Acceptance Program 
 
During the DOE-sponsored Reduced Enrichment for Research and Test Reactor (RERTR) 
Conference in October 2003, a group of reactor operators and supporters (40 petitioners from 17 
countries) prepared and delivered a petition to the U.S. Secretary of Energy.  The petition 
requested that DOE extend the FRR SNF Acceptance Program until new LEU fuels become 
available, allowing reactor operators to convert to a LEU fuel type that has an identified 
disposition path.  On February 11, 2004, in a speech to the National Defense University, the 
President of the United States stated, “We will help nations end the use of weapons-grade 
uranium in research reactors.”  On April 14, 2004, the Secretary of Energy directed the DOE’s 
National Nuclear Security Administration to consolidate the U.S. FRR SNF Acceptance Program 
within its nonproliferation mission, further directing the appropriate offices within DOE to 



 

 

initiate actions necessary to extend the FRR SNF Acceptance Program’s fuel acceptance 
deadline.  Extending the Acceptance Program ensures a back-end solution is maintained while 
progress continues in elimination of HEU in research reactor fuels.  Consolidation of the 
program under the National Nuclear Security Administration (NNSA) will be discussed later in 
this paper. 
 
As a result of these actions, DOE evaluated the effects of extending the FRR SNF Acceptance 
Program and adding the Australian Replacement Research Reactor (RRR), later referred to as 
OPAL (Open-Pool Australian Lightwater reactor), documented in the Supplement Analysis for 
the Foreign Research Reactor Spent Nuclear Fuel Acceptance Program [4] in accordance with 
the National Environmental Policy Act (NEPA) regulations.  DOE and the U.S. Department of 
State proposed to modify the FRR SNF Acceptance Program by:  
 

• Extending the expiration date for irradiation of eligible spent fuel either 5 or 10 years, 
from May 12, 2006, to May 12, 2011, or May 12, 2016; 

• Extending the acceptance date for eligible spent fuel either 5 or 10 years, from 
May 12, 2009, to May 12, 2014, or May 12, 2019; and 

• Extending eligibility to Australia’s RRR reactor for participation in the Acceptance 
Program. 

 
The amount of potentially eligible SNF would remain the same as identified in the original EIS, 
about 22,700 elements or about 20 metric tonnes of heavy metal (MTHM).  The proposed 
program extension would not change other requirements contained in the EIS assumptions and 
EIS Record of Decision.  However, target material and damaged spent fuel would not be eligible 
for acceptance beyond 2009 under the proposed extension.  Target material (fuel for isotope 
production such as Technicium-99) and damaged spent fuel currently can only be treated in 
H-Canyon at SRS, and DOE plans call for the SRS H-Canyon facilities to be maintained in 
operable condition only through 2010, pending a review of the facility and DOE’s initiatives. 
 
The Supplement Analysis determined that an extension of the FRR SNF Acceptance Program for 
5 or 10 years and inclusion of the Australian RRR would not constitute a substantial change in 
action relevant to the environmental concerns.  Therefore, additional NEPA documentation to the 
FRR SNF EIS was not required. 
 
The Australian RRR was added to the Supplement Analysis and subsequent Record of Decision 
change to accommodate the unique situation encountered by the Australian Nuclear Science and 
Technology Organisation (ANSTO) as the HEU-fueled High Flux Australian Reactor (HIFAR) 
is replaced with the LEU-fueled RRR.  Conversion from HEU fuel to LEU fuel is effectively 
occurring as the HEU-fueled HIFAR is shutdown and the LEU-fueled RRR is brought on-line. 
ANSTO has participated heavily in the development of high-density uranium-molybdenum LEU 
fuel, serving to benefit continued development of this fuel for other FRRs.  Because the uranium-
molybdenum LEU fuel will not be available in the timeframe required for commissioning of the 
RRR, the RRR is expected to operate for a limited period of time using uranium-silicide LEU 
fuel.  Without confirmed processing options for all of this fuel, the Australian government has 
requested that the fuel be accepted under DOE’s FRR SNF Acceptance Program until 
processable uranium-molybdenum fuel becomes available. 



 

 

 
Following DOE’s determination that additional NEPA documentation to the FRR SNF EIS was 
not required, DOE issued a change to the FRR SNF EIS Record of Decision.  The change notice 
to the Record of Decision allows the program to be extended for an additional 10 years and 
includes the participation of the Australian RRR.  The issuance of a change notice to the Record 
of Decision also allows DOE to proceed in the development of an implementation plan and 
guidance for the Acceptance Program extension.   
 
Many currently participating FRR operators will not need to change their current shipping 
strategies and participation and shipping schedule will continue as currently planned.  However, 
some FRR operators may need to change their participation schedule based on specific 
operational needs and requirements.  It is not the intent of the FRR SNF Acceptance Program or 
the DOE to prevent or disrupt the needed operation of a research reactor.  However, repatriation 
of HEU is a priority function of this program and DOE’s nonproliferation mission.  With close 
coordination with the RERTR program, the FRR SNF Acceptance Program intends to assist 
reactor operators in conversion to LEU fuels while providing an acceptable disposition path for 
SNF involving uranium that was enriched in the United States.  Operational strategies will be 
evaluated on a case-by-case basis and will take into account new emphasis on accelerating the 
disposition of HEU material as well as the FRR SNF Acceptance Program initiatives to extend 
the acceptance period, particularly for disposition of LEU uranium-silicide fuel. 
 
Transition of the FRR SNF Acceptance Program to DOE’s National Nuclear Security 
Administration 

In May 2004, the FRR Acceptance Program was incorporated as a key partner in DOE’s newly 
established Office of Global Threat Reduction (GTR) under the DOE’s NNSA.  The Office of 
GTR’s mission is to: 

• accelerate and complete the repatriation of all U.S.-origin research reactor spent fuel from 
locations around the world; 

• work in partnership with Russia to repatriate Russian-origin fresh HEU fuel; 
• work to convert the cores of civilian research reactors that use HEU to use low-enriched 

uranium fuel; and 
• work to identify other nuclear and radiological materials and related equipment that are 

not yet covered by existing threat reduction efforts to facilitate security when in use, 
storage, and disposition. 

 
Combining these programs and missions under the Office of GTR under NNSA increases the 
internal communication and cooperation in achieving common interest goals and missions.  The 
FRR SNF Acceptance Program partners closely with the RERTR Program to assist a reactor 
operator in conversion of their reactor and subsequently shipping their eligible SNF to the United 
States.   
 
Office of GTR Initiatives 
 



 

 

The Office of GTR is developing initiatives to improve overall program implementation and 
performance and is continually investigating other opportunities to enhance achievement of 
nonproliferation goals.   
 
 Receipt Facility Improvements 
 
The FRR SNF Acceptance Program is improving spent nuclear fuel receipt capabilities at SRS to 
allow more shipment capability.  The L-Area Storage Facility at SRS is being modified for the 
receipt of tubular type material test reactor (MTR) fuel in a NAC-LWT transport package (work 
is scheduled to be completed in early 2006).  Other modifications have been made to DOE’s 
receiving facilities to improve receipt capabilities, the latest modification in L-Area continue 
DOE’s efforts to ensure versatility in U.S. capabilities to receive FRR SNF Acceptance Program 
fuel. 
 
 Program Acceleration 
 
The FRR SNF Acceptance Program is attempting to accelerate the program to the extent 
possible.  Particular concentration is directed toward the repatriation of HEU fuel.  The Office of 
GTR is evaluating all potential participants working in conjunction with all available programs 
that may be used to benefit the FRR operator while meeting the individual program’s mission.  
For example, the FRR SNF Acceptance Program is coordinating closely with the RERTR 
Program to establish a single major project to provide conversion, fuel fabrication, and shipping 
assistance enabling joint assistance for the overall project.  This overall project package is 
expected to provide a more integrated approach as well as combining efforts and minimizing 
overall costs to the reactor operator and DOE. 
 
 Fee Policy Update 
 
The FRR SNF Acceptance Program is developing a revision to the program’s fee policy charged 
for FRRs in countries with high income economies as identified in the current World Bank.  
There has been no change in the DOE management fee since the initiation of the program 
provided in the U.S. Federal register Notice on the Establishment of the Fee Policy for 
Acceptance of Foreign Research reactor Spent Nuclear Fuel [5].  The fee was established in part 
no higher than $4,500 per kilogram of total mass for aluminum-based spent fuel containing HEU 
and TRIGA (Training, Research, Isotope, General Atomics) spent fuel, and no higher than 
$3,750 per kilogram of total mass for aluminum-based spent fuel containing LEU.  A subsequent 
notice regarding handling of fees for FRRs in other-than-high income economies and the 
transition from an other-than-high income economy status to a high-income economy status in 
accordance with the World Bank or vice-versa was issued in the Office of Environmental 
Management - Foreign Research Reactor Spent Nuclear Fuel Fee Policy [6]. 
 
At the time of the 2005 International RERTR Meeting, DOE is developing the fee policy 
revision and conceptual plans have not yet been validated.  FRR operators and other affected 
organizations are strongly encouraged to provide feedback on the proposed fee policy. The 
current basis of the fee policy change is conceptual in nature and is intended to provide an 
incentive for the FRR to establish a firm shipping schedule as well as provide a firm planning 



 

 

basis for the allocation of DOE resources needed to support receipt of the SNF.  For FRRs that 
can commit to a specific DOE approved shipping schedule, DOE acceptance fees will not 
change.  For FRR operators that cannot commit to a specific schedule at this time, or are 
currently not program participants, fees will modestly increase based on inflation from 1996 to 
2002.  FRRs missing this opportunity to lock in lower fees will have another chance in 2009, at 
which time another incremental adjustment is planned based on inflation to 2007. 
 
Detailed shipment scheduling is most important in the two years preceding a shipment.  
Therefore, the requirement for a detailed schedule is expected to ensure that the FRR identifies 
the shipment month for shipments within the next two U.S. Fiscal Years (01 October through 
30 September), including the number of SNF assemblies.  Out-year schedules may require only 
the estimated number of SNF assemblies in a particular year.  For example, shipments initially 
requiring detailed scheduling will consist of any shipment planned by the end of the U.S. Fiscal 
Year 2007 (30 September 2007).  Prior to 01 October 2006 (the beginning of Fiscal Year 2007), 
a detailed schedule must be in place for shipments to be conducted through the end of Fiscal 
Year 2008, and so on. 
 
CONCLUSION 
 
The United States remains committed to supporting worldwide nonproliferation goals, including 
those for which the FRR SNF Acceptance Program was designed, and accepting eligible fuel 
now rather than later remains a primary focus.  The DOE actively seeks to work with all 
remaining eligible research reactors to plan for shipments of eligible spent fuel, and continues to 
support research reactor operators’ needs and shared nonproliferation goals.  We welcome your 
feedback and look forward to continued interactions with interested parties to further discuss the 
program and participation options.  
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Abstract 
 
Beginning December 1999, and continuing to the present, representatives from the 

United States, the Russian Federation, and the International Atomic Energy Agency (IAEA) have 
been discussing a program to return to Russia Soviet- or Russian-supplied HEU fuel currently 
stored at foreign research reactors. Trilateral discussions among the United States, Russia, and 
the IAEA have identified more than 24 research reactors in 17 countries that have Soviet- or 
Russian-supplied fuel.  The Russian Research Reactor Fuel Return Program is an important 
aspect of the US Government’s commitment to cooperate with the other nations to prevent the 
proliferation of nuclear weapons and weapons-usable proliferation-attractive nuclear materials. 
Up to date 122 kg of Russian-origin highly enriched uranium have been shipped to Russia from 
Serbia, Latvia, Uzbekistan, Rumania, Bulgaria, and the Czech Republic.  Preparations for the 
first spent fuel shipment from Uzbekistan to Russia are close to completion.  
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Background and History 

 
The primary goal of this Russian Research Reactor Fuel Return (RRRFR) Program is to 

advance U.S. and Russian nuclear nonproliferation objectives by eliminating stockpiles of high-
enriched uranium (HEU) and encouraging eligible countries to convert their research reactors 
from HEU to low-enriched uranium (LEU) fuel upon availability, qualification, and licensing of 
suitable LEU fuel. 

 
The goal of minimizing international commerce in HEU has been a pillar of U.S. 

nonproliferation policy since 1978.  In that year, the Reduced Enrichment for Research and Test 
Reactors (RERTR) program was initiated to develop and qualify new LEU fuels that could 
replace HEU used in reactors of U.S. design. To complement the RERTR program, the 
Department of Energy (DOE) established the Foreign Research Reactor Spent Nuclear Fuel 
(FRRSNF) Acceptance Program in 1996.  Under this program, the United States accepts 
specified types of U.S.-supplied spent and unused fresh fuel for management and disposition in 
the United States.   

 
Research Reactor Fuel Return Program 

 
Based on the success of the FRRSNF program, the US Department of Energy, supported 

by the Department of State, is working to bring about a similar effort in Russia.  Trilateral 
discussions among the United States, Russia, and the IAEA started in December 1999. The 
representatives from the United States, the Russian Federation, and the IAEA have been 
discussing a program to return to Russia Soviet- or Russian-supplied HEU fuel currently stored 
at more than 20 Soviet- or Russian-supplied research reactors in 17 countries.1  Most of these 
reactors use at least some HEU fuel, and most have stocks of both fresh and irradiated fuel that 
must be carefully stored and managed for many years to come.  The goal of DOE’s/National 
Nuclear Security Administration (DOE/NNSA) has been to help the Russian Federation develop 
a broad-based HEU minimization policy under which it would accept the return of spent and 
fresh HEU fuel from Soviet- or Russian-supplied foreign research reactors and develop new 
fuels that will allow conversion of such reactors to LEU.  DOE/NNSA officials have led 
discussions with representatives from Russia’s Ministry of Atomic Energy (MinAtom/Rosatom) 
and the IAEA on this issue, with the IAEA agreeing to provide technical and organizational 
support. 

 
Recognizing their common interest in strengthening nonproliferation and combating 

nuclear terrorism, Presidents Bush and Putin, in their Joint Declaration signed at the February 
2005 Meeting in Bratislava, Slovak Republic, declared that the United States and Russia bear a 
special responsibility for the security of nuclear weapons and fissile material, in order to ensure 
that there is no possibility such weapons or materials would fall into terrorist hands. They 
established a bilateral Senior Interagency Group chaired by U.S. Secretary of Energy, Samuel 
Bodman, and Russian Federation Federal Atomic Energy Agency (Rosatom) Director, Aleksandr 
                                                           
1 Belarus, Bulgaria, China, Czech Republic, DPRK, Egypt, Germany, Hungary, Kazakhstan, Latvia, Libya, Poland, 
Romania, Ukraine, Uzbekistan, Vietnam, and Yugoslavia. 
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Rumyantsev, for cooperation on nuclear security to oversee implementation of these expanded 
cooperative efforts. 

 
In the Report to Presidents from July 2005 U.S. – Russian Senior Interagency Group on 

Nuclear Security Cooperation stated:  
 

• The United States and Russia agreed on a prioritized schedule for all remaining 
Russian-origin fresh fuel shipments and agreed they would be completed in 2006.   

• With regard to Russian-origin spent fuel shipments, the United States and Russia 
agreed that the first spent fuel shipment would be the shipment of Russian-origin 
spent HEU fuel from Uzbekistan and all reasonable efforts would be undertaken 
to expedite the necessary preparations so that shipment from Uzbekistan could 
commence at the end of 2005.  

• All remaining shipments of spent fuel would be completed in 2010.   
 
 

In May 2004 the United States and the Russian Federation have signed a Government -to-
Government Agreement CONCERNING COOPERATION FOR THE TRANSFER OF 
RUSSIAN-PRODUCED RESEARCH REACTOR NUCLEAR FUEL TO THE RUSSIAN 
FEDERATION.  This agreement established the legal framework necessary for cooperation 
between the United States and the Russian Federation for the return of Russian-supplied 
research/test reactor fuel from eligible countries.   

 
According to this agreement the United States provides funding to the RRRFR program 

based on the following criteria: 
 
• the fuel return program will include only existing FSU- or Russian Federation 

research/test reactors in eligible countries that possess nuclear fuel supplied by the 
FSU or the Russian Federation. 

 
• any country desiring to return fuel to the Russian Federation must agree to (a) 

convert its operating research/test reactor(s) using Soviet- or Russian-supplied 
nuclear fuel to LEU as soon as (i) suitable LEU, licensed by the country’s national 
regulatory authority, is available, and (ii) the reactor’s existing inventory of HEU is 
exhausted; or (b) permanently shut down the reactor(s). 

 
• whenever possible, all available HEU must be made available for return to the 

Russian Federation before any LEU is returned. 
 

• all nuclear fuel to be delivered to the Russian Federation under the Program must 
be handled in accordance with IAEA documents INFCIRC/225/REV.4 and 
INFCIRC/153 (corrected), and subsequent revisions thereto. 

 
The Russian Federation agrees that it will accept nuclear fuel from eligible countries if 

the following conditions are met:  
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• The eligible country has expressed an interest in transferring nuclear fuel to 
Russia; 

 
• The transfer of nuclear fuel will take place taking into account the laws of the 

Russian Federation related to nuclear safety and environmental protection;  
 

• Program costs are paid by the eligible country, the United States, or a third 
country.   

 
The Russian Federation also agreed that: 

 
• Nuclear fuel received in Russia under the Program shall not be used for any 

nuclear explosive device or for research on, or development of, any nuclear 
explosive device, or for any other military purpose. 

 
• Nuclear fuel received in Russia under the Program and any nuclear material 

derived therefrom shall not be exported, or transferred from the jurisdiction of 
Russia without prior written U.S. consent. 

 
The U.S. and Russian Governments and the IAEA will seek to encourage financial 

support from other IAEA Member States, where required, for the fuel return program to 
supplement any U.S. Government financial contributions.  

 
 

Fresh Fuel Shipments 
 
By the date RRRFR program shipped 122 kg of Russian-origin HEU from seven countries: 
Serbia, Romania, Bulgaria, Libya, Czech Republic, Uzbekistan, and Latvia.  The last shipment of 
14 kg of Russian-origin HEU from Czech Technical University in Prague, Czech Republic took 
place in October of this year. The Czech Technical University VR-1 research reactor is a low-
power university training reactor that had been operating on HEU fuel core for many years. On 
September 26, 2005 the HEU fresh fuel from VR-1 reactor was packaged in Russian TK-S16 
containers and on a next day HEU fuel was airlifted to the Russian Federation. Ten days letter 
the replacement LEU IRT-4M fuel was delivered to the Czech Technical University and the VR-
1 Sparrow research reactor went critical with LEU fuel soon thereafter.   
 
All shipments of fresh HEU fuel have been conducted in a close cooperation with the IAEA and 
Rosatom. IAEA inspectors measured all HEU fuel before it’s loaded in a transportation cask. In 
the Russian Federation the transported HEU will be down blended below 20% under another 
NNSA non-proliferation program – Material Consolidation and Conversion.  

  
 
Pilot Spent Fuel Shipment  

 
The first candidate for a pilot shipment of spent fuel to Russia is Uzbekistan, whose 

government has expressed a strong interest in participation in the RRRFR program.  Uzbekistan 
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possesses a VVR-SM research reactor at the Institute of Nuclear Physics, Uzbekistan Academy 
of Sciences, located in Ulugbek, about thirty kilometers northeast of Tashkent.  It is a heavily 
used 10 Megawatt reactor of Soviet design that carries out an active program of research and 
isotope production.  From its first criticality in 1959, it used 90 percent enriched HEU fuel, but 
was converted to 36 percent fuel in 1989.  Over its lifetime, the reactor has generated a large 
amount of spent fuel and made a number of spent fuel shipments to the reprocessing facility at 
Mayak between 1973 and 1992. Personnel who participated in the early shipments are still at the 
facility, so experience is maintained. The facility has the necessary room and hardware to 
accommodate the transportation cask.   

 
DOE has provided assistance to improve the physical protection system of the VVR-SM 

reactor, but it is located in a politically volatile region of Central Asia.  All parties agree that the 
spent HEU and any remaining fresh HEU should be relocated to a more secure environment, thus 
removing it as a potential proliferation risk.   

 
On March 12, 2002, DOE and Uzbekistan’s Ministry of Foreign Affairs signed an 

Agreement to facilitate cooperation between the parties for the return of Uzbekistan’s Soviet- or 
Russian-supplied nuclear fuel to Russia.  This Agreement also addresses conversion of the VVR-
SM reactor from use of HEU to use of LEU; safety upgrades of the VVR-SM reactor control 
system as part of its HEU-to-LEU conversion; security enhancement of the VVR-SM reactor site 
and nuclear materials stored at the site; and the safe and secure storage of Uzbekistan’s nuclear 
materials, including improving methods of physical protection, control, and accountability of 
nuclear materials to reduce the risk of theft or possible diversion.   DOE contemplates entering 
into similar agreements with other countries that seek to return their Soviet- or Russian-supplied 
nuclear fuel to Russia and commit to convert from HEU to LEU use. 

 
At the present time the preparation for the first shipment of spent HEU fuel from 

Tashkent reactor is close to its completion. The Russian state ecological expertise of the Unified 
project has been completed; the necessary documents for spent fuel transit through Kazakhstan 
have been developed and will be approved soon. Mayak facility is completing the preparation of 
sixteen TK-19 casks, which will be transported to Uzbekistan in two TUK-5 railroad cars. 
Necessary regulatory approvals have been obtained in Uzbekistan. We are expecting to complete 
the first shipment of spent HEU fuel from Uzbekistan to Russia by the end of this year. 

 
Preparations for spent fuel shipment have already started in Romania, Bulgaria, Czech 

Republic, Latvia, Ukraine, and Kazakhstan. We are working together with IAEA to introduce the 
high capacity casks to the program, which should allow us to complete the return of Russian-
origin spent HEU fuel to Russia in 2010. 
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ABSTRACT  
 

A variety of high uranium density (uranium molybdenum alloy based) research 
reactor fuels are being irradiated in the Advanced Test Reactor at the Idaho National 
Laboratory.  The RERTR-7A, -7B, and -8 experiments will consist of three test trains 
containing 66 miniplates of various fuel meat compositions that will be subjected to 
a near prototypical reactor environment.  The RERTR-7A and –7B experiments will 
explore the influence of modified matrix materials (RERTR-7A) and fuel alloys 
(RERTR-7B) on fuel/matrix chemical interaction.  The three experiments will also 
contain a number of monolithic type fuel plates that will substantially expand their 
irradiation performance database.  The modified matrix materials include 6061-Al, 
4043-Al, Al-0.5 Si, Al-2.0Si, and Mg.  The modified fuel alloys used in RERTR-7B will 
include small amounts of Zr or Ti alloyed with the U-Mo fuel.  The plates in RERTR-7A 
and –7B will be operated with peak surface heat flux, surface temperature, 
centerline temperature, and burnup of approximately 350 W/cm2, 200ºC, 250ºC, 
and 70% LEU equivalent, respectively.  The RERTR-8 experiment will expose 16 
plates to a short (15 day) high power irradiation cycle.  The RERTR-8 test train will 
consist of one capsule (eight miniplates) removed from the RERTR-7B experiment 
following one irradiation cycle and one fresh capsule (eight miniplates).  The capsules 
will be irradiated for one additional ATR cycle (~50 days) prior to the high power 
cycle.  The peak surface heat flux in the RERTR-8 experiment will be on the order of 
550 W/cm2.  

 
 
1. Introduction 
 
The Reduced Enrichment for Research and Test Reactors (RERTR) advanced fuel development 
program was reinstated by the United States Department of Energy in the mid 1990’s with the goal 
of developing fuel that will allow the conversion to low enriched uranium (LEU) of the remaining 
research reactors which have fissile atom density requirements too high to be met by existing fuel 
types [1].  To meet this goal, a series of irradiation experiments are being performed in the Idaho 
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National Laboratory’s (INL) Advanced Test Reactor (ATR).  Experiments have progressively become 
more specialized as the focus has shifted from exploratory to specific with increasing 
understanding of the fuel behavior.    
 
The previous six irradiation tests (RERTR-1 through –6) have demonstrated the excellent irradiation 
behavior of the uranium molybdenum alloy fuel phase.  They have also, however, revealed chemical 
interactions between the fuel and matrix that in some cases result in unacceptable fuel swelling.  
The interaction has only been problematic when the fuel is operated at high power.  
 
As a result, the RERTR-7 series of experiments has been designed to specifically examine this 
behavior and the impact that various fuel meat compositions have on the system.  Out-of-pile 
experiments suggest that the presence of silicon in the matrix aluminum or small amounts of 
titanium or zirconium in the fuel alloy may substantially reduce the fuel/matrix interaction rate [2].  
Earlier experiments also showed the promise of monolithic type fuel forms due to the greatly 
reduced interfacial area and temperature.  A number of monolithic fuel plates will be included in 
these experiments to expand the irradiation performance database.  The experiments will be 
operated at a higher average power than previous experiments to ensure that all the experiments, 
including those near the test train edge, are operated at relevant conditions since failures have 
never been observed under low power conditions. 
 
The RERTR-8 experiment will subject several promising candidate fuel compositions to a very high 
power environment to assess behavior under conditions that bound those to be experienced in 
actual reactor service.   The experiment will help further define potential fuel failure modes. 
 
2. Experiment Hardware  
 
The experiments will utilize hardware similar to that used in previous RERTR irradiation experiments 
to irradiate a total of 66 mini-plates of mixed composition that will be assembled using various 
fabrication techniques.  The nominal plate geometry is shown in Figure 1.  The mini-plates are 
assembled into capsules containing 2 rows of 4 mini-plates each.  A schematic of a capsule is 
shown in Figure 2. Four capsules are stacked in a basket with spacers on the top and bottom to 
position the plates across the core centerline.  Each test train therefore contains a maximum of 32 
mini-plates. The experiment basket assemblies are inserted into one of four ‘Large B-Positions’ in the 
Idaho National Laboratory’s (INL) Advanced Test Reactor (ATR) as shown in Figure 3.  The unique 
design of the ATR allows its four quadrants to be operated at different lobe powers.  The irradiation 
position is therefore carefully selected for each experiment to achieve the desired thermal and nuclear 
conditions. 
 

 
Nominal Fuel Zone  

Disp – (3.200 x 0.730 x 0.025) 
Mono – (3.250 x 0.750 x 0.010/0.020) 
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Figure 1. Nominal mini-plate geometry (dimensions shown in inches). 
 

1 in

 
Figure 2. A schematic of the flow through capsule. 
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Figure 3.  Core layout of the Advanced Test Reactor. 
 

ATR primary coolant will flow through the capsules and directly cool the mini-plates.  The reactor 
coolant is driven through the basket by a nominal 510 kPa (74 psi) pressure differential between the inlet 
and exit.  To estimate the coolant flow rate in the reactor the assembly was flow tested to determine its 
hydraulic loss coefficient.  The pressure drop across the test section was measured as a function of flow 
rate and the test data was reduced using the Bernoulli equation  
 

ΔP
γ

+ h = Knet

2gA2 Q2  (1) 

 
to plot the reduced pressure against the reduced flow rate (Figure 3).  The hydraulic loss coefficient was 
determined by the linear curve fit shown.  Using this value the total experiment flow rate was estimated 
to be approximately 2700 cm3/sec (42.9 gpm) during irradiation.    
 

Large B-Positions 
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Figure 3. Reduced pressure drop as a function of reduced flow rate for the irradiation test vehicle. 

 
However, it is important to note that the inner and outer flow channels were sized to prevent non-
uniform cooling of the outer plate surfaces.  The outer flow channels are smaller than the inner flow 
channels to restrict the coolant flow because the outer channels only cool the surface of one plate.  
The relative coolant velocities can be estimated from the total flow by noting that total flow is 
related to the channel flows by 
 
 Qtotal = 2 Qouter + 3 Qinnner  (2).  
 
The total head loss for each channel must be equivalent because they share common plena, so the 
flow rates are therefore related by the hydraulic diameters and equation (2) can be reduced to  
 

  

Qinner =
Qtotal

2 Aouter

Ainner

Dhyd−outer

Dhyd− inner

+ 3   (3). 

 
The volumetric flow rates (velocities) in the inner and outer channels are approximately 700 
cm3/sec (14 m/sec) and 310 cm3/sec (11 m/sec), respectively. 
 
3. RERTR-7 Experiment 
 
The primary purpose of the RERTR-7 experiment is to evaluate several potential approaches to 
controlling the chemical interaction between the U-Mo alloy fuel and the Al matrix.  The experiment 
consists of two separate test trains dubbed RERTR-7A and RERTR-7B.  The –7A experiment will 
focus on examining the impact of minor additions to the dispersion matrix (primarily silicon).  The –
7B experiment will examine the impact of minor alloying agents in the fuel phase on the same 
behavior.  Both experiments will include multiple monolithic fuel plates to expand the performance 
database for the fuel type.  The experiments will use identical irradiation hardware. 
 
3.1  RERTR-7A  
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The RERTR-7A experiment consists of 32 mini-plates of various compositions.  The full experiment 
matrix is summarized in Table 1.   Of the 32 mini-plates 15 are of dispersion type and 17 are of 
monolithic type.  In the dispersion fuel experiments, the impact of silicon on chemical behavior at 
the fuel matrix interface will be explored in detail.  The monolithic fuel experiments will greatly 
expand the database of in-pile performance data and will provide specific information on the 
relative behavior of U-10Mo and U-12Mo fuel alloys.  
 
Out-of-pile experiments have suggested that the presence of silicon in the matrix material 
significantly reduces the reaction rate between the fuel and matrix [2] but this effect must still be 
verified for in-pile conditions.  Five matrix compositions are incorporated into the experiment matrix 
including Al-0.5 wt% Si, Al-2.0 wt% Si, Al-4043, Al-6061, and pure aluminum (as a control).  The 
experiment matrix has been constructed to include two plates of each type, which are placed such 
that at least one is located in a high power position.  Although the nominal fuel phase composition 
is U-7Mo, a pair of U-10Mo/Al-0.5 Si based dispersion plates are also included to compare with U-
7Mo/Al-0.5 Si based plates.  This will help identify the role molybdenum content plays in the 
chemical behavior.  All the dispersion plates will be fabricated using standard roll bonding 
techniques. 
 
The monolithic fuel type was first conceived of to limit the total interfacial area between the fuel 
and matrix and to minimize the temperature at that interface.  A small number of plates were 
tested in the RERTR-5 experiment with promising results.  The 17 plates included in this experiment 
served as the impetus for fabrication technique development and will provide significant data on 
irradiation performance. The most significant challenge identified to date for monolithic fuels is with 
fabrication.  Plates in this experiment will be fabricated using friction stir welding (FSW) and 
transient liquid phase bonding (TLPB) techniques. 
 
Three fuel meat alloys, U-7Mo, U-10Mo, and U-12Mo, are included in the experiment.  The foil 
shaped fuel meat used in monolithic fuel also makes internally graded fuel compositions possible.  
Two ‘dual foils’ will be included in the experiment that consist of two separate foils (which could 
later be of different composition or enrichment) laid adjacent to each other within the plate.  
Another possibility is the incorporation of discrete pillars or burnable poisons.  Two plates with 
‘holed foils’ are included to explore this possibility.  
 
Two plates are being provided by the Comision Nacional de Energia Atomica (CNEA) of Argentina to 
explore additional concepts.  One plate consists of silicon coated U-10Mo particles dispersed in Al 
and the other is a U-10Mo foil clad with Zr rather than Al. 
 
The experiment will be inserted into the Large B-11 (south) position of the ATR, which is typically the 
highest power position of the four Large B’s, in November 2005.  The experiment will remain in this 
position for three full ATR cycles (nominally 50 effective full power days per cycle) during which the 
fuel will reach roughly 70% equivalent LEU burnup.  The beginning of life (BOL) power levels were 
calculated using MCNP [3], which allowed the nominal BOL, thermal conditions to be calculated [4] 
for the fuel surface heat flux, surface temperature, and centerline temperature.  The preliminary 
values are summarized in Table 2, final values will be calculated when as-built data is available. 
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1 2 3 4 key
disp foil disp foil fuel type

U-7Mo U-10Mo U-7Mo U-10Mo fuel alloy
Al-4043 0.01" Al-0.5 Si 0.02" mat./foil th.

Roll TLPB Roll FSW fab. tech.
foil dual foil disp foil

U-10Mo U-10Mo U-10Mo U-12Mo fuel type
0.01" 0.01" Al-0.5 Si 0.01" disp dispersion type fuel
FSW FSW Roll FSW foil monolithic (foil) type fuel
disp disp disp foil holed foil perforated monolithic (foil) fuel type

U-7Mo U-7Mo U-7Mo U-12Mo dual foil split monolithic (foil) fuel type
Al-6061 Al-2.0 Si Al 0.01"

Roll Roll Roll TLPB fuel alloy
Holed foil disp foil disp* U-7Mo 7 wt% molybdenum fuel alloy
U-10Mo U-7Mo U-10Mo U-10Mo U-10Mo 10 wt% molybdenum fuel alloy
0.01" Mg 0.01" Al U-12Mo 12 wt% molybdenum fuel alloy
FSW Roll FSW Roll

dual foil foil foil foil** mat./foil th.
U-10Mo U-10Mo U-7Mo U-10Mo Al aluminum matrix
0.01" 0.01" 0.01" 0.01" Al-0.5 Si aluminum w/ 0.5 wt% silicon matrix
FSW TLPB FSW Roll Al-2.0 Si aluminum w/ 2.0 wt% silicon matrix
foil foil disp disp Al-4043 Al-4043 matrix

U-12Mo U-12Mo U-7Mo U-10Mo Al-6061 Al-6061 matrix
0.01" 0.01" Al-4043 Al-0.5 Si 0.01" 0.01" thick fuel meat foil
FSW TLPB Roll Roll 0.02" 0.02" thick fuel meat foil
disp foil disp disp

U-7Mo U-10Mo U-7Mo U-7Mo fab. tech.
Al-6061 0.01" Al Al-0.5 Si Roll Roll bonding

Roll FSW Roll Roll TLPB Transient liquid phase bonding
disp holed foil disp fiol FSW Friction stir welding

U-7Mo U-10Mo U-7Mo U-10Mo
Mg 0.01" Al-2.0 Si 0.02" *Si coated particles in Al (supplied by CNEA)
Roll FSW Roll FSW ** Zr clad foil (supplied by CNEA)

Column
Capsule

C

Top

Bottom

D

Top

Bottom

A

Top

Bottom

B

Top

Bottom

 
 

Table 1.  RERTR-7A experiment matrix. 
 
 

Fuel 
Plate Fuel Alloy Fuel Form

Plate 
Surface 

Heat Flux Plate Power
Plate Surface 

Temp.
Plate Centerline 

Temp.
(W/cm2) (W) (°C) (°C)

A-1 U-7Mo disp 195 7030 138 167
A-2 U-10Mo foil 115 4161 103 113
A-3 U-7Mo disp 139 5021 114 135
A-4 U-10Mo thick foil 276 9963 173 202
A-5 U-7Mo foil 163 5868 126 140
A-6 U-10Mo foil 128 4626 111 122
A-7 U-10Mo disp 175 6303 131 158
A-8 U-12Mo foil 176 6338 132 147
B-1 U-7Mo disp 320 11549 197 246
B-2 U-7Mo disp 265 9569 173 214
B-3 U-7Mo disp 239 8629 162 199
B-4 U-12Mo foil 220 7956 154 173
B-5 U-10Mo foil 209 7541 152 170
B-6 U-7Mo foil 166 5981 134 148
B-7 U-10Mo foil 191 6899 145 161
B-8 U-10Mo disp 168 6081 135 160
C-1 U-10Mo foil 239 8612 168 189
C-2 U-10Mo disp 263 9487 179 219
C-3 U-7Mo disp 287 10372 190 233
C-4 U-10Mo disp 349 12598 216 269
C-5 U-12Mo foil 208 7525 159 177
C-6 U-12Mo foil 153 5534 135 148
C-7 U-7Mo foil 149 5380 133 146
C-8 U-10Mo foil 205 7413 157 175
D-1 U-7Mo disp 302 10906 202 248
D-2 U-10Mo disp 261 9426 185 225
D-3 U-7Mo disp 260 9398 184 224
D-4 U-7Mo disp 309 11168 206 253
D-5 U-7Mo disp 230 8296 175 210
D-6 U-10Mo foil 140 5043 136 148
D-7 U-7Mo disp 171 6161 149 175
D-8 U-10Mo thick foil 327 11797 217 251

Capsule

A

B

C

D

Top

Bottom

Top

Bottom

Top

Bottom

Top

Bottom

 
 

Table 2.  RERTR-7A BOL thermal conditions. 
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3.2 RERTR-7B 
 
The RERTR-7B experiment consists of 26 mini-plates and 6 ‘blanks’.  The experiment is scheduled 
for insertion into the Large B-12 (East) Position of the ATR in January 2006.  Capsules A, B, and C 
will be irradiated for three full ATR cycles (roughly 150 effective full power days) to reach roughly 
50% LEU equivalent burnup.  The D capsule will be removed after one 50 day cycle to be placed in 
the RERTR-8 test train.  The capsule will be replaced with a blank filled dummy capsule.  The 
objectives of this test are 1) to examine the impact of modified fuel alloys on the fuel/matrix 
chemical interaction, 2) explore the performance of magnesium matrix dispersion fuels fabricated 
by a hybrid FSW/rolling process, and 3) collect additional performance data for monolithic fuels.  
The full experiment matrix is summarized in Table 3. 
 
Similar to the results observed for a silicon doped matrix, out-of-pile tests revealed that minor 
additions of Ti or Zr to the fuel alloy resulted in greater resistance to chemical interaction between 
the fuel and matrix material [2].  To examine this behavior under irradiation, four plates with either 
1 wt% Ti or 2 wt% Zr in the fuel alloy are included.  For these plates the behavior of both the 
fuel/matrix interface and the fuel itself will be of interest since the irradiation stability of the fuel is 
dependent on the specific properties of the alloy.   
 
The thermal conditions of the RERTR-7B experiment are expected to be slightly less severe than for 
RERTR-7A because the B-12 position operates at a slightly lower lobe power (22.5 MW vs. 24.1) 
than the B-11 position.  Detailed neutronic and thermal calculations will be performed prior to 
experiment insertion. 
 

1 2 3 4 key
disp foil disp disp fuel type

U-7Mo-1Ti U-10Mo U-7Mo U-7Mo-2Zr fuel alloy
Al-4043 0.01" Mg Al-4043 mat./foil th.

Roll HIP Hybrid Roll fab. tech.
disp disp foil

U-7Mo-1Ti U-7Mo-2Zr U-7Mo fuel type
Al-4045 Al-4045 0.01" disp dispersion type fuel

Roll Roll HIP foil monolithic (foil) type fuel
foil disp

U-7Mo U-7Mo fuel alloy
0.01" Mg U-7Mo 7 wt% molybdenum fuel alloy
HIP Hybrid U-10Mo 10 wt% molybdenum fuel alloy
foil foil disp disp U-7Mo-1Ti 7 wt% molybdenum and 1 wt% titanium fuel alloy

U-7Mo U-10Mo U-7Mo-2Zr U-7Mo-1Ti U-7Mo-2Zr 7 wt% molybdenum and 2 wt% zirconium fuel alloy
0.01" 0.01" Al-4043 Al-4045
HIP HIP Roll Roll mat./foil th.
disp disp disp Al aluminum matrix

U-7Mo-2Zr U-7Mo-1Ti U-7Mo Al-4043 Al-4043 matrix
Al-4045 Al-4043 Mg Al-4045 Al-4045 matrix

Roll Roll Hybrid Mg agnesium matrix
disp foil 0.01" 0.01" thick fuel meat foil

U-7Mo U-10Mo
Al 0.01" fab. tech.

Roll HIP Roll Roll bonding
disp foil disp disp HIP Hot isostatic press

U-7Mo-2Zr U-10Mo U-7Mo U-7Mo FSW Friction stir welding
Al-4043 0.01" Al-4043 Mg Hybrid Friction stir weld to seal plate then rolled

Roll FSW Roll Roll
disp disp foil disp

U-7Mo U-7Mo U-10Mo U-7Mo-1Ti
Al Al-4043 0.01" Al-4043

Roll Roll FSW Roll

D

Top

Bottom

B

Top

Bottom

C

Top

Bottom

Column
Capsule

A

Top

Bottom

 
 

Table 3.  RERTR-7B experiment matrix. 
      
4. RERTR-8 Experiment 
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The RERTR-8 experiment consists of 16 mini-plates assembled into two capsules (B and C) that will 
be subjected to a 15 day high power cycle  (called a PALM cycle) that will push the peak plate 
surface heat fluxes up to roughly 550 W/cm2.   Prior to the PALM cycle the test train will be 
subjected to one standard 50 day cycle such that capsule B will have been irradiated for one 50 
day cycle and capsule C will have been irradiated for two 50 day cycles (one while in the RERTR-7B 
experiment).  The experiment matrix consists of several promising fuel types examined in earlier 
tests including 12 dispersion plates and 4 monolithic plates.  The experiment matrix is summarized 
in Table 4.  The RERTR-8 experiment test train will be inserted into the ATR in March 2006 and will 
begin the PALM cycle in May 2006. 
 

1 2 3 4

disp foil disp disp
U-7Mo-2Zr U-10Mo U-7Mo U-7Mo

Al-4043 0.01" Al-4043 Mg
Roll FSW Roll Roll
disp disp foil disp

U-7Mo U-7Mo U-10Mo U-7Mo-1Ti
Al Al-4043 0.01" Al-4043

Roll Roll FSW Roll
disp foil disp disp

U-7Mo-2Zr U-10Mo U-7Mo U-7Mo
Al-4043 0.01" Al-4043 Mg

Roll FSW Roll Roll
disp disp foil disp

U-7Mo U-7Mo U-10Mo U-7Mo-1Ti
Al Al-4043 0.01" Al-4043

Roll Roll FSW Roll

D

Top

Bottom

B

Top

Bottom

C

Top

Bottom

Column
Capsule

A

Top

Bottom

 
 

Table 4.  RERTR-8 experiment matrix. 
 
5.   Summary 
 
Three test trains containing a variety of U-Mo alloy based fuels will be irradiated in the Advanced 
Test Reactor at the Idaho National Laboratory.  The RERTR-7A, -7B, and -8 experiment test trains 
will contain 67 miniplates of various fuel meat compositions that will be subjected to a near 
prototypical reactor environment.  The RERTR-7A and –7B experiments will explore the influence of 
modified matrix materials (RERTR-7A) and fuel alloys (RERTR-7B) on fuel/matrix chemical 
interaction.  The three experiments will also contain a number of monolithic type fuel plates that will 
substantially expand their irradiation performance database.  The modified matrix materials include 
6061-Al, 4043-Al, Al-0.5 Si, Al-2.0Si, and Mg.  The fuel alloys will include small amounts of Zr or Ti.  
The plates in RERTR-7A and –7B will be operated with peak surface heat flux, surface temperature, 
centerline temperature, and peak burnup of 350 W/cm2, 200ºC, 250ºC, and 70% respectively.  The 
RERTR-8 experiment will expose 16 plates to a short (15 day) high power irradiation cycle.  The 
RERTR-8 test train will consist of one capsule (eight miniplates) removed from the RERTR-7B 
experiment following one irradiation cycle and one fresh capsule (eight miniplates).  The capsules 
will be irradiated for one additional ATR cycle (~50 days) prior to the high power cycle.  The peak 
surface heat flux in the RERTR-8 experiment will be on the order of 550 W/cm2. 
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ABSTRACT 

In February 2005 in the MIR reactor the irradiation tests of LEU U-Mo pin-type mini fuel elements fabri-
cated at the Bochvar Institute were completed within the framework of collaboration with ANL under 
RERTR program.  
The fuel element cross-section represents a 2.98×2.98 mm square, cladding material is aluminum alloy 
SAV-1, height of the fuel element active part is ≤ 200 mm, uranium volume density in the fuel composition 
is ~ 4 and ~ 6 g/сm3. Totally, 71 undersized pin-type fuel elements were tested including 13 different modi-
fications that differed in the fuel composition characteristics. To obtain data on the fuel behavior at differ-
ent burnups, several mini fuel element groups were irradiated up to different burnup values ranging from  ~ 
20% to ~ 70% of 235U burnup. 
This paper presents the main irradiation tests and PIE results that have been obtained by now.  

1. Introduction 

Soviet-production research and test reactors are known to use tube-type fuel elements of different ge-
ometry. As a rule, such a fuel assembly consists of several tubes of different dimension and, sometimes, 
shape, which are inserted co-axially one into another. One of the trends of the Russian RERTR program 
is to develop a unified pin-type fuel element with LEU U-Mo fuel to be used in future instead of tube-
type fuel elements in the fuel assemblies of different design for pool-type research reactors. 

From August 2003 till February 2005 in the MIR reactor testing of pin-type mini fuel elements (MFE) 
with high-density LEU U-Mo fuel has been performed using dismountable irradiation devices up to the 
maximum burnup of 235U in fuel achieving ~ 70%. 13 MFE were tested up to average burnup values of 
235U ranging (19.5 -22.9) %, 12 MFE – up to (49.0-52.8) %, 17 MFE – up to (57.9 –62.7)% and 29 mini 
fuel elements – up to (63.0 – 67.7)%.  In the course of irradiation the cladding of one of the mini fuel 
elements of the OM-9.5 type has failed at average burnup of ~ 63%.  

By now PIE of mini fuel elements with ~ 20% burnup have been completed and high-burnup mini fuel 
elements are being examined. The main attention is paid to the estimation of the general state of the 
mini fuel elements, change in the MFE dimensions and fuel meat swelling, analysis of the cladding and 
fuel material structure and their compatibility under irradiation.  



2. Main technical characteristics of MFE 

MFE have a square cross-section and ribs in the corners to provide spacing inside a fuel assembly. The 
cladding material is aluminum alloy SAV-1; fuel composition is U-Mo alloy particles dispersed in alu-
minum matrix. The uranium enrichment is ~19.7%; MFE length is ~ 250 mm and the fuel meat length is 
~ (160- 200) mm. The mini fuel element and its cross-section are showed schematically in Fig. 1. 

Fig. 1. Schematic representation of the mini fuel element and its cross-section. 

All 71 fuel rods tested can be split into 13 groups differing in chemical composition, phase state, parti-
cles fabrication method and uranium density in the fuel composition. Table 1 and 2 present the main 
characteristics of the fuel alloys and data on the fuel loading in different MFE groups. 

Table 1. Main characteristics of fuel alloys 

Alloy chemical composition, mass%   Production 
method of alloy 

powders 

Alloy des-
ignation  U Mo Nb Zr Sn Al C O2 

Alloy 
density ρ, 

g/сm3 

ОM-9 90.2 9.2 – – – – 0.04 – 17.23 
ОМ-6.5 91.63 8.0 – – – – 0.04 – 17.43 
ОМ-6.5L1 92.38 7.4 – – – 0.2 0.04 – 17.36 
ОМ-6.5L2 91.94 7.0 – – – 0.4 0.04 – 17.02 
ОМ-6.5L3 92.11 7.1 – – 0.2 0.2 0.04 – 17.21 
ОМ1.5 96.54 2.8 – – 0.2 0.2 0.04 – 17.87 

A
to

m
iz

at
io

n 

ZrNb-10 91.12 – 4.3 6.0 – – 0.041 – 16.50 
ОМ-6.5L1 91.95 7.1 – –  0.215 0.048 0.13 17.0 Hydration - 

dehydration ОМ-6.5L3 91.76 7.35 – – 0.2 0.22 0.053 0.13 16.9 

The particle size of the U-Mo alloy powders produced by the atomization method makes up 
~ (100…140) μm and of those produced by the hydration-dehydration method – ~ (200...263) μm. 
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Table 2. The MFE groups fuel features  

Alloy characteristics  
No. 

Alloy designation Alloy phase state 

Uranium density in 
the fuel meat, 

g/сm3 

Designation of the 
MFE group 

1 ОМ-9(A) γ 4 ± 0,2 014N* 
2 ОМ-9(A) γ 6 ± 0,3 016N* 
3 ОМ-9(A) α + γ 4 ± 0,2 024N* 
4 ОМ-6.5(A) γ 4 ± 0,2 114N* 
5 ОМ-6.5(A) γ 6 ± 0.3 116N* 
6 ОМ-6.5(A) α + γ 4 ± 0.2 124N* 
7 ОМ-6.5L1(A) γ 4 ± 0.2 214N* 
8 ОМ-6.5L1(H) γ 4 ± 0.2 234N* 
9 ОМ-6.5L2(A) γ 4 ± 0.2 314N* 
10 ОМ-6.5L3(A) γ 4 ± 0.2 414N* 
11 ОМ-6.5L3(H) γ 4 ± 0.2 434N* 
12 ОМL-1.5(A) α′ 4 ± 0.2 514N* 
13 ZrNi-10(A) γ 4 ± 0.2 614N* 

Note: (A) – atomization method, (H) – hydration-dehydration method, N* – MFE No. in a specific group 
of mini fuel elements. 

 3. Irradiation testing conditions and results 

Table 3 presents the main testing parameters of the mini fuel elements in the MIR reactor. 

Table 3. Main testing parameters 

Parameter Value 
Heat power of MFE, kW 1.3–1.9 
Coolant pressure, MPa 1.1–1.3 
Coolant temperature, ºC 40–60 
Coolant velocity, m/s 2.3–3.0 
Maximum heat flux, MW/m2 

- MFE with ~ 4 gU/сm3  
- MFE with ~ 6 gU/сm3  

 
0.6 
0.9 

Maximum temperature of the cladding outer surface,º C 
- MFE with ~ 4 gU/сm3  

                  -    MFE with ~ 6 gU/сm3 

 
75–95 

90–110 
Maximum fuel temperature at the beginning of tests,º C  

- MFE with ~ 4 gU/сm3 
- MFE with ~ 6 gU/сm3  

 
85–105 
105–125 

Maximum neutron flux  En >0.1 MeV,  cm-2s-1 6·1013 
Maximum fission density in the fuel particles, 1014 сm-3s-1 

- MFE with ~ 4 gU/сm3 
- MFE with ~ 6 gU/сm3 

 
2.8 
3.1 

 



The mini fuel elements were tested in two dismountable irradiation devices. To obtain data on the fuel 
state at different burnups, 13 MFE were tested up to average burnup values of 235U (19,5 – 22,9)%, 12 
MFE – up to (49,0 – 52,8)%, 17 MFE – up to (57,9 – 62,7)% and 29 MFE – up to (63,0 – 67,7)%. 

Table 4 presents the main testing results of mini fuel elements from different groups regarding the fuel 
composition characteristics. 

Table 4. Main testing results of the MFE from different groups regarding fuel composition.  

Fuel characteristics  
No. Alloy desig-

nation Phase state 

Uranium den-
sity in the fuel 

meat, 
 g/сm3 

Maximum 235U 
burnup in fuel, %  

Fission products 
accumulation in 
the fuel meat, 

g/сm3 
1 ОМ-9(A) γ 4 ± 0.2 67.7 0.45 

  2* ОМ-9(A) γ 6 - 0.2 64.7 0.67 
3 ОМ-9(A) α + γ 4 ± 0.2 65.8 0.47 
4 ОМ-6.5(A) γ 4 ± 0.2 66.2 0.48 
5 ОМ-6.5(A) γ 6 - 0.2 63.4 0.68 
6 ОМ-6.5(A) α + γ 4 ± 0.2 65.1 0.47 
7 ОМ-6.5L1(A) γ 4 ± 0.2 66.7 0.47 
8 ОМ-6.5L1(H) γ 4 ± 0.2 66.8 0.48 
9 ОМ-6.5L2(A) γ 4 ± 0.2 66.8 0.48 
10 ОМ-6.5L3(A) γ 4 ± 0.2 66.6 0.48 
11 ОМ-6.5L3(H) γ 4 ± 0.2 67.5 0.49 
12 ОМL-1.5(A) α′ 4 ± 0.2 67.6 0.47 
13 Zr Nb-10(A) γ 4 ± 0.2 67.4 0.47 

  * In the marked group a MFE cladding has failed.  

Upon achieving ~63%  burnup and accumulation of fission products ( ~0.65 g/сm3) in the fuel meat a 
failure of one mini fuel element from group 2 took place. The fuel of alloy ОМ -9(А) containing 9.1% 
Mo, uranium density in the fuel meat ~ 5.8 g/сm3. It should be noted that MFE of this group were tested 
at relatively high values of power (0.9 МW/m2) and fission product accumulation (0.65 g/cm3) as com-
pared to those of the mini fuel elements of the other groups, except group 5. On the other hand, several 
mini fuel elements from group 2 and group 5  achieved higher burnup but they have not failed. Hence, 
the reason of the cladding failure can be established only in the course of careful post-irradiation exami-
nations. 

4. Results of PIE   

4.1. Results of visual inspection and gamma scanning of mini fuel elements 

MFE of all 13 types with 20% burnup were chosen for the nondestructive examinations. No mechanical 
defects on the surface or deformation were revealed as a result of visual inspection of the mini fuel ele-
ments.  The MFE surface acquired shade of grey color as compared to the initial white color. Small 
(~1 mm) spots of white and dark-grey color are observed. Fig. 2 presents a photo of MFE No.0148 that 
is characteristic of all mini fuel elements under test. 



Fig.2. Photo of some areas of MFE No.0148 

To define the distribution of fission products and heat flux along the MFE height, gamma-scanning of 
the mini fuel elements was performed in term of integrated and differential intensity of gamma-quanta. 
Fig. 3 shows the distribution of the integrated gamma-quanta intensity along the height of MFE No.0148 
that is characteristic of other mini fuel elements. The distribution of the gamma-quanta intensity at low 
fuel burnup values (~20 %) actually corresponds to the distribution of fission products and heat flux 
along the fuel element height. The curve trend is determined by the neutron flux distribution along the 
irradiation device height in the reactor core. However, a significant difference is observed between the 
experimental and calculated heat flux curves at the ends of the fuel meat. It is manifested by the fact that 
the calculated curve, obtained under the assumption of a uniform fuel distribution along the height of the 
fuel meat, must have bursts of heat flux on the ends of fuel meat. The experimentally obtained distribu-
tion is possible only if at the ends of fuel meat a significant decrease in the fuel density occurs. The 
curves show that the areas with the fuel density decrease achieve (15-25) mm. The relative fuel distribu-
tion in the central part of the mini fuel elements is rather uniform and meets the technical requirements.  

                             top   bottom 

Fig.3. Distribution of the gamma-quanta integrated intensity 
 along the height of mini fuel element No. 0148. 

4.2. PIE results of the MFE structure 

Two mini fuel elements were chosen for destructive examination: MFE No.0148 (group 1, ОМ-9(A)  
with uranium density of ~ 4 g/сm3) and MFE No. 0163 (group 1,ОМ-9(A) with uranium density of 
~6 g/сm3). 4 specimens were cut out from each mini fuel element for metallographic and electron mi-
croscopic examinations. One specimen from each MFE was also cut out (from the central part) to be 
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tested in the mechanical impact machine at liquid nitrogen temperature to obtain fracture; these speci-
mens then were subjected to fractographic examination of the fracture surface. 

Figures 4 (a) and (b) present the typical appearance of the MFE cross sections: the claddings retained 
their integrity and there is a tight contact of the cladding with the fuel meat. Fig. 5 presents the micro-
structure of the MFE claddings. It is obvious that no traces of uniform corrosion are available on the 
outer surface of both mini fuel elements. Insignificant pitting (Fig. 5b) is observed in some regions of 
the outer surface of both mini fuel elements, assumingly it were caused by the corrosion pitting peeling 
or by some mechanical effect during PIE. 

Fig. 6. presents the microstructure of the fuel-cladding contact area. The quality of the contact is obvi-
ously to be satisfactory, however, separate fuel particles pressed into the claddings are observed 
(Fig. 6a).  

Fig. 7 presents the fuel meat microstructure. An interaction layer is revealed between the fuel particles 
and the matrix.  

 а  b 

Fig.4. Macrostructure of the cross-sections of MFE No.0163 (а), and No. 0148 (b): 130 mm from the 
bottom. 

 а  b 

Fig.5. Cladding microstructure of MFE No. 0163 (а,) and No.0148 (b), ×400 

 а  b 

Fig.6. Microstructure of the “fuel-cladding” boundary of MFE No.0148 (а) and No. 0163 (b) at magnifi-
cation ×100 (а) and ×400 (b) 



 а  b 

Fig.7. Fuel composition microstructure of MFE No. 0163 at magnification ×100 (а), ×600(b) 

4.3. Cross-section plane geometry of the mini fuel elements 

Geometric characteristics of the MFE cross-sections were measured from the photo images of polished 
specimens (Fig. 4). The measurement methods [2] allow the definition of the cross-section area of the 
mini fuel element (for outer cladding surface) and fuel meat (for inner cladding surface); across-the-ribs 
and across-the-flats dimensions as well as other dimensions within the cross-section presented on the 
polished specimen.   

Table 5 presents the measurement results of  the MFE cross-section areas (Sтв), across-the-ribs (D) and 
across-the facet dimensions (d), and also their relative changes ΔSTB/STB0 , ΔD/D0 and Δd/d0. The di-
mensions of the cross-sections without fuel meat are considered to be initial MFE dimensions (STB0, 
D0, d0). For MFE No.0148 this cross-section is 197 mm from the bottom of the mini fuel element, for 
MFE No.0163 – 223 mm from the bottom. 

Table 5. Geometrical characteristics of the mini fuel elements 

MFE No. 

Height 
from the 

MFE bot-
tom, mm 

D,  
mm 

ΔD/D0, 
% 

d,  
mm 

Δd/d0, 
% 

Smfe, 
mm2  

ΔSmfe/Smfe
0,  

% 

30 4.82 0.71 2.96 2.46 9.26 2.52 
120 4.81 0.52 2.95 2.15 9.18 1.59 
177 4.80 0.40 2.94 1.70 9.12 0.93 01

48
 

197 4.79 0.00 2.89 0.00 9.03 0.00 
30 4.88 2.95 2.95 1.06 9.38 3.61 
120 4.86 2.36 2.94 0.58 9.28 2.47 
198 4.83 1.92 2.93 0.27 9.16 1.12 01

63
 

223 4.74 0.00 2.92 0.00 9.06 0.00 

Note: dimensions D and d presented in the table are averaged for two ribs and for two facet  

The data of Table 5 show that the irradiation gave rise to an increase in the dimensions of MFE as com-
pared to the area without fuel composition. The dimensions increased both with regard to ribs and facet, 
correspondingly; the cross-section areas of the mini fuel elements have increased either. On the whole, 
such an increase corresponds to the accumulation of fission products in the respective cross-section of 
the mini fuel element.  



4.4. Electron microscopic examination results of the mini fuel elements 

Fig. 8 presents the results of the electron microscopic examination of the polished specimens of MFE 
No. 0163 and No. 0148.  
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Fig. 8. Results of the electron microscopic examination of the polished specimens of MFE 
No. 0163(а-d) and No.0148 (e-h). 

 The fuel particle distribution over the MFE cross-sections is non-uniform (Figs. 8a и 8b). However, it 
seems likely that their volume fractions (content per volume unit) do not differ very much. An interac-
tion layer between a fuel particle and the matrix (Fig. 8 b, f), fine-dispersed precipitates of an unknown 



phase at the boundary between the fuel meat and cladding are observed in MFE No. 0163 along the en-
tire boundary perimeter (Fig. 8 d).  

The analysis of the electron microscopic images of impact testing specimens (Fig. 9) shows that the 
damage of fuel particles is brittle (Fig. 9 a, e). The fuel particles and interaction layer between a fuel 
particle and the matrix are clearly observed (Fig. 9 f). Multiple pores are located along the fuel particle 
grain boundaries of both mini fuel elements  (Fig. 9 c, g ). The cladding and matrix damage has a ductile 
transgranular nature (Fig. 9 d, h). 
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Fig 9. Results of electron microscopic examination of the fracture of  MFE No. 163(а-d) 
and No.0148(e-h) 



5. Conclusion 

In the MIR reactor the testing of mini fuel elements of the pin-type (MFE) has been performed. They 
incorporated high-density low-enrichment U-Mo fuel of 13 different modifications with regard to com-
position, phase state and uranium density in the fuel meat up to the maximum value (~ 70%) of 235U 
burnup. 

Upon achievement of ~63% burnup and fission products accumulation in the fuel meat (~0.65 g/сm3), a 
failure of one mini fuel element from group 2 took place. The fuel of alloy ОМ -9(А) containing 9.1% 
Mo, uranium density in the fuel meat achieving 5.8 g/сm3. It should be noted that fuel pins of this group 
were tested at relatively high values of power (0.9 МW/m2), fission product accumulation (0.65 g/cm3) 
as compared to those of MFE of the other groups, except group 5, hence, the cladding failure can be re-
lated to this reason. On the other hand, several mini fuel elements from group 2 and group 5 achieved 
higher burnup but they have not failed. The damage reason of the mini fuel element failure can be estab-
lished only in the course of further examinations. 

Post-irradiation examinations of the mini fuel elements with ~20% burnup have been performed. The 
mini fuel elements retained their shape; no mechanical or corrosion damage of the claddings was ob-
served; the tight contact between the fuel meat and the cladding is retained, no interaction between them 
is revealed. There is an interaction layer of ~ 2 μm between the fuel particles and the matrix. 
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ABSTRACT 

 
The next irradiation test (KOMO-3) has been planned from the aspect of overcoming the 
problems which were revealed in the latest irradiation tests (KOMO-2). The main reason 
for the problems was found to be an interaction between the U-Mo particles and the Al 
matrix. The interaction problem could be solved by a smaller interface area such as a 
monolithic fuel and a reaction retardation by a third element addition into the Al matrix or 
U-Mo fuel particles. In the KOMO-3 test, multi-core fuel meat and larger U-Mo particles 
are applied for smaller interface area. In addition, U-7Mo-X (X=0.2Si and 1.0 Zr) fuel 
particles and Al-X alloys (X=0.5%Si and 2.0%Si) are chosen for an interaction retardation. 
Multi-core fuel meat consists of 4 U-Mo rods of 2.0 mm in diameter in aluminum matrix. 
The equivalent U density corresponds to 6.0 g-U/cc and the highest temperature in the 
irradiation was estimated to be about 322 °C. Three kinds of larger U-Mo particles, which 
are 100-212 μm, 212-300 μm, and 300-425 μm, were prepared by atomization methods. 
The U densities of the larger U-Mo particle dispersion fuel meats were selected as 4.5 g-
U/cc from the safety aspect.  

 
 

1. Introduction 
 

U-Mo dispersion fuel with a high uranium density has been developed for a research reactor by 
the RERTR program under the non-proliferation policy [1]. The irradiation tests for the 
preliminarily fabricated U-Mo dispersion fuels have appeared as unacceptable until now. The 
main reason has been revealed due to the severe interaction between the fuel particles and 
aluminum matrix[2]. 

As an alternative approach to the above problem, monolithic U-Mo fuel arose as a solution 
because the irradiation test for a monolithic U-Mo micro-fuel showed a very good performance 
during the RERTR-4 test[3]. Since that time the fabrication technology for the monolithic U-Mo 
plate fuel has been developed by ANL. Among the proposed various methods a friction stir 
welding method was evaluated to be suitable. The 2nd irradiation test for a monolithic U-Mo plate 



fuel is scheduled to be done in the RERTR-7 test at ANL[4]. However, the commercial 
fabrication process for a monolithic U-Mo fuel plate has not been established yet.  

At the previous RERTR meeting, another alternative method was proposed to solve the severe 
interaction problem in the U-Mo dispersion fuel, which was adding a little silicon to the matrix of 
aluminum. The addition of silicon into the aluminum matrix as well as some other elements such 
as Zr, Sn and Ge into the uranium-aluminum inter-metallic compounds was reported to have an 
effect of stabilizing the interaction product phase [5]. 

Related with the interaction problem, using the large U-Mo particle powder could be 
beneficial. As the particle size increases, the inter particles space increases. The impinging time 
of the interaction layers of the neighboring particles could be retarded. Also the temperature 
would rise up even slower. A calculation by using the computer code of a fuel modeling 
developed by ANL showed that the volume fraction of interaction product and the temperature of 
the fuel meat decrease much with the fuel particle size[6]. 

In KAERI, an effort for developing U-Mo fuel with a higher uranium density has been made to 
upgrade the reactor performance of HANARO and to diversify the back end option of fuel. In the 
2nd irradiation test (KOMO-2), rod-type U-Mo dispersion fuels with 4 g-U/cc and 4.5 g-U/cc 
were irradiated in HANARO. Post-irradiation examination showed that a whole range of the fuel 
particles were interacted with the Al matrix in the central area the of rod-type U-Mo dispersion 
fuels with a high linear power after a 60% U-235 burnup[7]. Large pores were observed in the 
central area of the fuel rods consisting of small and standard sized fuel powders but a fairly sound 
structure was observed in the fuel rod with large particle-sized fuel powders. The tubular 
monolithic U-Mo fuel showed lots of bubbles and a large swelling in some regions due to a Si 
contamination from the quartz tube used for casting the mold. However, no occurrence of 
bubbles in the other Si-poor regions is considered to be promising. 

The next irradiation test of the KOMO-3 test has been prepared by reflecting the KOMO-2 test 
results. In order to avoid the severe interaction problem, multi-core fuel meat has been adapted 
instead of a tube type for the U-Mo fuel. The fabrication of a U-Mo ring was found to be very 
difficulty. The U-Mo rod of the fuel core with about a 2 mm in diameter could be produced by a 
vacuum injection casting method. Another alternation could be alloying elements for retarding 
the interaction in the Al matrix as well as U-Mo fuel particles. In this paper not only the activities 
for overcoming the severe interaction problem but also the progress for preparing KOMO-3 test 
are described.  
 
 
2. Plan of Irradiation Fuels 

 
The fuels to be irradiated in the KOMO-3 test were selected as shown in Table 1. The 

diameters of all the fuel meats are the same as the HANARO standard type fuel of 6.35 mm.  
In the previous study as presented at the last RRFM meeting, it was found that the multi-core 

fuel meat had a relatively high uranium density from the viewpoints of the fuel centerline and 
fuel surface temperatures [8]. When the uranium density is fixed, in order to have a lower 
centerline and interface temperature more fuel rods with a smaller diameter of the U-Mo rod 
should be applied. From experiments for producing U-Mo rods by a vacuum injection casting 
method the minimum diameter of the U-Mo rod was found to be as about 2.0 mm. In the case of 
assuming 6.0 g-U/cc, a multi-core fuel with 4 U-Mo rods of about 1.92 mm in diameter was 
estimated to have the highest centerline temperature and interface temperature of 322°C and 190 



°C, respectively, which are presumed to be available from the aspects of an interaction and 
fission bubble. 

Generally a larger diameter of the U-Mo rod is easier for a fabrication. If the addition of a third 
alloying element such as Si into the U-Mo was to be effective, then a larger diameter of the U-Mo 
rod could be achieved. From the results of the U-Mo tube fuel in the KOMO-2 test U-7Mo-0.2Si 
was applied to the multi-core fuel. 

 
Table 1. Candidate fuels for the KOMO-3 test  

 

No Type Material Size U-density Cladding Surface Fuel 
Meat(mm) 

1 Multi-core U-7Mo φ 2.0 mm×4 ea 6.0 g-U/cc Al 1060 Pre-ox. φ 6.35 ×100 
2 Multi-core U-7Mo-0.2Si φ 2.0 mm×4 ea 6.0 g-U/cc Al 1060 Pre-ox. φ 6.35 ×100 
3 Dispersion U-7Mo 100-212 μm 4.5 g-U/cc Al 1060 Pre-ox. φ 6.35 ×250 
4 Dispersion U-7Mo 212-300 μm 4.5 g-U/cc Al 1060 Pre-ox. φ 6.35 ×250 
5 Dispersion U-7Mo 212-300 μm 4.5 g-U/cc Al 1060 Pre-ox. φ 6.35 ×250 
6 Dispersion U-7Mo 212-300 μm 4.5 g-U/cc Al-0.5%Si Pre-ox. φ 6.35 ×250 
7 Dispersion U-7Mo 212-300 μm 4.5 g-U/cc Al-2.0%Si Pre-ox. φ 6.35 ×250 
8 Dispersion U-7Mo 300-425 μm 4.5 g-U/cc Al 1060 Pre-ox. φ 6.35 ×250 
9 Dispersion U-7Mo-1.0Zr 212-300 μm 4.5 g-U/cc Al 1060 Pre-ox. φ 6.35 ×250 

10 Dispersion U-7Mo-0.2Si 212-300 μm 4.5 g-U/cc Al 1060 Pre-ox. φ 6.35 ×250 
11 Dispersion U3Si2 Under 150 μm 4.0 g-U/cc Al 1060 Pre-ox. φ 6.35 ×250 

 
The interaction problem could be solved by using larger U-Mo particles. When the fuel 

particles in the fuel meat become larger, the inter-particle space in the dispersion fuel meat 
increases and the volume fraction of interacted product decreases due to a smaller specific 
interface area. The inter-particle space was calculated that the mono-size of the U-Mo particles 
was 150 μm and that they configured in closed packing way with a 27 Vol%, which are 
equivalent to about 4.5 g-U/cc and also required for upgrading the HANARO reactor 
performance. The calculated space was calculated to be about 60 μm.  

The interaction layer thickness for the U-10wt%Mo dispersion in the RERTR-3 test was 
measured to be less than 10 μm. The heat flux, cladding temperature, and average burnup were 
390 W/cm2, 150 °C, and 40 at% respectively. A correlation of the interaction layer growth with 
respect to the fission rate density and temperature was developed by ANL. Supposing that the 
burnup is extended by up to 70 at% with the same conditions as in the RERTR-3 test, the 
outward thickness growth of the interaction layer was estimated to be 13.2 μm [9].  

In the 4.5 g-U/cc fuel meat dispersed with the U-Mo particles of 150 μm in diameter, any 
impingement of the interaction layers is presumed not to occur frequently because the inter-
particle space of 60 μm in the 4.5 g-U/cc fuel meat is larger than two times that of the outward 
thickness growth of 13.2 μm.  

By supposing that the U-Mo powder with 150 μm particle size is dispersed uniformly with a 
close-packing manner, the growth of the interaction product layer for various parts with respect 
to the burn-up were investigated by dividing the fuel meat rod into 4 parts in the radial direction. 
The result is shown in Fig. 1. The maximum thickness of the interaction product layer is about 14 
μm so that the fuel meat is presumed to be able to maintain a continuous aluminum phase. 



Temperature and thermal conductivity for each part with respect to a burn-up were calculated and 
shown Fig. 2. Temperatures of all the parts were represented as the maximum peak at the first 
fuel cycle. The thermal conductivities for all the parts were degraded gradually with a burn-up. It 
could be attributed to the reason why the interaction product layers did not impinge with each 
other.  
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Fig. 1. Interaction layer growths for 4 parts with a burnup (%, U-235) 
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Fig. 2. Temperatures at 4 parts of the fuel meat with a burnup (%, U-235)  



 
The inter spaces among the particles increase with the particle diameter linearly. Accordingly a 

larger particle dispersion fuel could be available for an increased uranium density and the higher 
power rate condition.  

It is known that these group IV elements will promote the formation of (U-Mo)(Al,Si)3. 
Especially from an experiment of a diffusion couple test with U-Mo and Al-Si, it was reported 
that the extra Si bonds would reduce the free volume of the amorphous interaction product and 
have an efficacy in stabilizing the interaction product against a large pore formation [5]. From the 
above investigations two kind of Al-Si alloys with 0.5 wt% and 2.0 wt% Si contents were taken 
as the matrix material.   

Reportedly a small addition of Si or Al into U-Mo has a positive effect on stabilizing the 
irradiation behavior. In the KOMO-2 test at KAERI, a tube type U-Mo fuel contaminated with Si 
from a quartz tube showed that the U-Mo-Si phase containing 0.2 wt% Si was stably irradiated 
without any bubbles [7]. When U-Mo fuel particles containing Si reacted with the Al matrix, the 
interaction product would improve from the aspect of a free volume reduction. So U-7Mo-0.2 Si 
alloy was adopted as the fuel material in the dispersion and multi-core fuel. As an addition of an 
alloying element into U-Mo, Zr was proposed from the aspect of retarding the interaction because 
Zr has a wide range of solid-solubility with U-Mo but almost insoluble with the Al matrix [10]. 
Accordingly U-7wt%Mo-1wt%Zr was taken as one material of the fuel particles of the dispersion 
fuel.  

As a reference U3Si2 dispersion fuel with a uranium density of 4.0 g-U/cc was selected for 
KOMO-3 test. The volume fraction of the dispersed U3Si2 particles is estimated to be 35.4 %, 
which is available for a fuel meat extrusion process as well as for upgrading a reactors 
performance.  

 
3. Reactor physics calculation for the irradiation test in HANARO  

The maximum linear heat generation rate (LHGR) is limited to 120 kW/m, which is the same 
as the LHGR for KOMO-2. For the KOMO-3 test, the reactor power of HANARO will be 
increased by 25% when compared to the power for the KOMO-2 test. As the reactor power is too 
high, an irradiation test for a full length of a fuel is dangerous. As the control absorber rods 
(CARs) are inserted from the upper position, the upper position is the lower power region. In 
order to mitigate the risk of a failure, all the fuels are situated at the upper positions as shown in 
Fig. 3.  

 
 



 
Fig. 3. Fuel meat positions for the  irradiation fuels  

 
 

The 11 irradiation fuels will be assembled as a cylindrical bundle consisting of 18 rods, which is 
scheduled to be loaded in to the OR-5 hole of HANARO. All the dispersion fuels are located 
from +100 mm to +350 from the centerline. The multi-core fuel is located from +200 mm to 300 
mm. To obtain a more accurate calculation, the end plug of a fuel in the dispersion fuel is 
modeled in detail. In order to calculate the linear power under an irradiation test the related 
conditions are assumed as follows; 1) control rod is positioned at 650 mm from the top, 2) the 
average burnup of the fuels is 29.4 % of U-235, and 3) the total power of the reactor is 30 MW.  
 
 
4. Progress in Preparing the Irradiation Fuels  

 
1) Multi-core Fuel Meat  

U-Mo rods for a multi-core fuel meat were successfully produced by a vacuum injection 
casting method. The mold used for the vacuum injection casting was a quartz tube. The 
preliminarily experiments using depleted uranium appeared to cause a little contamination of Si 
into the U-Mo rods as shown in Table 2. In order to prevent the contamination of Si, a ceramic 
coating on the inner surface of quartz tube was implemented so that the Si content of the U-Mo 
rods could be reduced remarkably. Actual irradiation U-Mo rods were produced by coating a 
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ceramic on the inner surface of the tubes. A heat treatment will be applied for homogenizing the 
Mo as well as the contaminated Si in the U-Mo.  

U-Mo rods are inserted in to the Al matrix rod, which is fabricated by extruding an Al ingot 
and making grooves on the rod. Then the assembled rod of the Al matrix rod with U-Mo rods is 
formed into a multi-core fuel meat by swaging method. It was established that the contact 
between U-Mo rods and Al matrix was good without any void as shown in Fig. 4. 
 
2) Larger U-Mo Particle  

A larger U-Mo particle powder could be produced by a centrifugal atomization. In order to 
obtain a larger particle atomizing parameters were adjusted, by adopting a smaller diameter and 
lower revolution speed of the rotating disk. Additionally, the cooling gas was changed from 
argon to helium. U-Mo powders with various larger sized distributions could be obtained as 
shown in Fig. 5. The morphologies of the atomized large U-Mo particles are shown in Fig. 6.  

Standard size of a large U-Mo particle powder was chosen as 212-300 μm. In order to 
investigate a particle size effect on the irradiation behavior, a smaller particle powder with 100-
212 μm and a larger particle powder with 300-425 μm were taken for fabricating the irradiation 
test fuels. U-Mo-X powders containing Si and Zr were produced and the powder having standard 
particle size distribution was taken for fabricating the fuel meat.  

 
Table 2. Chemical analysis results for three parts of the U-Mo rod produced by a vacuum 

injection  
 

Position Bottom Middle Top 
Element Mo(wt%) Si(wt%) Mo(wt%) Si(wt%) Mo(wt%) Si(wt%) 

Non-coating 7.2 0.92 7.2 1.23 7.0 0.72 
Coating 7.1 0.21 7.0 0.34 7.0 0.11 

 

    
(a) fuel meat                             (b) fuel rod with Cladding  
 

Fig. 4. Multi-core fuel meat and the multi-core fuel rod with the cladding 
 

 



 

 
Fig. 5 Particle size distributions of various U-Mo powders produced by adjusting the operating 

parameters  
 

     
                                     (a) small                                    (b) medium  

 

    
                                         (c) large                                  (d) super large  
 

Fig. 6 Morphologies of various large U-Mo particles 
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Fig. 7. Particle dispersion homogeneities of three different particle size powders in extruded 

fuel meats 
 
 
4. Irradiation and PIE 

The fabrication for the irradiation fuels is still underway. It is expected to be finished by the 
end of this year. The fuels will be loaded into HANAR at around the end of January, 2006 and 
irradiated until the end of 2006. The post-irradiation examination will be done from around the 
spring time of 2007 presumably.  

 
 

5. Summary  
 

In the KOMO-3 test efforts have been made for overcoming the severe interaction problem 
shown in the latest irradiation tests. Considerations taken into account when selecting irradiation 
fuels could be summarized as follows.  

1) Instead of the tube fuel in the KOMO-2, a multi-core fuel with 4 U-Mo rods of about 2 
mm in diameter and 6.0 g-U/cc was chosen, when considering the fabrication process, 
interface temperature, and center temperature of the U-Mo rod. 

2) In order to improve the irradiation behavior of the fuel material two kinds of third 
elements such as Si and Zr were added into the U-Mo alloy.  

3) Larger U-Mo particle dispersion fuels were involved in the KOMO-3.test The larger 
particle U-Mo powders could be successfully prepared by atomization process. 

4) Al alloys containing 0.5wt% and 2.0wt% of Si were used as a matrix of the dispersion 
fuel meat for stabilizing the interaction product.  

5) Uranium densities of the irradiation fuels were selected as 4.5 g-U/cc and 6.0 g-U/cc for 
the dispersion fuels and the multi-core fuels, respectively, in connection with an 
upgrading of a reactors performance.  

In order to mitigate the risk of a failure, all the fuels are situated at the upper positions. The 11 
irradiation fuels will be assembled as a cylindrical bundle consisting of 18 rods, which is 
scheduled to be loaded in to the OR-5 hole of HANARO at around the beginning of next year. 
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ABSTRACT 
 

In order to consider the conversion of the High Flux Isotope Reactor (HFIR) from highly enriched 
uranium (HEU) to low enriched uranium (LEU), a review of the design bases and key operating 
criteria is being performed in order to develop the scope of the engineering analyses for a fuel 
conversion study.  The aspects of the review are discussed and include: current fuel operating 
parameters, enrichment-related Safety Analysis Report sections and Technical Safety 
Requirements, and the record of past fuel performance and current fabrication criteria that would 
be expected to be matched or applied or would impact the manufacture of LEU fuel.  Finally, out-
of-reactor issues related to a potential LEU fuel cycle will be discussed.  Criteria to bound the 
engineering analyses are being developed and are presented.  A set of reactor performance 
measures is being developed to quantify the impact on performance for an LEU core design, and 
this set is presented.  The HFIR design, criteria, and performance metrics will form the bases for 
design analyses of the HFIR core conversion planned to be performed in 2006. 

 
1. Introduction 
 
The U.S. nonproliferation policy “to minimize, and to the extent possible, eliminate the use of 
highly enriched uranium (HEU) in civil nuclear programs throughout the world” (from 
http://www.nnsa.doe.gov/na-20/rertr.shtml) has resulted in the conversion (or scheduled 
conversion) of many of the U.S. research reactors from HEU to low enriched uranium (LEU). 
However, the potential conversion of the High Flux Isotope Reactor (HFIR) from HEU to LEU 
presents a considerable challenge because of its high power density and high fuel burn-up.  In 
addition, as an existing reactor, the construction/configuration of the reactor vessel, reflector, 
target bundle and cooling system along with the requirement for production of extremely high 
thermal flux combines to place restrictions on the design changes that would be available for 
consideration in any proposed conversion.  A review of the design bases and key operating 
criteria is being performed in order to develop the scope of the engineering analyses that must be 
performed for a conversion study.  A set of reactor performance measures is being developed to 
quantify the impact on performance if conversion to LEU were attempted.  This paper presents a 
overview of the topics for which quantitative assumptions are being developed. 
  
2. Reactor description 
 
Ref. 1 provides the following quoted summary description of the HFIR: 
 

The HFIR is a pressurized light-water-cooled and -moderated, flux-trap type 
reactor that uses highly enriched 235U as the fuel.  The reactor core (shown in Fig. 1) 



consists of a series of concentric annular regions, each approximately 61 cm high (fueled 
height is 51 cm). The center of the core is a 12.70-cm-diam cylindrical hole, referred to 
as the “flux trap,” which contains 37 vertical experimental target sites.  

 

 
 

Fig. 1.  Inner and outer HFIR elements 
 

 
Fig. 2.  The HFIR core with the beryllium 

reflector. 

Surrounding the flux trap are two concentric fuel elements separated by a water 
region. The inner element contains 171 involute-shape fuel plates, and the outer element 
contains 369 involute-shape fuel plates. The fuel is aluminum-clad, highly enriched 
uranium oxide distributed along the arc of the involute aluminum plate (U3O8-Al 
cermet). 

The inner fuel element contains boron 
(10B) as a burnable poison, primarily to help 
shift the power distribution from the inner 
element to the outer element. The core loading 
is 9.4 kg of 235U and 2.8 g of 10B. The 
average core life cycle is (19-26) d at 85 MW 
(depending on quantity and type of material 
being irradiated).  

The control plates, in the form of two 
thin, poison-bearing concentric cylinders, are 
located in an annular region between the outer 
fuel element and the beryllium reflector. These 
plates are driven in opposite directions. 
Reactivity is increased by downward motion 
of the inner cylinder, which is used only for 
shimming and regulation; that is, it has no fast 



safety function. The outer control cylinder consists of four separate quadrants, each 
having an independent drive and safety release mechanism.  Reactivity is increased as the 
outer plates are raised. All control plates have three axial regions of different poison 
content designed to minimize the axial peak-to-average power-density ratio throughout 
the core lifetime. Any single rod or cylinder is capable of “shutting the reactor down”.  

The fuel region is surrounded by a concentric ring of beryllium that serves as a 
reflector and is approximately 30 cm thick. This, in turn, is subdivided into three regions: 
the removable reflector, the semi-permanent reflector, and the permanent reflector, as 
shown in Fig. 2. The beryllium is surrounded by a water reflector of effectively infinite 
thickness. In the axial direction, the reactor is reflected by water.  

The reactor core assembly is contained in a 244-cm-diam steel pressure vessel 
located in a pool of water. The top of the pressure vessel is 518 cm below the pool 
surface, and the reactor horizontal midplane is 838 cm below the pool surface. 

HFIR spent fuel assemblies are stored on-site, in a pool adjacent to the reactor 
vessel.  A few key parameters of HFIR are presented in Table 1.  Significant components 
of the reactor are identified in Fig. 3. 

 
Table 1.  Key parameters of HFIR 

Reactor power, MW 85 
Active core height, cm  50.8 
Number of fuel elements 2 
Fuel type U3O8—aluminum  
Total 235U loading, kg 9.43 
Enrichment, % 93.1 
Fuel element parameters Inner fuel element Outer fuel element 
Number of fuel plates 171 369 
235U loading, kg 2.60 6.83 
Average fuel uranium density, gU/cm3  0.776 1.151 
235U per plate, g 15.18 18.44 
Burnable poison in element (10B ), g 2.8 None 
Fuel plate thickness, cm 0.127 0.127 
Coolant channel between plates, cm 0.127 0.127 
Minimum aluminum clad thickness, mm 0.25 0.25 
Fuel plate width, cm 8.1 7.3 
Fuel cycle length, d ~24 
Cycle 400 length, d 24.6 
Coolant inlet temperature, °F 120 
Coolant outlet temperature, °F 169 
Fuel plate centerline temperature (nominal), °F 323 

 
 

3.  Components of the HFIR physical plant impacted by change in enrichment 
 
Due to the construction of the reactor, the dimensions of the HFIR fuel elements could not be 
modified for LEU without prohibitively high cost and outage time to make reactor plant 
modifications.  A criterion of future engineering studies is that there shall be no change to the 
physical dimensions of the core.  However, simply changing the fuel from HEU to LEU, if that 
were neutronically feasible, will increase the uranium loading to a value that is five times the 
current uranium content.  An inner fuel element has a mass of 47.2 kg, and an outer element has 



a mass of 91.7 kg.  A consequence of changing to LEU would be that the mass of an inner fuel 
element would increase by at least 22% and that of an outer element by at least 30%.  
Maintaining an equivalent cycle length for the LEU fuels will almost certainly lead to fuel 
element mass increases greater than these values.   
 
The mass or weight of the HFIR fuel elements directly impacts fuel handling operations during 
fuel fabrication, transportation of fresh fuel to Oak Ridge, fresh fuel storage, handling operations 
between the fresh fuel storage and the reactor core, handling operations between the core and 
spent fuel storage, and finally transportation by shipping cask to the spent fuel storage site.  Fuel 
handling tools, seismic qualification of storage arrays, and other weight-related analyses will 
have to be performed when an acceptable LEU fuel design has been developed.  Fuel handling 
operations are performed several times a year since HFIR typically is refueled eight times per 
year. 
 
The physical support structure of the reactor core inside the reactor pressure vessel should be 
sufficient for the increase in weight accompanying LEU fuel but the increased weight will 
necessitate a review of the reactor support seismic analyses.  Nevertheless, the physical plant 
would have to be reviewed and qualified for the added weight. 
 

 

 
Fig.  3.  Cross section of the HFIR reactor core at horizontal midplane. 

 
 
Irradiated HFIR elements are stored in relatively close-packed, three dimensional arrays at the 
reactor site until sufficiently decayed for shipment (typically 5-7 years; the minimum storage 
time is 30 months – the time it takes for decay heat to reach 600 watts).  Approximately sixty 
assemblies (combinations of inner and outer elements) are currently stored at HFIR and 



anticipated future operation would add eight assemblies per year.  The physical support structure 
of the array should be sufficient for the increase in weight accompanying LEU fuel but would 
have to be reviewed and qualified.  The storage of spent fuel is currently limited to 90 cores 
because the “loading calculation” for the pool floor did not adequately account for the fuel 
weight. 
 
Increased 235U content is necessary to compensate for parasitic capture in the fertile fuel and 
change of enrichment level will mandate new criticality safety analyses for the spent fuel storage 
array.  The current safety approval for the spent fuel storage is based on a series of cadmium-
poisoned arrays of fresh, HEU fuel elements (no burn-up credit).  New analyses would be 
required for LEU and it will have to be determined if a change to LEU would require new critical 
experiments and/or a larger fuel element spacing.  
 
The radiation source term from spent HFIR fuel is the basis for accident source terms for some 
ORNL hot cell facilities as well as for the HFIR itself.  This source term will be different due to 
the enhanced plutonium and trans-plutonium isotope content of spent LEU fuel as compared to 
HEU (for comparable energy generation) and due to differing fission product distribution in LEU 
fuel (a significant number of fissions will occur in plutonium produced from 238U due to the high 
burn-up of HFIR elements – 200,000 MWD/MTHM for HEU fuel).  Changes to the physical 
plant due to variation in the radiation source term would seem unlikely but modification of safety 
documentation would extend beyond HFIR to other ORNL facilities. 
 
3.  Components of HFIR fuel elements impacted by change in enrichment 
 
The current operating power level for HFIR was set by a required reduction in system pressure 
due to possible pressure vessel embrittlement.  Without changes in the HFIR physical plant 
(pressure vessel, pumps, etc.), the heat transfer properties of the existing HEU element should 
remain unchanged for LEU fuel.  Heat removal requires large surface area, high surface-to-
volume ratio, fuel plates and coolant channels to be as thin as can be fabricated, and a cladding 
material with excellent thermal conductivity.  Consequently, changes to the fuel plate dimensions 
or fuel element dimensions are not practrical for an LEU element. 
 
The fuel meat region inside the clad is the portion of the plate that will change due to conversion 
to LEU.  HFIR fuel plates have a graded fuel distribution, shown in Fig. 4, and an involute shape 
to maintain constant coolant channel thickness along all portions of the plate surface.  The 
current fuel distribution is constrained by the following: 
 
• minimum fuel plate thickness that can be fabricated, 
•  properties of fuel and aluminum powders, 
• plate edge clad minimum dimension to insure that the fueled region does not extend 

inside the element sideplates, 
• plate end clad dimensions to insure margin-to-boiling at coolant exit, 
• minimizing rejection of fuel plates due to variability in the manufacturing process, 
• minimizing the peak-to-average power density for the core. 
 



A prior study2 has identified uranium-molybdenum, either as particles dispersed in aluminum or 
as a foil, as the fuel to be considered in the upcoming engineering studies. The high uranium 
loading required for a HFIR LEU fuel can not be achieved with the current U3O8 fuel or with the 
U3Si2 fuel used in the conversion low power research reactors to LEU.  Criteria for fuel based on 
this alloy must correspond to the criteria for the current HEU fuel.  The actual, numeric values 
for the various parameters will likely be different than for the current fuel and will be identified 
in future engineering studies. The fuel distribution and curved plate configurations are unique to 
HFIR and little applicable data exists.  

 
Fig. 4.  Fuel and aluminum filler distribution inside inner element and outer element fuel plates 

 
The presence of 238U in LEU will lead to the production of significantly greater quantities of 
plutonium than exist in current stored, irradiated HEU elements.  While the spent LEU elements 
will have sufficient radiation fields to be self-protecting, the storage of spent elements at HFIR 
for 5-7 years would result in a large increase in the plutonium inventory at ORNL.  Regulatory 
impacts, if any, of this change will have to be assessed. 
 
4.  Changes in the documented safety basis due to conversion to LEU 
 
The steady-state operation of the reactor (reactor physics and thermal hydraulics) is described in 
Chapter 4 of the HFIR Updated Safety Analysis Report (USAR).3  Analyses of the reactor power 
distribution, inlet and outlet coolant temperatures, margin to incipient boiling, hot spot 
temperatures, clad oxide thickness, etc., will be performed using existing HFIR methodologies 
and models.1, 4-7  While it is expected that values different from those in the current safety 
analysis report will be obtained, the goal for the engineering design studies will be to obtain a 
design such that the margin of safety is not reduced from that documented in the USAR.  Such a 
philosophy has been successfully followed in recent design changes.8
 
The distribution of fission product isotopes in the spent fuel will be different for LEU than for 
HEU.  The impact of the change in fission product distribution will have to be propagated 
through the analyses that compose the radiological hazard consequences analyses. 



 
The performance of the reactor under anticipated transients is described in Chapter 15 of the 
USAR.  No new transients are expected to be identified due to a change in fuel material and fuel 
nrichment but input will be needed from materials specialists to confirm performance of 

uring 40 years of operation (406 fuel cycles each requiring an inner and an outer fuel element; 
fuel element failures during reactor 

peration.  There have been no vibration, corrosion, or erosion problems.  About 10-15% of the 

urrently, charges for the processing of highly enriched uranium to the form of U3O8 are funded 
arge from the Department of Energy for the highly 

nriched uranium.  If LEU is produced by down-blending from HEU, an additional fuel 

cedures, and the 
aining of qualified operators will require financial investments and continuing resources to 

ecessitate a re-certification of the shipping cask used for HFIR fuel.  The 
cceptability of this spent fuel form to a DOE storage site and, possibly, to a permanent 

e
uranium-molybdenum alloy relative to the current fuel that is a mixture of U3O8 and aluminum.  
However, the reactivity worth of the control elements as a function of element position will 
change when the fuel enrichment is changed and as plutonium is produced during the fuel cycle.  
When a fuel design has been developed that satisfies steady-state operating criteria, existing 
methods and models9 will be used to examine the transient performance of the reactor.  As for 
steady state, the goal for the engineering design studies will be to obtain a design such that the 
margin of safety is not reduced from that documented in the USAR. 
 
5.  Performance of existing fuel fabrication technology 
 
D
230,000 fuel plates), there have been no fuel plate or 
o
fuel plates were typically out-of-specification when manufactured but were deemed to be 
acceptable for use following deviation control analyses by the HFIR staff.  From 3–5% of 
manufactured fuel plates are rejected at the manufacturer each year as being unacceptable for use 
in the reactor.  When an acceptable LEU fuel element design is developed, the economic 
assessment of LEU conversion will require input from materials scientists and fuel fabricators as 
to whether comparable reliability and performance in the manufacturing processes can be 
attained for the LEU fuel. 
 
6.  Beyond-reactor-site fuel cycle issues 
 
C
from the HFIR budget but there is no ch
e
production step would be added to HFIR operations along with the associated cost.  If instead, 
uranium is to be enriched from natural to 20 wt. %, that production step would be added to HFIR 
operations.  An assessment should be made of the quantity of 20% enriched uranium that the 
Department of Energy might already have available for use in HFIR operations. 
 
Development of a uranium-molybdenum fuel will require the development of certified 
production processes.   The procurement of equipment, development of new pro
tr
support them. 
 
The shipment of irradiated fuel containing uranium-molybdenum alloy to off-site spent fuel 
storage will n
a
repository, must be assessed. 



 
7.  Criteria for conversion study derived from design bases 
 
A tentative set of assumptions that will guide engineering studies to be conducted during FY06 
include:  
 
• There shall be no change in the physical dimensions of the core. 
• There shall be no change in the fuel geometry; that is, the fuel shall be involute plates of 

the same physical dimensions as the current HEU core and shall have an equivalent 
graded fuel loading across the span of the plate as needed to achieve a radially flat power 
distribution across the core annulus. 

• The minimum clad thickness on each side of the fuel meat in the LEU fuel plate shall be 
maintained, nominally, at 10 mils (254 microns, minimum clad thickness of 8 mils).  

• There shall be no reduction in core power level (85 Mega-Watts-thermal) or core lifetime 
(nominally 26 days at full power) from the values achievable in the current HEU core. 

• The margins of safety in the bases of the currently-approved Technical Safety 
Requirements shall be maintained. 

• There shall be no change to core coolant flow requirements or to the allocation of flow to 
research locations. 

• The LEU core should require no changes to the control and protection systems; however, 
if such changes are needed, such changes shall not require a major redesign of systems.  
A major redesign is one that requires more than a few percent of the HFIR annual budget 
to implement and verify.  Major redesigns could be considered as changes requiring an 
outage time more than twice as long as current practice and/or an Operational Readiness 
Review for restart. 

• Each fresh LEU fuel element (inner or outer) separately shall have an adequate margin of 
subcriticality under any credible configuration.  The two assembled fresh LEU fuel 
elements should remain subcritical when fully reflected by light water or concrete.  If 
subcriticality is not achievable for the two assembled fresh LEU fuel elements when fully 
reflected by light water or concrete, simple but diverse and redundant single-failure-proof 
measures for assuring subcriticality shall be available, such as a fixed neutron poison in a 
shipping cask or storage array. 

• There shall be no change to the methods now approved for handling and storing 
irradiated fuel elements. 

• The reliability of the manufacturing process should be the same or similar to existing 
fabrication methods. 

 
8.  Potential indicators for judging performance with LEU 
 
8.1  Neutron scattering 
 
The principal mission for HFIR for the future is to be a source of neutrons for neutron scattering 
measurements.  Within the area of neutron scattering, the “cold” energy range of neutrons – 
energy corresponding to a temperature of 20oK or around 0.002 eV – is the area for which the 
most research proposals are currently being submitted to the Department of Energy and for 
which the HFIR would be the best facility for performing the measurements.  The HFIR cold 



source is currently under construction and is scheduled to begin operation around October 1, 
ld source moderator vessel is 1015 

/(cm s).  To a first approximation, fluxes from a cold source scale as the reactor power.  
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2006.  The calculated flux of cold neutrons at the exit of the co
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Competing reactor cold sources to the HFIR are the High Flux Reactor at ILL in France and the 
University
re
of heavy water reflectors as opposed to the beryllium reflector at HFIR
applications that employ thermal neutrons, the thermal (<= 0.625 eV) neutron flux at the origin 

eam tubes – meaning the tip of the tube at the point closest to the reactor core – is 8(1014) 
).  The flux values for these two regions will serve as metrics for LEU performance. 

Both the availability factor – defined as the fraction of time that the reactor is operating during a 
r year – and the length of time of an operating cycle will be important metrics

co ing LEU to HEU performance.  The “down time” between operating cycles will likely be 
dent of the use of HEU or LEU fuel.  The length of the fuel cycle may be strong

dependent on the type of fuel.  The current fuel cycle length is 19 – 26 days depending on the 
 of experiments to the central target and beryllium reflector positions. 

 
8.2  Isotope production and materials irradiation 
 
Se ary missions of HFIR, in terms of fractional financial support to the operating expenses of 

ility, are the production of trans-plutonium isotopes, principally californium, medical 
topes, and un-instrumented, small sample material irradiations.  The perturbed thermal 
the central target region – the location for these missions - is 2.6(1015) n/(cm2*s) and the 
ux is 5(1015) n/(cm2s).  The Advanced Test Reactor (ATR) is the only domestic U.S. 

reactor that achieves neutron fluxes close to these values but would require facility 
mo ations, additional transportation costs for sample transit to Oak Ridge, and most 

ntly, would likely experience the same modifications in performance due to conversion 
EU to LEU as would HFIR.  While international purchase and shipment of irradiated 
ens is conceivable, procurement time for short-lived isotopes would make some of the 
 missions unachievable.  The metrics for evaluating the impact of LEU on these 
ary missions would likely be the production rate for isotopes, the time-to-achieve-fluence-

goal for materials irradiations, and minimizing any perturbation to the neutron spectra.  
Currently, about 25% of the central target locations in HFIR are unused – aluminum rods are 

ted for isotope productionsu  rods. 
 
A tertiary mission of the HFIR, in 
use of the reactor as a neutron source for activation analys
financially), is growing.  Fluxes of 10(

re
14n/(cm2s) are not curren

actors.  A similar facility with this f
U.S. reactors.  Due to th
at reactors outside the U. S. is not possible.  The metric of evaluating the impact of LEU on this 
mission will be a review of irradiations conducted over the lifetime of the activation analysis 
facility to determine if the perturbation in flux level due to LEU would have precluded or 
hindered any of these measurements. 
 



While not a current mission of HFIR, a fourth category would be consideration of the impact of 
LEU on the potential to perform larger-sample-size (relative to the central target region) and/or 
instrumented irradiations in various locations in the beryllium reflector.  Since these facilities are 
currently unused and since the ATR was specifically constructed as a materials irradiation 
facility, the impact of LEU on this potential mission capability would not seem to be a metric for 
evaluation of performance. 
 
9.  Conclusions 
 
A preliminary review of the design bases for the HFIR reactor and its fuel cycle have been 
onducted in order to develop both goals and constraints for subsequent engineering evaluations 
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ABSTRACT 

Currently, most of the world's supply of 9 9 ~ o  is produced from the fissioning of 2 3 5 ~  in targets of 
high-enriched uranium (HEU). Conversion of these targets to low-enriched uranium (LEU) would 
ease worldwide concern over the use and transport of this weapons-grade material. The four major 
producers (MDS Nordion, Mallinckrodt, IRE, and NTP) have not converted to LEU; they have 
stated that they have concerns over the economic penalties that may be associated with conversion 
to demonstrated LEU technologies. They have also stated concerns over the potential purity of the 
Mo-99 produced fiom LEU. This paper discusses (1) the main concerns that potential suppliers 
may have regarding the conversion of existing facilities for Mo-99 production to use of LEU and 
(2) the technical and, to a limited extent, economic bases associated with conversion to LEU. 
These discussions attempt to separate the facts fiom the myths 

1. Introduction 

Technetium-99m (99m~c),  the daughter (decay) product of molybdenum-99 ( 9 9 ~ o ) ,  is the most 
commonly used medical radioisotope in the world. Annually, it is used for approximately 
20-25 million medical diagnostic procedures, comprising some 80% of all nuclear medicine 
procedures [I]. Other important medical isotopes such as 1311 (iodine-131) and 1 3 3 ~ e  (xenon- 
133) can be recovered during 9 9 ~ o  processing. These radioactive isotopes are being used in 
therapeutic and diagnostic applications, and have promising applications in the area of radio- 
immunotherap y. 

99m Tc is recovered from 9 9 ~ o  generators by clinics and treated chemically using "kits" supplied 
by radiopharmaceutical suppliers that allow the 9 9 m ~ c  tagged protein to bind to specific organs. 
The patients are then gamma scanned to look at the organ, blood flow through the organ, and 

99m other effects. Tc decays with a half-life of six-and-a-half hours. 

Today, 95-99 % of all 9 9 ~ o  is produced in research, test, or isotope production reactors by 
irradiation of highly enriched uranium (HEU) targets that are subse uently processed primarily 

'69 to recover molybdenum 9 9 ~ o .  There are four major producers of Mo, all of them utilizing 
HEU targets and dedicated processing facilities. These producers are: 

MDS Nordion (Canada) 
Mallinckrodt (Netherlands) 
IRE (the Institut National des Radio6lhents, Belgium) 
NTP Radioisotopes (Pty) Ltd (South Africa) 

At this time, the remaining 1-5 % of global 9 9 ~ o  production is derived fiom the irradiation of 
low-enriched uranium (LEU) targets. The Australian National Science and Technology 
Organization (ANSTO) has always used LEU, and the Argentine Comisi6n Nacional de Energia 



Atdmica (CNEA) converted in September 2003. Additionally, very small quantities of 9 9 ~ o  are 
produced from the irradiation of natural molybdenum (by neutron activation of 9 8 ~ o ) .  To yield 
equivalent amounts of 9 9 ~ o ,  an LEU target must contain approximately five times the uranium 
of an HEU target. Consequently, substituting LEU for HEU requires changes in both target 
design and chemical processing. Three major challenges are evident for the substitution of LEU 
for HEU: (1) modifying the targets and urification processes as little as possible, (2) assuring 

9 F  continued high yield and purity of the Mo product, and (3) limiting economic disadvantages. 
Argentina and Indonesia were committed to conversion and have been successful. The larger 
producers have not committed and see only problems in doing so. Discussed in this paper are 
facts and myths associated with conversion. We hope that discussing them openly will clarify 
the situation and lead to honest dialo'g about the real challenges in converting, so they may be 
addressed, and conversion for all 9 9 ~ o  producers will move forward. 

2. Facts 

Factual statements governing conversion of 9 9 ~ o  production from HEU to LEU targets 
include: 

LEU targets require approximately five times more uranium than 93% 235u 

targets. In other words, the amount of 2 3 5 ~  in an LEU target must be the same or 
slightly greater than in an HEU target to produce an equal number of fissions. 

Approximately 25-times more 2 3 9 ~ ~  is produced in a 19.7 %LEU target than in an 
equivalent a 93% 2 3 5 ~  target. 2 3 9 ~ ~  is a decay product of 2 3 9 ~ p  (t112 = 2.355 day), 

23SU which is formed from neutron absorption by . 
Most of the world's 9 9 ~ o  is produced using HEU. The big four (MDS-Nordion, 
Mallinckrodt, IRE, and NPT) all use HEU. 

Worldwide concerns about the transport of weapons-grade material will 
eventually end its use. This is a fact for both reactor fuels and targets and is the driver 
for the Global Threat Reduction Initiative (GTRI) and the RERTR program. 

3. Myths 

No serious producers use LEU. Both ANSTO and CNEA use and plan to continue to 
use LEU. ANSTO has been a regional supplier of 9 9 ~ o  for many years using 2.2% 
enriched 2 3 5 ~  targets containing U02 pellets. It has recently decided to use the CNEA 
LEU target and process as a means to increase its production. CNEA converted to LEU 
targets three years ago and has successfully met its market requirements during and 
following conversion [2]. 

More targets will be required to be irradiated to meet the same Mo-99 production 
rate. Because of the high density of uranium metal, the annular LEU-foil target can 
contain much greater quantities of uranium and, therefore, produce equivalent fission 

235 yields. U loadings will be set by ability of the reactor coolant to remove heat from the 
target, not by geometric considerations. 



The LEU target is not developed. The LEU-foil target has been successfully irradiated, 
disassembled, and processed in Indonesia, Argentina, and Australia. A commercial he1 
supplier (CERCA) has fabricated LEU-foil annular targets for ANSTO [ 3 ] .  Argonne 
National Laboratory has fabricated a mock IRE target that will produce an equivalent 
amount of 9 9 ~ o  as their current HEU target. 

CNEA has irradiated and processed its LEU dispersion target commercially for three 
years. 

Longer processing time will be required to meet production. The answer to this myth 
varies within the broad spectrum of processing and the LEU target. For alkaline- 
digestion processes (CNEA, IRE, Mallinckrodt, and NPT) using the CNEA high-density 
dispersion-plate LEU target should have no effect on processing time. Use of the 
Argonne LEU-foil target could actually decrease processing time by as much as four 
hours due to the significantly reduced volume of the dissolver solution. In the case of the 
LEU foil target, only the uranium foil and the thin aluminum fission-recoil barrier are 
digested. For dispersion targets, the entire target is dissolved, requiring volumes five to 
ten times greater than that required for the LEU foil. This lower volume and the lower 
concentration of hydroxide in solution allow columns to be downsized considerably, 
lowering total processing time for the CNEA process by about four hours [4, 51. 

For acid dissolution processes (Cintichern, MDS Nordion), uranium metal dissolves 
significantly faster than uranium oxides. Further, when dissolving LEU foils, dissolution 
volumes are set by solubility of uranium in nitric acid rather than by target geometry (as 
is 'the case for the Cintichem and the new MDS Nordion targets). As seen in figure 1, the 
solubility of uranium in 1 M HN03 is quite high, >800 g/L under typical processing 
conditions. 

In the case of the Cintichem process, dissolution time is cut from two hours for the HEU 
target to less than one hour for the LEU foil. Further, because the volume used for the 
HEU target is set only by geometry, Argonne typically requires only half the dissolver- 
solution volume, fiuther reducing processing time. Overall, processing time for the LEU- 
modified Cintichem process is decreased by almost two hours [6 ] .  

Significantly more radioactive waste is generated using LEU targets. It is certainly a 
fact that five times more uranium will be processed and eventually become waste. 
However, uranium is not the only waste generated from processing. Use of the LEU-foil 
target in alkaline-digestion processes will reduce liquid waste volumes by at least five 
times and greatly limit the amount of aluminum hydroxide and column material that must 
be disposed. In the Cintichem process, lower dissolution volume may generate slightly 
less waste. 

LEU targets and processing generate a 9 9 ~ o  product with lower purity. 

Alpha contamination. Irradiating an LEU target does produce -25-times more 2 3 9 ~  as P does an equivalent HEU target. The 23%Jp decays with a half-life of 2.355 day to 9 ~ u  
(tin = 24,119 year). The characteristic gamma ray emitted during 2 3 9 ~ p  decay can be 



easily followed during Mo-purification. In the LEU-modified Cintichem process, we see 
purification from 2 3 9 ~ p  of greater than lo9. Based on its much longer half-life, this is 
equivalent to contamination by 2 3 9 ~ ~  in the Mo product of Ci/Ci of 9 9 ~ o .  This 
degree of decontamination is likely similar for all processes. 

However, for both HEU and LEU targets, the bulk of the alpha decay in an irradiated 
target is from uranium isotopes ( 2 3 5 ~ ,  2 3 8 ~ ,  and especially '"u); see table 1. The data in 
figure 2 show that when uranium is enriched in 2 3 S ~ ,  it is even more enriched in the 
relatively short-lived 2 3 4 ~  (2.45 x 10' year, compared with 7.04 x 10' year for '15u and 

234 235 4.47 x lo9 for 2 3 8 ~ ) .  For uranium enriched to 93%, the ratio of U/ U is increased by 
about 40%. For LEU, the ratio of 2 3 4 ~ / 2 3 5 ~  is much more variable than for HEU material 
but always lower than HEU and, on average, lower than natural uranium. Due to alpha 
decay from uranium isotopes, the irradiated LEU targets will only contain -20% more 
alpha activity than in an irradiated HEU target, not 25 times more. This small difference 
will have no effect on the radioisotopic purity of the 9 9 ~ o  product. 

Overall product purity. In general, once uranium is removed in the first processing 
step, the following HEU and LEU pkocess steps are essentially identical. In 
demonstrations of the LEU-modified Cintichem process in Indonesia, BATAN 
researchers have consistently found that the purity and yield using LEU-foil targets have 
been equal to or better than those produced by HEU targets, CNEA has demonstrative 
evidence that its LEU-product purity has been more consistent and higher than that it 
achieved with processing HEU targets [7]. The Indonesian and Argentine data are 
apples-to-apples comparisons, where the same process was used to treat both kinds of 
targets. 

Fig. 1. Solubility of uranium as uranyl nitrate in nitric acid solutions between 20 and 50°C. 
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Fig. 2. Ratio of 2 3 4 ~ / 2 3 5 ~  VS. 2 3 5 ~  content for various U.S. uranium exports. 

Table 1. Reference HEU vs. LEU target: Comparison of calculated values for an HEU target 
in the Cintichem HEU-fueled reactor "s. an LEU target in an LEU-fueled Cintichem reactor 

4. Summary and Conclusions 

Reference 
Target 

9 9 ~ o  yield, Ci 

Total U ( 2 3 5 ~ ) ,  g 

2 3 9 ~ ~ ,  ~ c i  
234,235,238 

U, pCi 

Total a, pCi 

Conversion from HEU to LEU targets is technically feasible for &l current processes. LEU-foil 
annular targets. and CNEA LEU dispersion targets have been successfully irradiated and 
processed. Producers in Argentina and Indonesia, who set out to convert, have been successful.' 

In these two instances, conversion has been demonstrated to not affect product purity, product 
yield, or operating costs. However, CNEA and BATAN have had to invest in converting. 

HEU 
(93% - 2 3 5 ~ )  

530 

16 (15) 

3 0 

1280 

, 1310 

Large-scale technology for conversion to LEU targets can never be completely demonstrated 
without the cooperation of the commercial producers. Each producer must weigh its commercial 
interests vs. international nuclear-nonproliferation and security interests whenmaking the 

LEU 
(1 9.8%-235~) 

540 

94 (1 8) 

720 

840 

1560 



decision to commit to full-scale technology demonstration and production of LEU-generated 
9 9 ~ ~ .  

5. Acknowledgment 

Work supported by the U.S. Department of Energy, National Nuclear Security Administration's 
(NNSA) Office of Defense Nuclear Nonproliferation, under Contract W-3 1-1 09-Eng-38. 

6. References 

[I.] G. R. Malkoske, "The LEU Target Development and Conversion Program for the Maple 
Reactors," Proceedings of the 2003 International Meeting on Reduced Enrichment for 
Research and Test Reactors, November 2004, Vienna, Austria. 

[2] M. Druce , T. Donlevy , P. Anderson, G. Yeoh, D. Wassink, T Renhart, Ed Bradley, C. 
Jarousse, M. Febvre , J. Falgoux , and J. Le Pape, "Status of ANSTO Mo-99 Production 
Using LEU Targets," Proceedings of the 2004 International Meeting on Reduced 
Enrichment for Research and Test Reactors, November 2004, Vienna, Austria. 

[3] P. R. Cristini, H. J. Cols, R. Bavaro, M. Bronca, R. Centuribn, D. Cestau "Production of 
Molybdenum-99 fkom Low Enriched Uranium Targets," Proceedings of the 2002 
International Meeting on Reduced Enrichment for Research and Test Reactors, San Carlos 
de Bariloche, Argentina, November 2002. 

[4] A. V. Gelis, G. F. Vandegrift, , S. B. Aase, A. J. Bakel, J. R. Falkenberg, M. C. Regalbuto, 
and K. J. Quigley, "ANL Progress in Developing a Target and Process for Mo-99 
Production: Cooperation with CNEA," Proceedings of the 2003 International Meeting on 
Reduced Enrichment for Research and Test Reactors, October 2003, Chicago, IL, USA. 

[5] A. V. Gelis, K. J. Quigley, S. B. Aase, A. J. Bakel, A. Leyva, M. C. Regalbuto, and 
G. F. Vandegrift, "ANL Progress On the Cooperation with CNEA for the Mo-99 
Production: Base-Side Digestion Process," Proceedings of the 2003 International Meeting 
on Reduced Enrichment for Research and Test Reactors, November 2004, Vienna, Austria. 

[6] C. Comer, J. Sedlet, T. C. Wiencek, D. J. McGann, G . L . H o h ,  G. F. Vandegrift, J. L. 
Snelgrove, A. Mutalib, A. H. Gunawan, H. G.Adang, H. Lubis, K. Wisnukaton, 
Kadarisman, A. Sukrnana, Sriyono, B. Purwadi, D. T. Jatmiko, A. Suripto, D. L. Arnin, 
A. Basiran, Martoyo, Sarwani, and T. Taryo, "Production of Mo-99 from LEU Targets-- 
Acid-Side Processing," Proceedings of the 23"' International Meeting on Reduced 
Enrichment for Research and Test Reactors, October 1-6,2000, Las Vegas, Nevada, USA. 

[7] A. Durh,  "Radionuclide Purity of Fission Mo-99 Produced from LEU and HEU: a 
Comparative Study," Proceedings of the 2005 International Meeting on Reduced 
Enrichment for Research and Test Reactors, IVovember 2005, Boston, Massachusetts, USA. 

The submitted manuscript has been created by the University of Chicago as Operator of Argonne National 
Laboratory ("Argonne") under Contract No. W-31-109-Eng-38 with the U.S. Department of Energy. The U.S. 
Government retains for itself, and others acting on its behalf, a paid-up, nonexclusive, irrevocable worldwide license 
in said article to reproduce, prepare derivative works, distribute copies to the public, and perform publicly and 
display publicly, by or on behalf of the Government. 



THE 2005 RERTR INTERNATIONAL MEETING 
November 6-10, 2005 
The Fairmont Boston 
Boston, Massachusetts, U.S. 
 
 
 

THE RADIOPHARMACEUTICAL INDUSTRY’S EFFORT TO  
MIGRATE TOWARD Mo-99 PRODUCTION UTILIZING LEU 

 
R.W. Brown 

Senior Director, Federal Affairs 
Council on Radiopharmaceuticals and Radionuclides (CORAR) 

 
 

ABSTRACT 
 

 
The U.S. and European radiopharmaceutical manufacturers rely on a steady supply of HEU to 
produce targets for the production of Mo-99, I-131 and other radionuclides.  Due to non-
proliferation concerns, the future availability of HEU for target production is uncertain.  The 
industry in Europe and North America continue to explore ways that HEU can be replaced by 
newer technology including the use of LEU targets in conventional reactors, as well as solution 
reactor designs utilizing LEU.  At the conclusion of the RERTR meeting in Vienna in 2004, the 
IAEA conducted a Consultancy Services Meeting focusing on ways to provide LEU or (n,γ) 
molybdenum target technology to countries who were considering indigenous production. The 
nuclear medicine community supports non-proliferation of HEU and its eventual replacement 
by LEU for the production of radionuclides.  We are also committed to ensure a reliable supply 
of radionuclides used to produce radiopharmaceuticals.  The radionuclide production industry 
is therefore seeking methods to develop and phase in the use of LEU without disrupting the 
supply of radiopharmaceuticals or causing a financial barrier to their use by nuclear medicine 
physicians.  When feasible and economical methods are developed using LEU, that can assure 
reliable production of medical radionuclides in such large-scale commercial quantities capable 
of meeting the growing supply demands of the market, the industry is committed to rapidly 
converting to use of the new technology. 

 
 

1. Introduction 
 
The nuclear medicine industry today is responsible for delivering high quality 
radiopharmaceuticals to physicians throughout the world.  The 
radiopharmaceuticals are used to diagnose heart disease, assess brain function, 
detect and stage cancer, assess complications from AIDS, and diagnose many 
organ functions.  Therapeutic radiopharmaceuticals are used to treat a variety of 
cancers, both solid tumors, such as thyroid cancer, and blood borne cancers, such 
as non-Hodgkin’s lymphoma.  Medical radionuclides are also used in life science 
research, drug development, medical equipment calibration, AIDS research and 
many other cutting edge biomedical areas.  Molybdenum-99 (Mo-99) and its 
daughter, Technetium-99m (Tc-99m) are used in more than 80% of the nuclear 



medicine studies preformed around the world.  It is estimated that more than 45 
million1 nuclear medicine procedures are performed each year in the world. 
 
The nuclear medicine industry continues to show double-digit annual growth 
representing increasing demand for nuclear medicine procedures.  This market 
has steadily increased through the 1980’s and 1990’s, and shows no sign of 
slowing down.  The diagnostic market has consistently grown at 8-15% per year2, 
while the therapeutic market has grown at an annual rate of more than 15% for the 
last several years3.  This growth has been fueled by a combination of innovative 
new products, as well as an aging population in which cancer and heart disease 
are prevalent.  Many more clinical trials are still underway utilizing Mo-99 and its 
daughter, Tc-99m, and Iodine-131 (I-131).  These clinical trials will hopefully 
lead to additional new products to detect and fight heart disease and cancer. 
 
The nuclear medicine community is sensitive to the concerns of the non-
proliferation community, regarding the use targets made of highly enriched 
uranium (HEU), but is equally concerned about a stable, reliable supply of critical 
radioactive raw materials that are used to produce the finished 
radiopharmaceuticals.  The industry believes that it is necessary to continue 
efforts on an alternative low enriched uranium (LEU) target technology, without 
creating an operational or financial problem to the nuclear medicine physicians 
and their patients.  Once  a feasible and economical, large-scale commercial LEU 
solution is found, the industry will move toward rapid adoption of the new 
technology. 
 
 
2. Discussion  
 
Regulatory Issues 
The principal means of producing Mo-99, I-131 and other medical radionuclides 
is currently using HEU targets to produce fission products.  These fission 
products are then purified through a series of chromatographic steps to remove 
unwanted radionuclides.  Mo-99 is typically supplied to nuclear medicine 
departments and nuclear pharmacies in a Tc-99m generator.  These generators are 
eluted with normal saline solution, which washes Tc-99m from a chromatography 
column.  These generators supplied in the United States and Europe have 
undergone extensive development work to assure purity and reproducibility.  
These products are licensed by drug regulatory authorities such as the U.S. Food 
& Drug Administration (FDA) and the European Medicines Agency (EMEA).  
The production of the radioactive raw material used to manufacture 
radiopharmaceuticals is controlled by a series of well documented steps, referred 
to as a Drug Master File (DMF).  The DMF is locked into the drug regulatory 
approval process.  Any change to the process requires a new DMF and an 
amendment to the drug approval.  Before a new material from a different process 
is used, it must undergo a review of the DMF in tandem with a review of the 
radiopharmaceutical process4.    



 
Radiopharmaceutical production is controlled by a well documented process 
submitted to the Regulatory authority in a New Drug Application (NDA).  The 
NDA undergoes a great deal of scrutiny by the same regulatory authorities that 
review the DMF.  The DMF is required to employ a more detailed set of control 
mechanisms called current Good Manufacturing practices (cGMPs), which are in 
place to assure drug purity.  Each NDA is tied to a series of specific DMFs for the 
raw materials.  Once a new process to produce Mo-99 utilizing LEU is developed, 
the DMF will have to be developed.  Each Tc-99m generator manufacturer that 
holds a NDA that wishes to use the new DMF for the LEU produced Mo-99 will 
have to amend their NDA.  In order to do this, the manufacturer has to perform a 
series of analytical tests to assure the new material will perform identically to the 
original DMF approved with the NDA.  This process is illustrated in Figure 1 
below. 
 
In order for a manufacturer to submit a request to get material from a new DMF 
approved by the regulatory authorities, three qualification production runs must 
be done using the new Mo-99.  In each of these qualification runs, the LEU-
produced Mo-99 first has to be tested to assure the specifications of the 
radionuclide are within the acceptable range for a series of parameters.  These 
parameters include pH, concentration, radiochemical purity and radionuclidic 
purity. 
 
 

 
 

Figure 1. FDA Regulatory Process 
 

 
Once the material is deemed acceptable, the Mo-99 is then loaded into Tc-99m 
generators using the previously approved process.  The generators produced in 
each of these qualification runs must then be tested for each of the finished 



product specifications in the manufacturers NDA.  All of the test data from these 
three qualification runs must be collected, summarized then submitted to the 
regulatory authorities as a Supplement to the original NDA (sNDA).  The 
regulatory authorities then review the submitted data and make a judgment as to 
whether the new Mo-99 appears to work as well as the original Mo-99.  Assuming 
the radiochemistry process for LEU-produced Mo-99 is properly developed, there 
is no reason to believe the LEU-produced Mo-99 will perform any differently in 
the Tc-99m generator as the HEU-produced Mo-99.   
 
The costs to qualify a new source of Mo-99 are significant.  The costs include 
developing the protocols for the three qualification runs, the cost of testing the 
raw material, the production costs of manufacturing the generators in the three 
qualification runs that must represent typical full production batch sizes, the cost 
of the materials to produce these generators, the cost of testing the generator 
themselves in the three production runs, and the cost of compiling and writing the 
sNDA application.  An estimate for the cost of qualifying an LEU-produced Mo-
99 source is at least $250,000.  Each manufacturer that has a generator and their 
own NDA will have to go through this process in order to qualify the LEU-
produced Mo-99. 

 
In the Fall of 2004 the International Atomic Energy Agency (IAEA) held a 
Consultancy Services Meeting5 in Vienna to discuss production of Mo-99 using 
LEU.  Many Mo-99 manufacturers attended including large producers in Canada 
and Europe.  The objectives of this CRP were: 
 

1. To develop and deliver education, awareness, training and coaching 
workshops to provide sufficient information to enable a recipient to 
make a knowledgeable decision on the technical, regulatory and 
economic implications of establishing Small Scale Molybdenum 99 
Production using the Available Technology. 

 
2. To assist the recipient in the development activities to research, test, 

and evaluate the Available Technology and in determining the 
implications of the options to access Available Technology, build their 
own technology, or purchase alternate LEU or (n,γ) molybdenum 
target technology. 

 
 
 

A CRP workshop was also discussed as a venue in which to exchange information 
concerning the production of Mo-99 for use by the nuclear medicine community.  
Such a workshop would assist smaller countries in setting up their own operation 
to produce Mo-99.  The first CRP workshop was held in Argentina in May 2005. 

 
 
 



Market Background 
There are at least six reactors around the world that are producing significant 
quantities of Mo-99 for the manufacture and distribution of Tc-99m generators.  
The largest markets, in descending order are the North America, Europe, Japan, 
South America and Asia.  Figure 2 below summarizes6 many of the largest 

 
 

       * Scheduled to finish conversion to LEU in 2006 
** Conversion to LEU is planned 

 
Figure 2. World’s Major Mo-99 producers 

 
 
reactors currently producing Mo-99.  It includes data on each reactor and 
estimates of the Mo-99 capacity, the duty factor in days of operation per year, the 
fuel type, and the type of target.  The NRU is currently using LEU fuel.  The HFR 
in Petten is scheduled to complete their conversion to LEU fuel in 2006, and the 
new MAPLE reactors in Canada will use LEU fuel.  The main issue has become 
the use of HEU versus LEU for the targets.   

 
 
The Energy Policy Art of 2005 
U.S. President Bush signed The Energy Policy Act of 2005 (The Act) into law on 
August 8, 2005.  The law has provisions for the export of HEU, and incentives to 
encourage the development of LEU technology.  The Act has been criticized by 
some entities in the nonproliferation community for weakening controls on the 
export of HEU.  The nuclear medicine industry in the U.S. is a strong supporter of 
the Act because it was seen as a way to assure the continued export of HEU for 
use in targets that produce Mo-99 and other medical radionuclide production.  
The U.S. industry believes LEU Mo-99 production technology needs additional 
work before it will be available for large-scale commercial production.  This 
additional work can only be successfully implemented through cooperation with 
the producers.   
 
Argonne National Laboratory has been working on an LEU target for the 
production of Mo-99 and other medical radionuclides.  Although significant 
progress has been made, it will take a great deal more work for the current Mo-99 
producers to use this target design in the existing reactor configurations.  It is 
imperative to consider the broad spectrum of isotope production using LEU 
targets. The definition of LEU target technology must therefore also include the 

Reactor Country Producer Days/Year Fuel Target % of World Mo-99 
NRU Canada MDS Nordion/AECL 315 LEU HEU 40 
HFR Holland Tyco Healthcare/NRG 290 HEU* HEU 30 
BR2 Belgium Tyco Healthcare/IRE 115 HEU HEU 9 

OSIRIS France IRE 220 LEU HEU 3 
FRJ-2 Germany IRE 210 LEU HEU 3 

SAFARI S. Africa NTP 315 HEU** HEU 10 
HIFAR Australia ANSTO  HEU* LEU <5 
RA-3 Argentina CNEA 230 LEU LEU <5 



target processing facilities and waste management processes of each producer. 
While there may be to some extent a common overall technology, each producer 
and facility will be unique in implementation.  According to a recent General 
Accounting Office (GAO) report, any new target technology is still at least 2 to 3 
years away from being tested for large-scale commercial use.  The nuclear 
medicine industry remains committed to continue to work with DOE through 
Argonne National Laboratory on developing an alternative technology to HEU 
targets. Cooperation and coordination among all key stakeholders is essential to 
balance concerns of the nuclear medicine and non-proliferation communities. 

 
The Act also contains a provision to foster development of new technology 
utilizing LEU.  The Act requires the U.S. National Academy of Sciences (NAS) 
to make routine assessments of the current LEU technology.  When they judge the 
LEU technology to be economically and technically feasible, the HEU export 
provisions in the Act disappear.  When an LEU technology does become feasible, 
it will not only make LEU-produced Mo-99 a viable alternative, it will also make 
HEU more difficult to obtain.  This creates an incentive for the current Mo-99 
producers to encourage the LEU-produced Mo-99 efforts, and to embrace it once 
the technology matures to a point it is economically and technically feasible. 
 
 
Alternative Reactor Designs 
Work on alternate reactor technology has been underway for a number of years. 
One of the most promising technologies is the aqueous or solution reactor 
concept.  Rather than inserting a conventional fission target in the reactor core, a 
solution reactor has the Mo-99 production taking place in the fuel solution.  To 
extract the Mo-99 and other medical radionuclides, the fuel solution is removed 
from the reactor, and it is processed through a series of sorbent columns to 
remove the unwanted radionuclides, leaving the usable nuclides.  Successful 
solution reactors have been in operation since the early 1960’s.  Figure 3 below 
lists7 of some of the successful solution reactors and partial data on those reactors.   

 
TCI Medical, Inc of Albuquerque, New Mexico has been working with The 
Kurchatov Institute in Moscow and Argonne National Laboratory in Chicago, 
Illinois on the development of a LEU solution reactor for the production of Mo-99 
and other medical radionuclides.  A pilot solution reactor has been running 
successfully in Moscow since 1981, producing small quantities of Mo-99 from 
HEU UO2SO4 fuel. The current solution reactor being operated at The Kurchatov 
Institute is running at a power level of 20 kW with HEU fuel.  The current design 
can safely be increased to a power level of 50 kW.  At this level the reactor can 
produce 250 (6-day) Ci per week.  Further development work is planned with a 
multiple-core design that will significantly increase Mo-99 output.   

 
BWXT, formerly Babcock & Wilcox, worked with Oak Ridge on solution 
reactors in the early 1960's. The SHEBA reactor, built at the Los Alamos National 
Lab, is a solution reactor used for research in the pulse mode.  That design used a 



solution of 5% enriched uranyl fluoride. Results from that technology can be used 
to apply to an LEU uranyl nitrate fuel solution.  The reactor fuel, after operation 
at 100 kW can flow through sorbent filter to remove and purify Mo-99 and other 
useful radionuclides. 
 
These two commercial efforts to build LEU solution reactors are very promising.  
In both cases further development work needs to be done before they can become 
commercially viable.  This technology has the potential to meet the incentive 
milestone for The Act of 2005 as discussed above.  If either of those reactor 
designs can be used to build and successfully operate a Mo-99 production facility, 
it will trigger a provision in The Act to remove the language easing restrictions on 
the export of HEU fuel. 

 

 
 

   Figure 3. Solution Reactor Designs 

  Reactor Country Location Enrichment Power (kWt) Status 
ADIBKA Germany Julich   Shutdown 
DR-1 Denmark Riscoe 20% 2.0 Shutdown 
Mirene France    Shutdown 
Silene France CEA-Valduc 93% 1.0 Operating 
Hazel Great Britain    Shutdown 
Purnima II India   0.1 Shutdown 
L-54 Italy   50 Shutdown 
STACY Japan NUCEF  0.2 Shutdown 
TRACY Japan NUCEF  10 Shutdown 
IIN-3M Hydra Russia Moscow 90% 10 Operating 
ARGUS Russia Moscow 90% 20 Operating 
IGRIK Russia Snezhinsk 90% 30 Operating 
YAGUAR Russia Snezhinsk 17-90% 10 Operating 
FOTON   Uzbekistan  90% 10 Operating 
WBRL Taiwan   100 Shutdown 
PNL-CML USA Battelle NW   Shutdown 
ARR USA Chicago   Shutdown 
LIWB USA Livermore  0.5 Shutdown 
Kinglet USA Los Alamos   Shutdown 
HYPO USA Los Alamos  6 Shutdown 
SUPO USA Los Alamos  25 Shutdown 
L-77 USA Ter. Puerto Rico  10 Shutdown 
KEWB USA Santa Susana, CA  50 Shutdown 
L-47 USA Rockwell   Shutdown 
L-77 USA Rockwell  0.01 Shutdown 
L-85 USA Nuclear exam  3000 Shutdown 
L-77 USA UCSB  0.01 Shutdown 
L-77 USA Univ of Nevada  0.01 Shutdown 
L-77 USA Univ of 

Wyoming 
 0.01 Shutdown 

L-54 USA Walter Reed- 
Washington 

 50 Shutdown 

SHEBA    USA Los Alamos 5% 2.0 Critical assembly 



 
3. Summary 
 
CORAR and the medical radionuclide community support non-proliferation of 
HEU and its eventual replacement by LEU in both fuel and targets.  We are also 
committed to ensure a reliable supply of radionuclides used to produce 
radiopharmaceuticals.  The radionuclide production industry is therefore seeking 
methods to develop and phase in the use of LEU without disrupting the supply of 
radiopharmaceuticals or causing a financial barrier to their use by nuclear 
medicine physicians.  These new methods include alternate LEU reactor designs.  
When feasible and economical methods for using LEU are developed to produce 
radionuclides on a large-scale commercial basis, the industry is committed to 
rapidly use the new technology. 
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Abstract 
 

There is a huge concern around the world about the use of highly enriched uranium to operate 
research reactors and produce radioisotopes including Mo-99.  Therefore, the current policies seek 
to reduce uranium enrichment.  
Argentina is one of the first countries all over the world that has developed the technology to 
produce fission Mo-99 from LEU targets, which has been commercially available since 2002. 
The aim of this work is to compare the radionuclide purity from several batches of fission Mo-99 
produced routinely in Argentina from both LEU and HEU.  This work characterizes some of the 
most commonly found contaminants in Mo-99 batches. Results form 28 HEU and 46 LEU batches 
of fission Mo-99 produced between 2002 (HEU) and 2003 (LEU) are presented. A general 
improvement in the radionuclide purity after the change from HEU to LEU targets has been 
observed. 
Hence, the conclusion is that the radionuclide quality of Mo-99 produced from LEU targets is as 
good as with HEU ones and even better. It complies with all commercial standards and has 
excellent acceptance in the Argentine and regional market. 

 
Introduction 
 
There is a huge concern around the world about the use of highly enriched uranium to operate 
research reactors and produce radioisotopes including Mo-99.  Therefore, the current policies 
seek to reduce uranium enrichment.  
Since 1985 the Argentine National Atomic Energy Commission has been producing Mo-99 by 
fission of highly enriched uranium contained in targets that were irradiated in its RA-3 reactor. 
Due to non-proliferation concerns this highly enriched uranium had to be replaced by uranium of 
low enrichment. After several years of development, fission Mo-99 using LEU targets became a 
reality and since year 2002 is commercially available. 
Regarding the production process, in both cases the targets were dissolved in basic media 
followed by several ion-exchange chromatographic separation steps, although, according with 
previously published works, some changes were made.  
Prior release of the first batch of LEU produced Mo-99, studies on quality aspects were made, 
and results were compared with international standards. 
The Argentinean domestic market uses about 75% of locally produced CNEA Mo-99, importing 
the rest from different origins. Some of the locally produced Mo-99 is exported, through two 
radiopharmaceuticals companies, to the near region via Mo-99/Tc-99m generators.  
The scope of this work is to demonstrate the feasibility of LEU fission Mo-99 production and 
commercialization in accordance with international quality standards.  
 
 
 
 



Materials and methods 
 
Radionuclide purity was assessed between 8 and 15 weeks after production (delayed purity). 
Gamma spectra were acquired using high performance gamma spectrometry (Canberra) in the 
following conditions: Counting time 50,000 s.; Starting activity (at calibration time) 300-600 
mCi . Sr-90 determinations were performed using a Liquid Scintillation Analyzer (Packard Tri-
carb 2900TR). In order to separate Sr-90 from other beta emitter contaminants, Eichrom- Sr resin 
columns have been used. Gross alpha determinations were performed using a Ludlum 43-10 
Alpha Sample Counter (Ludlum Inc.). Counting conditions were: Counting time 300,000 s.; 
Starting activity (at calibration time) 50-300 mCi. 
 
Results 
 
In order of avoid excessive data, two minor contaminants (Sb-125, Cs-137) have been chosen, 
representatives of other radio nuclides present in the solution, such Ru-106, Nb-95, Zr-95, etc. 
Nevertheless, the Σγ is represented mostly by I-131 and Ru-103 contributions. All results are 
expressed as contaminant to Mo-99 ratios at calibration date (usually 3 days post production). 
The results obtained from 28 batches of Mo-99 from HEU (Table 1) show that all of them fulfill 
specifications. 
 
Batch I-131 Ru-103 Sb-125 Cs-137  Sr-90  Gross Alpha 

 1 7,57E-06 1,25E-08 2,24E-09 3,52E-10 1,76E-09 3,80E-12
2 2,01E-06 5,53E-09 1,50E-09 1,95E-10 6,02E-09 4,40E-11
3 4,89E-06 4,46E-09 2,13E-09 3,27E-10 3,47E-10 3,60E-11
4 2,48E-06 1,83E-08 4,99E-09 3,00E-10 5,02E-10 1,20E-11
5 1,22E-05 5,09E-09 1,44E-09 2,80E-10 2,93E-10 9,80E-12
6 1,49E-05 9,06E-07 1,32E-07 2,75E-10 2,14E-09 3,60E-11
7 1,11E-05 1,17E-07 6,71E-09 2,42E-10 2,76E-09 2,10E-11
8 1,81E-06 3,46E-07 1,32E-10 2,73E-10 1,13E-08 4,40E-12
9 9,50E-07 3,37E-06 2,17E-08 4,96E-10 3,88E-08 7,20E-12

10 2,79E-07 2,39E-07 4,78E-09 2,10E-10 4,06E-09 6,50E-12
11 7,44E-07 2,28E-07 4,80E-09 2,86E-10 5,44E-09 7,80E-11
12 1,69E-07 1,49E-07 3,88E-09 2,72E-10 3,90E-09 2,30E-11
13 1,37E-07 2,01E-07 3,11E-09 2,40E-10 6,92E-09 1,10E-11
14 9,27E-08 1,83E-07 2,85E-09 2,00E-10 6,04E-09 7,20E-11
15 2,20E-08 9,96E-08 1,62E-09 3,55E-10 6,05E-09 9,90E-12
16 4,73E-08 6,58E-08 2,62E-09 2,63E-10 8,76E-09 2,10E-11
17 3,31E-07 2,74E-07 2,79E-09 3,82E-10 3,59E-09 9,10E-12
18 8,35E-08 1,69E-07 2,01E-09 8,48E-10 1,70E-10 3,30E-12
19 4,35E-08 2,44E-07 1,40E-09 2,97E-10 1,01E-09 6,30E-12
20 1,98E-07 8,11E-08 1,22E-09 3,03E-10 1,78E-09 2,30E-12
21 5,58E-08 1,33E-07 1,37E-09 2,53E-10 7,21E-09 5,60E-12
22 8,93E-08 4,39E-08 7,37E-10 2,78E-10 1,93E-08 1,20E-11
23 4,71E-06 2,02E-08 7,44E-10 2,81E-10 2,49E-09 8,80E-12
24 4,12E-08 2,27E-08 9,04E-10 2,09E-10 2,42E-09 5,50E-12
25 1,34E-06 1,14E-08 3,67E-10 2,63E-10 2,05E-09 2,30E-11
26 9,08E-07 2,36E-07 9,32E-10 1,39E-10 2,75E-09 3,40E-11
27 1,20E-07 1,93E-07 1,23E-09 2,26E-10 2,84E-09 9,80E-12
28 1,78E-07 3,88E-07 1,36E-10 2,12E-10 1,95E-09 3,10E-11

Table1:  Contaminants found in Fission Mo-99 produced from HEU targets. 



 
The results obtained from 46 batches of Mo99 from LEU are shown in Table 2 
 
Batch I-131 Ru-103 Sb-125 Cs-137 Sr-90  Gross Alpha 

3 7,71E-08 2,30E-09 1,30E-10 7,10E-11 1,70E-09 6,10E-12 
4 6,13E-08 1,75E-09 2,36E-10 6,14E-11 1,76E-10 3,20E-11 
5 3,84E-08 1,25E-09 2,81E-10 3,41E-10 2,25E-10 5,50E-11 
6 1,64E-07 9,04E-10 6,28E-10 2,31E-10 2,16E-10 3,50E-11 
7 6,87E-08 1,11E-09 4,24E-10 2,97E-10 2,55E-10 7,40E-12 
8 1,67E-07 1,37E-09 7,23E-10 2,80E-10 8,33E-10 1,40E-11 
9 2,01E-07 4,39E-09 3,56E-10 8,15E-10 3,47E-09 2,20E-11 

10 5,04E-07 1,15E-09 5,31E-10 2,50E-10 1,49E-10 3,50E-12 
11 2,35E-07 2,10E-09 1,44E-10 9,57E-11 1,73E-10 6,30E-12 
12 1,96E-07 8,20E-10 1,40E-10 9,50E-11 2,21E-10 8,40E-12 
13 8,21E-08 7,28E-09 7,78E-10 1,48E-09 3,03E-10 1,10E-11 
14 5,52E-08 7,40E-09 6,42E-10 4,66E-10 2,34E-10 9,30E-12 
15 1,14E-07 5,60E-09 4,99E-10 2,46E-10 3,73E-10 8,50E-12 
16 1,71E-07 9,85E-08 1,07E-09 7,82E-10 2,00E-09 2,00E-11 
17 6,84E-08 2,08E-08 9,33E-10 1,79E-10 8,39E-10 9,80E-12 
18 2,26E-07 3,15E-08 9,49E-10 7,50E-10 1,78E-09 8,60E-12 
19 1,12E-07 2,46E-08 1,38E-09 2,78E-10 7,55E-10 9,10E-12 
20 1,60E-07 2,75E-08 7,00E-10 7,46E-10 6,83E-10 8,30E-12 
21 2,31E-07 1,50E-08 1,02E-10 1,26E-10 1,52E-09 5,50E-12 
22 9,15E-08 9,91E-09 3,40E-10 9,81E-11 7,63E-10 2,10E-12 
23 1,42E-07 3,13E-08 9,80E-10 4,50E-10 8,73E-10 7,50E-12 
24 1,16E-07 4,51E-08 2,30E-10 9,15E-10 1,21E-09 8,30E-12 
25 3,21E-07 7,80E-09 3,40E-10 3,33E-10 5,56E-10 9,20E-12 
26 6,57E-08 2,17E-08 1,44E-10 5,10E-11 8,32E-10 5,50E-12 
27 8,34E-08 4,13E-08 5,30E-10 4,50E-10 8,45E-10 2,50E-11 
28 1,05E-07 8,32E-09 1,02E-09 7,50E-10 9,66E-10 1,50E-11 
29 3,17E-07 1,38E-08 3,15E-10 2,10E-10 9,56E-10 9,80E-12 
30 7,34E-08 2,44E-09 4,23E-10 7,52E-10 9,05E-11 1,00E-11 
31 9,15E-08 7,39E-09 2,44E-10 8,93E-11 5,90E-10 8,60E-12 
32 1,43E-07 4,11E-08 6,31E-10 8,98E-11 8,93E-10 7,10E-12 
33 2,17E-07 7,30E-09 1,99E-09 1,23E-10 5,72E-10 2,00E-11 
34 8,49E-08 5,90E-08 3,15E-10 4,44E-10 1,06E-09 6,30E-12 
35 1,12E-07 1,22E-08 2,10E-10 2,19E-10 6,01E-10 7,20E-12 
36 7,60E-08 1,43E-08 6,20E-10 3,23E-10 7,68E-10 5,50E-12 
37 2,14E-07 5,57E-09 1,25E-09 6,45E-10 5,62E-10 9,80E-12 
38 1,31E-07 1,23E-08 3,55E-10 5,33E-10 5,54E-10 9,60E-12 
39 4,32E-07 3,14E-08 5,28E-10 1,02E-10 1,15E-09 3,40E-11 
40 9,17E-08 9,81E-09 5,44E-10 3,48E-10 6,74E-10 6,50E-12 
41 1,05E-07 6,35E-09 3,30E-10 7,40E-11 5,31E-10 7,30E-12 
42 7,13E-08 2,32E-08 8,90E-10 3,25E-10 1,02E-09 6,00E-12 
43 1,42E-07 1,65E-08 2,25E-10 5,55E-10 1,15E-09 9,00E-12 
44 8,18E-08 3,13E-08 9,33E-10 8,16E-11 4,18E-10 1,00E-11 
45 2,40E-07 8,38E-09 6,25E-10 2,65E-10 6,36E-10 7,30E-12 
46 1,00E-07 1,32E-08 3,34E-10 1,03E-10 5,34E-10 7,50E-12 

Table2: Fission Mo-99 produced from LEU targets contaminants 
 



With the intention to compare results, international specifications are showed in Table 3. 
 

Nucleide Specification 
I-131 : Mo-99 < 5 x 10-5 

Ru-103 : Mo-99 < 5 x 10-5 

Sr-90 : Mo-99 < 6 x 10-8 

Σα : Mo-99 < 6 x 10-8 

Σγ: Mo-99 < 5 x 10-7 

Table 3: International specifications 
 
The average values calculated from both targets are shown in Table 4. It is clear that in the LEU 
case, the concentration of most of the contaminants has been diminished in about an order of 
magnitude.    
 

  I-131 Ru-103 Sb-125 Cs-137 Sr-90 
 Gross 
Alpha   

HEU 2,41E-06 2,77E-07 7,50E-09 2,95E-10 6,88E-09 1,95E-11 n=28
LEU 1,50E-07 1,67E-08 5,68E-10 3,62E-10 7,88E-10 1,21E-11 n=46

Table 4: Average values 
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Graph. 1: I-131 content (log scale) 
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Graph. 2: Ru-103 content (log scale) 
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Graph. 3: Sr-90 content (log scale) 
 



It is interesting to note that, practically, there is no difference between the gross alpha content in 
Mo-99 produced from either target. The reason could be that almost all results are expressed as 
minimal detectable activity (MDA). These results refute the concern that the increase of total 
uranium mass in LEU targets could affect gross alpha content. 
Other distinctive behavior found in LEU batches is the lower standard deviation in any purity 
parameter, which shows the reliability of the process.    
 
Conclusions 
 
There are two important conclusions. The first one is that it is feasible to produce fission Mo-99 
from LEU targets and the second one is that it is possible to obtain a product that complies with 
the international requirements in order to prepare medical devices (generators) for producing 
radiopharmaceuticals (labeled with Tc-99m) in accordance with specifications established in the 
most important Pharmacopeias.    
These results should serve to realize that the potential future positioning of LEU targets into the 
market, for fission Mo-99 production, should be based on economical or political factors and not 
in quality consideration.  
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ABSTRACT 
 

In summer 2005, the United States loosened restrictions on the export of bomb-grade, 
highly-enriched uranium (HEU) to five countries (Canada, Belgium, France, Germany, 
and the Netherlands) for use as targets to produce medical isotopes.  The new law 
represents a step backward from the quarter-century U.S. effort to phase out commerce in 
bomb-grade uranium to reduce risks of nuclear proliferation and terrorism.  This paper 
first investigates the actors behind this change – including foreign producers of medical 
isotopes, their U.S.-based lobbyists, supportive sectors of the American medical 
community, and the lawmakers who spearheaded efforts on Capitol Hill – and their 
motivations.  Second, it explores the dramatic and complicated legislative process that led 
to this weakening of export controls.  Third, it projects the likely consequences in the 
short and long run for U.S. HEU exports, risks of nuclear terrorism, and the production of 
medical isotopes in the United States and elsewhere – assuming the new law remains in 
place.  Finally, the paper examines prospects for additional changes in U.S. HEU export 
control law, either to further loosen restrictions on export of HEU for targets and/or fuel, 
restore previous controls, or adopt new strategies to phase out HEU commerce. 

 
 
1. Introduction 
 

In summer 2005, the United States loosened restrictions on the export of bomb-
grade, highly-enriched uranium (HEU) to five countries (Canada, Belgium, France, 
Germany, and the Netherlands) for use as targets to produce medical isotopes.  The new 
law represents a step backward from the quarter-century U.S. effort to phase out 
commerce in bomb-grade uranium to reduce risks of nuclear proliferation and terrorism.  
This paper first investigates the actors behind this change – including foreign producers 
of medical isotopes, their U.S.-based lobbyists, supportive sectors of the American 
medical community, and the lawmakers who spearheaded efforts on Capitol Hill – and 
their motivations.  Second, it explores the dramatic and complicated legislative process 
that led to this weakening of export controls.  Third, it projects the likely consequences in 
the short and long run for U.S. HEU exports, risks of nuclear terrorism, and the 
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production of medical isotopes in the United States and elsewhere – assuming the new 
law remains in place.  Finally, the paper examines prospects for additional changes in 
U.S. HEU export control law, either to further loosen restrictions on export of HEU for 
targets and/or fuel, restore previous controls, or adopt new strategies to phase out HEU 
commerce. 
 
 
2. Who Pushed for Weaker Controls? 
 
 The primary agitator for weakening U.S. export controls on bomb-grade uranium 
was the Canadian company MDS Nordion, the world’s largest producer of medical 
isotopes and main supplier of such isotopes to the U.S. market.  Nordion sought to escape 
from a U.S. anti-terror and nonproliferation law (the Schumer Amendment to the Energy 
Policy Act of 1992) that required recipients of U.S. HEU to convert their reactor fuel – 
and their targets used to produce isotopes – from HEU to low-enriched uranium (LEU), 
which is unsuitable for weapons.  Although Nordion had pledged in 1990 to design its 
new production facility to use LEU targets [1], it broke this pledge, then dragged its feet 
on converting the target design while the facility was being built in the 1990s, and finally 
in 2003 halted cooperation with the RERTR program’s LEU target development effort, 
on grounds that conversion would be too expensive and interrupt operations now that the 
facility was completed and would be radioactive. [2,3]  The new Nordion facility still has 
yet to begin commercial operation due to safety concerns with its associated new Maple 
reactors that have blocked their licensing and thereby prevented irradiation of the targets.  
In the meantime Nordion continues to produce isotopes with a decades-old reactor and 
processing facility, which also rely on targets of HEU supplied by the United States. 
 
 The 1992 U.S. law explicitly barred exports of HEU in the absence of an LEU 
conversion program for the recipient in order to promote the phase out of dangerous 
commerce in bomb-grade uranium, stating: 
 

The [Nuclear Regulatory] Commission may issue a license for the export 
of highly enriched uranium to be used as a fuel or target in a nuclear 
research or test reactor only if, in addition to any other requirement of this 
Act, the Commission determines that---(1) there is no alternative [LEU] 
nuclear reactor fuel or target enriched in the isotope 235 to a lesser percent 
than the proposed export, that can be used in the reactor; (2) the proposed 
recipient of that uranium has provided assurances that, whenever an 
alternative nuclear reactor fuel or target can be used in that reactor, it will 
use that alternative in lieu of highly enriched uranium; and (3) the United 
States Government is actively developing an alternative nuclear reactor 
fuel or target that can be used in that reactor. 

 
 The 1992 U.S. law appeared to give Nordion only two choices in the long-run: 
resume cooperation with the United States on conversion to LEU targets or halt 
production of isotopes.  But Nordion devised a third option: change the U.S. law.  
Nordion hired Washington, DC attorney James Glasgow, a former U.S. government 
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official, who in 2003 drafted an amendment to water down the anti-terrorism export 
restrictions. [4] 
 
 To sponsor the bill in Congress, Nordion enlisted then-Rep. Richard Burr (D-NC) 
in 2003.  Burr later explained his sponsorship on grounds that he had been lobbied by 
radiologists at Wake Forest University's medical school, located in his congressional 
district.  Doctors and officials at the school had also donated $30,000 to his campaigns 
over the preceding six years. [5]  In addition, Burr was a well-known supporter of the 
nuclear industry, which had contributed $66,500 to his campaign in the preceding 
election cycle, making him the 7th highest recipient from the industry among all 435 
members of the House of Representatives. [6] 
 

Nordion established the U.S.-based Committee on Isotope Supply, sponsored by 
the Council on Radionuclides and Radiopharmaceuticals (CORAR), Inc.  The committee 
is nominally based in Moraga, CA, but is chaired by Grant Malkoske, a Nordion vice-
president in Canada. [7]  It lists the aforementioned James Glasgow as its “Consultant - 
Legislative Language.”   

 
Nordion also hired a Washington, DC-based lobbying firm, the Alpine Group, 

Inc., which donated more than $25,000 to the members of the congressional energy 
committees overseeing the HEU export-control legislation. [8]  Two of Alpine’s 
employees, James D. Massie and Richard C. White, are listed by CORAR as 
“Congressional Lobbyist” for Nordion’s U.S.-based committee. [7]  Alpine’s Richard 
White also ghost-wrote a lobbying letter to U.S. legislators signed by members of the 
American College of Nuclear Physicians (ACNP). [9]  His hidden hand came to light 
when ACNP members forwarded the letter to Congress as a word-processing file but 
forgot to change the file’s properties section, which lists the “author” as Rich White.  The 
lobbyists also recruited help from the Society of Nuclear Medicine, in Reston, VA, which 
posted a draft letter for its members to send to Congress. [10]  The letter’s properties 
section likewise indicates that the letter’s author, Courtney Johnson, also works for the 
Alpine Group. 
 

Nordion recruited to its lobbying effort another top producer of medical isotopes, 
Mallinckrodt, which is headquartered in Missouri but produces isotopes in the 
Netherlands.  Mallinckrodt’s facility in the Netherlands has not recently depended on 
U.S. HEU exports, instead using an existing stock of HEU.  But the company may 
anticipate a potential future need for HEU, either because of losses during the production 
process or expansion of production, because in 2003 it successfully pressured its home-
state Senator Christopher (“Kit”) Bond (R-MO) to sponsor the Nordion amendment in the 
Senate. [5]  The company also may fear that conversion to LEU targets by any large 
producer could compel it to follow suit. 
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3. Scare Tactics 
 

Nordion garnered the support of many American physicians, who in turn 
prevailed on many members of Congress, based on the false claim that unless the Burr-
Bond amendment were adopted, the 1992 law could interrupt the supply of medical 
isotopes in the United States.  This was a misleading scare tactic on several grounds.  
First, in 13 years under the 1992 law the United States had never rejected a single license 
application to export HEU for use as targets to produce medical isotopes.  Second, the 
1992 law explicitly permitted such exports so long as the recipient cooperated towards 
eventual conversion of its production process to LEU targets.  Third, the current peak 
capacity for global isotope production is 250 percent of current demand, and Nordion is 
the only major isotope producer in recent years to rely on U.S. exports of HEU. [11] 
Thus, even if the United States were to halt HEU exports to Nordion for refusing to 
cooperate on conversion to LEU, other global producers could ramp up production 
temporarily to prevent an interruption in the U.S. supply of isotopes, while longer-term 
solutions were arranged.  Fourth, Nordion maintains a stockpile of HEU sufficient for 
targets to produce isotopes for at least two years, so even if U.S. exports of HEU were 
halted suddenly the other producers would have at least two years – more than sufficient 
– to arrange to satisfy the U.S. demand for isotopes without interruption.  For all these 
reasons, Nordion’s claim that the 1992 law threatened to interrupt the U.S. supply of 
isotopes was patently false. 

 
 
4. Machinations in Congress 
 
 In 2003, Rep. Burr successfully attached the Nordion-drafted amendment to the 
House energy bill in committee, and Sen. Bond attached it to a separate Senate 
environment bill in committee.  When a House-Senate conference attempted to forge 
consensus on the energy bill, it substituted a “compromise” version of the Burr 
amendment that does not differ substantially from the original because it was negotiated 
by two legislators who supported the original amendment’s intent, Rep. Burr and Sen. 
Pete Domenici (R-NM).  Most importantly, both versions of the amendment waive the 
1992 law’s restrictions as they pertain to HEU exports for isotope production in five 
states: Canada, Belgium, France, Germany, and the Netherlands.   
 

The revised version of the Burr amendment does have a few minor differences: 
(1) It does not permit the Nuclear Regulatory Commission to expand the list of states 
subject to the waiver; (2) The National Academy of Sciences must report on the 
feasibility (including cost) of producing isotopes without HEU; (3) The Secretary of 
Energy must then report if any companies will supply the U.S. market with isotopes 
produced without HEU; (4) If production of isotopes without HEU is feasible but not 
occurring, the Secretary of Energy must investigate options for domestic production of 
isotopes without HEU; and (5) When U.S. isotope requirements can be met by producers 
without HEU, no further HEU export license applications will be considered. 
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 Although the revised amendment appears to create a path toward phasing out 
HEU exports, it is riddled with loopholes that could obstruct this outcome and perpetuate 
HEU exports indefinitely – and even facilitate their increase.  Four of the states receiving 
waivers are in the European Union, so the amendment opens the door for U.S. HEU to be 
retransferred to 21 other EU member states without notification under the terms of the 
U.S.-Euratom nuclear cooperation agreement, and to additional states as the EU expands.  
Ironically, the United States has expended considerable resources to remove HEU from 
some of these states to reduce risks of nuclear terrorism.  The amendment also contains at 
least four loopholes under which conversion of isotope production to LEU would be 
deemed “unfeasible,” so that HEU exports could continue: (1) If producers refuse to 
cooperate in testing LEU targets at their facilities; (2) If conversion would increase their 
costs more than 10 percent; (3) If the process of converting their facilities would 
temporarily interrupt the supply of isotopes; or (4) If they cannot already satisfy the entire 
U.S. isotope requirement without HEU.  These loopholes eliminate the incentives in the 
1992 law for producers to cooperate on conversion to LEU targets.  It is true, as I have 
argued previously, that if one or more maverick companies chose to produce the entire 
U.S. isotope requirement without HEU, the amendment would halt further exports of 
HEU for isotope production. [3] But the amendment eliminates the other incentives for 
companies to pursue this path. 
 
 The energy bill stalled in Congress in 2003 for reasons unrelated to the HEU 
provision but was revived two years later.  In 2005, committees in both houses included 
the revised Burr amendment in their versions of the energy bill.  But on June 23, 2005, 
the full Senate voted 52-46, approving an amendment sponsored by Senators Charles 
Schumer (D-NY) and Jon Kyl (R-AZ) to delete the Burr amendment.  Notably, this was 
the only vote ever by either house of Congress on the Burr amendment itself, and it was a 
clear rejection.  The chairman of the House energy committee, Rep. Joe Barton (R-TX), 
also expressed concerns about the Burr amendment, especially because the U.S.-Euratom 
agreement effectively would expand the number of states eligible to receive U.S. HEU 
exports from five to 26.  Barton worked with Rep. Ed Markey (D-MA), a staunch 
opponent of the Burr amendment, to develop a substitute that would delete the Burr 
amendment and restore the intent of the 1992 law.  But Sen. Domenici precluded this 
possibility.  Rather than defending the Senate’s position in conference, Domenici 
opposed it and persuaded all other Republican Senate conferees to do likewise.  As a 
result, on July 19, 2005, the Senate conferees voted 10-4 to restore the Burr amendment 
that had been rejected by the full Senate and was opposed by the chairman of the House 
energy committee. [12]  Domenici’s staff told the House committee staff that he refused 
to reopen discussions on the provision. [13]  The energy bill, including the Burr 
amendment, was passed by Congress on July 29, 2005, and signed into law by President 
George W. Bush on August 8, 2005. 
 
 
5. Undermining RERTR and the War on Terror 
 
 Enactment of the Burr amendment threatens to undermine in several ways the 
RERTR program’s longstanding goal of phasing out commerce in bomb-grade uranium, 
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and thereby undermine the war on terror.  Most obviously, the Burr amendment will 
perpetuate U.S. HEU exports to the Canadian company Nordion, the only isotope 
producer that currently receives such exports.  Under the 1992 law, these exports were to 
terminate as soon as Nordion could convert to LEU targets, or sooner if Nordion refused 
to cooperate on such conversion.  The United States now annually exports to Nordion 
approximately 20 kg of HEU, an amount expected to grow with the expansion of isotope 
production if Nordion does not convert to LEU targets.  
 

The Burr amendment likely also will foster U.S. HEU exports to additional 
producers.  In the past, isotope producers in Belgium and the Netherlands did not qualify 
for U.S. HEU exports because they refused to cooperate on conversion to LEU targets, so 
they instead relied on their own dwindling stocks of HEU.  It was anticipated that in the 
near future, as these companies consumed their HEU stocks and/or expanded their 
isotope production, they would face strong incentives to convert to LEU targets.  Indeed, 
Mallinckrodt seriously explored the feasibility of such conversion.  But the Burr 
amendment has removed the foreign companies’ main incentive to convert because they 
now will qualify for U.S. HEU exports.  As a result, U.S. HEU exports for isotope 
production could more than triple. 

 
In addition, emerging producers of medical isotopes who had planned to use LEU 

targets may now instead demand U.S. HEU exports on grounds of non-discrimination, 
citing the Burr amendment’s erosion of the norm against HEU commerce.  Similarly, 
operators of research reactors that have converted, or are in the process of converting, 
their fuel from HEU to LEU may reverse course and demand U.S. HEU exports.  If the 
United States refuses, these operators could seek HEU from Russia, and Washington 
would have little ground to object given the precedent of the Burr amendment.  All told, 
annual worldwide HEU commerce could increase by several hundred kilograms – 
sufficient for several nuclear weapons each year – and continue indefinitely instead of 
being phased out as envisioned prior to the Burr amendment.  Given the relatively lax 
security at civilian nuclear facilities, the ease of making a nuclear weapon with HEU, and 
the expressed will of groups like al-Qaeda to acquire and use such weapons, the specter 
of increasing HEU commerce raises grave concerns for international security and the war 
on terror. 

 
 

6. Prospects for Further U.S. Action 
 
 The U.S. commitment to the RERTR program’s goal of phasing out HEU 
commerce has fluctuated over the last two decades.  In the late 1980s, funding was 
eliminated for development of advanced high-density LEU fuels, in acquiescence to 
operators of high-power reactors who required such fuel to convert but did not want to 
convert.  But soon after, the United States restored this funding and expanded its 
commitment to phase out HEU commerce.  In 1989, the RERTR program started 
developing LEU targets to replace HEU targets for the production of medical isotopes.  
In 1992, the Schumer Amendment mandated the phase-out of all remaining U.S. HEU 
exports, either gradually through development of advanced LEU fuels and targets, or 
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immediately if recipients refused to commit to convert to LEU or if the RERTR 
development program again were terminated.  In the 1990s, the United States also 
extended the RERTR program to facilitate conversion of reactors in, and supplied by, 
China and the former Soviet Union, so the phase-out of HEU commerce could be global 
in scope.  The attacks of September 11, 2001, heightened U.S. concerns about potential 
nuclear terrorism, spurring the Department of Energy to create the Global Threat 
Reduction Initiative (GTRI) that incorporated, and significantly increased funding for, the 
RERTR program. [15, 16]  Unfortunately, enactment of the Burr amendment represents a 
step backward in the U.S. commitment to phase out HEU commerce. 
 
 Looking ahead, there are four plausible trajectories for U.S. policy on HEU 
exports.  First, the Burr amendment could be viewed as a justified and circumscribed 
exception to the longstanding U.S. objective of phasing out HEU commerce, so this 
exception would be sustained but not expanded.  A second possibility is that other current 
and potential HEU users – including operators of high-power reactors and isotope 
producers outside the five states in the Burr amendment – could successfully appeal for 
similar exemptions from the 1992 U.S. HEU export control law and/or the 1986 NRC 
order requiring conversion of domestic licensed reactors, on grounds that their operations 
are neither less important nor more risky than those covered by the Burr amendment.  
This could lead to a steady erosion of the RERTR program’s main achievement of 
sharply reducing HEU commerce over the last 27 years.  Third, the United States could 
reverse the Burr amendment to reestablish restrictions intended to phase out all remaining 
U.S. HEU exports.  The justification for such a reversal would be that the Burr 
amendment would otherwise “undermine support of the U.S. HEU minimization policy 
and nuclear export control system,” as stated by the Department of Energy’s then-Deputy 
Administrator for Defense Nuclear Nonproliferation, Paul M. Longsworth, in a July 15, 
2005 letter to the Union of Concerned Scientists. [17]  Finally, the United States could 
develop a domestic isotope production capacity that does not rely on HEU and is 
sufficient to satisfy U.S. requirements.  If successful, the United States would be required 
under the Burr amendment to terminate further licensing of HEU exports for isotope 
production. 
 
 All four scenarios are plausible, but the trend of U.S. policy over the last quarter-
century suggests that restrictions on HEU commerce are more likely to strengthen than 
weaken over the long run.  At its founding in 1978, the RERTR program initially focused 
on the modest goal of converting low-power, U.S.-supplied, foreign research reactors 
from HEU to LEU fuel.  Since then, the scope of the conversion program has been 
expanded repeatedly to include the following: high-power, U.S.-supplied, foreign 
research reactors; domestic research reactors; research reactors in and supplied by China 
and the former Soviet Union; and medical isotope production.  Although there have been 
temporary delays and even backward steps along the way as users of HEU resisted 
conversion, these obstacles consistently have been overcome.  For example, conversion 
to LEU fuel originally was opposed by operators of licensed U.S. reactors, DOE reactors, 
and high-power European reactors such as HFR-Petten, but each group has since been 
compelled to cooperate towards conversion.  
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 The most likely path forward, therefore, is that the United States either will repeal 
the Burr amendment’s exemption of foreign isotope producers from HEU export 
restrictions or develop a domestic capacity to produce isotopes without HEU, thereby 
halting further U.S. exports of HEU for isotope production.  In either case, foreign 
isotope producers would face strong incentives to convert their production processes 
from HEU to LEU, to avoid interruption in their production and/or maintain market 
share. 
 
 
7. Conclusion 
 
 The case of the Burr amendment demonstrates that a single foreign company – by 
throwing sufficient money at U.S. legislators and lobbyists, and employing sufficiently 
misleading scare tactics – can achieve a weakening of U.S. national security law to avoid 
temporarily the expense and inconvenience of converting from HEU to LEU.  But it is 
unlikely that Nordion’s success on the Burr amendment will enable the company to 
remain economically viable for very long without converting to LEU, given the likely 
trajectory of U.S. policy.  If the United States repeals the Burr amendment’s exemption 
for foreign isotope producers, Nordion will have to resume work on conversion to qualify 
for HEU exports in the interim.  If the Burr amendment remains law, the United States 
may develop a domestic capacity to produce isotopes without HEU, which would 
terminate HEU exports to Nordion. 
 

Even if the United States neither repeals the Burr amendment nor develops a 
domestic isotope production capacity, maverick foreign isotope producers could still 
capture the U.S. market from Nordion by converting to LEU.  As I argued last year, 
although the Burr amendment was intended to and now has hindered the effort to phase 
out HEU for isotope production, it also endorses a principle that the United States should 
exclusively purchase medical isotopes produced without HEU when that becomes 
possible. [3]  At some point, one or more far-sighted companies will produce a sufficient 
quantity of isotopes without HEU to capture the U.S. market, while remaining producers 
who rely on HEU will suffer significant losses in market share. 

 
Nordion is likely to respond to the Burr amendment by further postponing or 

completely terminating its stalled effort to convert from HEU to LEU targets.  But that 
would be a pyrrhic victory, because in so doing the company would sabotage its 
prospects of retaining dominance of the U.S. market and thereby threaten the long-term 
financial viability of its isotope production activities.  Thus, ironically, despite its victory 
on the Burr amendment, Nordion still faces the same stark choice: convert to LEU or 
ultimately perish. 
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ABSTRACT 

Currently, nearly all of the world's supply of "MO is produced fiom the fissioning of 2 3 5 ~  in targets of 
high-enriched uranium (HEU). Conversion of these targets to low-enriched uranium (LEU) would 
ease worldwide concern over the use and transport of this weapons-grade material. This paper reviews 
three projects: 1) the ongoing conversion of BATAN's 9 9 ~ o  production process fiom HEU oxide 
targets (Cintichem processing) to LEU foil targets (Cintichem processing), 2) demonstration of LEU 
foil targets and base-side processing in CNEA's facility, and 3) the evaluation of two inorganic 
Thermoxid sorbents for Mo recovery and purification in acidic U-bearing solutions. 

1. Introduction 

The overall goal of our program is to minimize, and ultimately eliminate the use of HEU in the 
production of 9 9 ~ 0  for 9 9 m ~ c  medical isotope generators. The role of ANL in that goal is to 
provide technical support needed by the producers for conversion to LEU in 9 9 ~ o  production. 
For current producers, this usually involves minimizing the negative effects of conversion on 
productivity and economic feasibility. For potential producers, it involves training, evaluating 
process options, and transferring technology. 

2. Progress in the Conversion of the BATAN (Indonesia) Process 

Several demonstrations of the LEU foil target Modified Cintichem process have been carried out 
in BATAN's Serpong 9 9 ~ o  production facility since 1995 [ 1-61. These demonstrations have 
been done using the same facility, and generally with the same equipment as BATAN's current 
HEU process. The aim of these demonstrations was to show that the LEU process produced 
9 9 ~ o  with sufficient yield and purity. The most recent 111-scale demonstration was performed 
in May 2005, in which an LEU foil target was irradiated, disassembled and dissolved, and 9 9 ~ o  
was recovered and purified from the dissolved target. 

BATAN and BATAN Technology will convert their 9 9 ~ 0  production fiom HEU oxide targets to 
LEU foil targets during the next year. This conversion must be accomplished with minimum 
effect on reliability, productivity, yield, and purity of product. Ideally, the existing equipment 
and procedures should be used in the LEU process. Current work is focused on demonstrating 
the entire LEU process in the BATAN production facility. 



A. Target 
Because the 9 9 ~ o  is produced from fission of 2 3 S ~ ,  nearly five times as much LEU ( 20% 
235~/total U) is needed as HEU (generally >90% 23S~/total U) to contain the same amount of 
2 3 5 ~ ,  and to yield an equivalent amount of 9 9 ~ o  product. In order to minimize the negative 
impact of conversion, it is necessary to irradiate the LEU target in the same reactor position as 
the HEU target. A novel target design was required to fit this larger amount of uranium into the 
same irradiation position. Due to high uranium-density and excellent heat transfer properties of 
uranium metal, a uranium foil target was designed at ANL to fit on the same irradiation as the 
HEU oxide target [7, 81. 

B. Target disassembly/dissolution 
The target currently in use at BATAN is a stainless steel tube with HEU oxide coated on the 
inside. The irradiated oxide is dissolved directly from the target. This dissolution of the oxide is 
a relatively slow step in the process, taking around two hours. In order to minimize the negative 
impact of conversion to LEU targets, the total dissolution time must be less than or equal to two 
hours. An irradiated LEU foil target must be disassembled to separate the LEU foil (and the 
attached Ni fission barrier) from the bulk of the target. The disassembly of the irradiated target 
is facilitated by the use of a cutting machine (Figure 1) designed and fabricated for the purpose. 
The disassembly takes 30-60 minutes, and will decrease with operational experience. AAer 
disassembly, the foil (Figure 1) is placed in a vessel and dissolved in nitric acid. The dissolution 
of the LEU foil (and the attached Ni fission barrier has been shown to be complete in less than 
30 minutes [9]. The disassembly and dissolution of the LEU foil target can be done in less than 
the two hours needed to dissolve the HEU oxide target; and, therefore, imposes no time penalty 
during the dissolution step. 

C. 9 9 ~ o  recovery and purification 
The compositions of the dissolver and product solutions from the May 2005 demonstration are 
shown in Table 1. The recovery measured during the May 2005 demonstration was 86%; similar 
to the recoveries seen in the HEU process, and those seen in earlier demonstrations. The purity 
of the product 9 9 ~ o  was well within established guidelines. These results show that the recovery 
and purity of the 9 9 ~ o  product from the LEU foil (modified Cintichem) process used during this 
demonstration are acceptable for production operations. 

Table 1. Composition of the product solution from the May 2005 demonstration. 

Product impurity, 
Isotope CiICi "MO 

77.5 Ci 
"Mo activity (86% recovery) 

1 3 3 ~  < 8 ~ - 0 7  
1351 <2E-06 

l U 3 ~ u  8E-07 

.140~a( '40~a)  2E-06 
1 3 2 ~ e  9.E-08 

Z3b~ <5E-06 



Figure 1. Photographs of a target cut with a 
customdesigned cutter (right) and of the target 
after being disassembled (above). Two foils 
(and the attached fission barriers) are shown in 
the foreground. Note that the left side of the 
inner tube was anodized and the right side was 
not anodized. The foils were easily removed 
from both sides, showing that anodization is not 
necessary. 

D. Summary of BATAN work 
The results of the May 2005 demonstration at BATAN's PUSPIPTEK facility shows that their 
conversion fi-om HEU oxide targets to LEU foil targets can be accomplished with no negative 
impact on the processing time, recovery, or purity of the 9 9 ~ o  product. Further work with 
BATAN will demonstrate the recovery and purity of the 9 9 m ~ c  generator product derived fi-om 
LEU-generated 9 9 ~ 0 .  

3. CNEA (Argentina) - Demonstration of LEU Foil Targets in a Base-Side Process 

CNEA is a commercial producer of 9 9 ~ o ,  and is the first producer to convert to LEU targets, 
using their LEU dispersion plate targets [lo]. CNEA's interest in LEU foil targets is as a means 
for future increases in their production capacity. The demonstration of the LEU foilhase-side 
process by CNEA will give several major producers (IRE-Belgium, Mallinkrodt- 
NetherlandsINECSA-South A£iica) important data and technology demonstrations to use in their 
planned conversions. A demonstration in the CNEA facility was planned for 2005, however, 
delays due to other commitments and regulatory approval prevented its completion. The delay 
has given us time to test and improve the equipment and procedures to be used. The issues 
leading to the previous delays have been cleared and the demonstration will be done in the first 
quarter of 2006. 

A. Target digestion 
The target and the target disassembly procedure are essentially the same as used in Indonesia, 
however, the digestion process is different. The uranium foil is digested in base (0.5 M NaOH) 
in the presence of KMn04 (oxidant) at 285OC and 90 bar (1400 psi) to convert U metal to UOs. 
The details of the digestion have been published previously [l 1, 121. 



B. Mo recovery and purification 
The process equipment has been previously described, and consists of a sealed digester, and a 
processing module (Figure 2). This processing module contains means for filtering the digestion 
solution, tanks for storing solutions, a sorbent column for purification and recovery, and a flow 
meter for controlling flow through the column. Liquids are moved through the system by 
vacuum and are directed by a series of valves. The equipment and procedures for target 
disassembly, foil recovery, foil dissolution, recovery and purification of product have been 
extensively tested and documented in anticipation of a full-scale demonstration early in 2006. 

Figure 2. Photograph of processing equipment for use in the CNEA hot cell facility 

4. Sorbent Development 

The typical sorbent for recovering Mo from acidic solution is alumina. If alumina were used for 
LEU-target processing, then the total uranium needed, relative to an HEU target would require 
more sorbent in larger process columns, and would generate a larger volume of 9 9 ~ o  product 
solution. These changes would negatively impact the 9 9 ~ o  production by increasing the 
processing time and the amount of liquid waste generated. To minimize these negative effects, 
we are currently evaluating potential new sorbents, to recover Mo from high concentrations of 
uranium in acidic nitrate media. If the sorbents are found to recover molybdenum more 
efficiently than the commonly used alumina, then LEU could be substituted for HEU without the 
penalties of larger columns and larger solution volumes. 

A. Experimental 
Materials. 9 9 ~ o  was obtained by stripping a 9 9 m ~ c  generator (Bristol-Myers Squibb, North 
Billerica, MA) with 1.0 M NH40H, bringing the eluate to dryness and redissolving in 0.1 M 
HN03. 2 3 3 ~  was obtained from Argonne National Laboratory stocks and was purified on an AG 
MP-1 column by eluting its daughters with 5 M HCl and subsequently stripping 2 3 3 ~  with 0.1 M 
HCl. The 2 3 3 ~  solution was brought to dryness and taken up in concentrated nitric acid (repeated 
twice) to convert the U(V1) into its nitrato form. Depleted U02(N03)2'6H20 was obtained from 
ANL's stocks and used without further purification. The Thermoxid sorbents, Radsorb and 
Isosorb, are available spherical solids of approximately 0.4-1.0 mrn in diameter (20-40 mesh) 
and were used as received from TCI (Albuquerque, NM). The alumina was obtained as Acid 



Alumina AG4, 100-200 mesh (Bio-Rad Laboratories) and was used as received. All other 
reagents were analytical grade and were used without further purification. 

Methods. Batch uptake measurements. The sorption of metal ions by the inorganic ion- 
exchange sorbents from aqueous solutions was measured by equilibrating a 1 mL volume of a 
tracer-spiked aqueous solution of appropriate concentration with a known weight of sorbent 
following procedures described previously [13-151. A one-hour mixing time was used for the 
uptake equilibrium measurements. After equilibration, the solution was withdrawn and filtered 
using a syringe fitted with a 0.2 pm pore size, Anotop 25 Inorganic Membrane Filter (Whatrnan 
Scientific). Blank experiments indicate that the filter does not uptake 9 9 ~ 0 .  Duplicate 
experiments indicate that the reproducibility of the measurements was generally within 5%; 
however, the uncertainty interval may be higher for the~highest and lowest Kd values. Good 
mass balance was observed for all experiments. 

Counting of aqueous samples was performed on a Minaxi Autogamma counter (gamma emitters) 
or a Packard model liquid scintillation counter. 9 9 ~ o  was quantified by measurement of its 739 
KeV and 778 KeV y-rays. The activity of 9 9 ~ o  in each sample was corrected for decay. 2 3 3 ~  

was quantified by measuring it's a emission by liquid scintillation counting. 

The extent of radionuclide uptake was expressed in terms of a distribution .coefficient, Kd, 
defined as follows: 

Here, A, and As represent the aqueous phase activity (cpm) before and after equilibration, 
respectively; W is the dry weight of the sorbent (g) and V is the volume of the aqueous phase 
(mL). The amount of sorbent used was generally kept at 10 (* 1) mg in order to leave a 
measurable activity in the aqueous phase, this amount of sorbent represents a large excess 
relative to the amount of radionuclide present. 

Uptake kinetics measurements. The rate of radionuclide uptake on the sorbents was measured by 
equilibrating a series of equal weight (10 k 1 mg) samples of sorbents with a tracer-spiked 
aqueous solution, as described previously [16]. Time zero was taken as the time at which a 
known volume of the tracer-spiked solution was introduced into the vials containing the sorbent 
and stirring commenced. At various time intervals, the aqueous phase was withdrawn fiom a test 
tube (thus establishing tsnal) and filtered. 

B. Results and Discussion 
Kinetics of molybdenum uptake by the Thermoxid sorbents. Figure 3 depicts the kinetics of 
uptake of trace levels of 9 9 ~ 0  by the Radsorb and Isosorb sorbents fiom 0.1 M HN03 solution. 
In both cases the equilibrium sorption achieved within 60 minutes is far greater than the 
minimum required for satisfactory performance in a packed column. To yield a suitable 
retention in a column mode, a Kd of only few hundred is required, therefore a satisfactory uptake 
in both cases is achieved in only 15 minutes. In considering these results, it must be noted that 
the uncertainty associated with very large values of Kd can be considerable (unlike 
measurements at modest (-100) values for which a 5-10% uncertainty is typical) because, due to 
high uptake, distinguishing As from the background count rate is difficult. For this reason it is 



difficult to state indisputably that the & values observed at t = 6 h are significantly greater or 
lower than those seen at 1 h. 
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Figure 3. Kinetic of uptake of 9 9 ~ o  from 0.1 M HN03 solutions by the Thermoxid sorbents. 

Evaluation of the Thermoxid sorbents for 9 9 ~ o / ' ? 3 3 ~  separation. Figure 4 depicts the uptake of 
trace levels of 9 9 ~ o  and 2 3 3 ~  by the Radsorb and Isosorb sorbents from nitric acid solutions. As 
shown in Figure 2, the retention of 9 9 ~ o  by both sorbents is very high over the entire range of 
nitic acid concentrations examined. In contrast retention of 2 3 3 ~  is comparatively low, the & 
<20 over entire range of nitric acid concentrations examined generally implies very low retention 
in the column chromatographic mode. The resulting Mo/U separation factor of = 1000 should 
give excellent Mo separation from U in a packed column. Based on the 9 9 ~ o  & measurements 
under these solution conditions, no breakthrough of Mo in a packed column is expected at the 
range over the aqueous phase nitric acid concentrations investigated. 

Evaluation of the Thermoxid sorbents for 9 9 ~ o  separation from uranium solutions. As discussed 
above, one of the major challenges of substituting LEU for HEU targets is the up-to fivefold 
increase in the amount of uranium needed to produce an equivalent amount of 9 9 ~ o ,  which poses 
a challenge of producing greater volumes of process solution and generating larger amounts of 
radioactive waste. In order to minimize the increases to volumes of process and waste solutions 
we are developing a process for the separation of Mo from concentrated uranium solutions. 
Figure 5 depicts the uptake of trace levels of 9 9 ~ o  by the Radsorb and Isosorb materials and 
alumina from 1 M HN03 solutions of variable uranium content. As shown in Figure 5, both 
Thermoxid sorbents show a high retention of 9 9 ~ 0  up to uranium concentrations of 310 glL. 
Based on these & measurements, molybdenum should be efficiently separated on a packed 
column from solutions containing up to 3 10 glL uranium in 1 M HN03. These results contrast 
the uptake values of "MO for alumina. Retention of 9 9 ~ o  by alumina from uranium solutions is 
significantly lower than that observed for Thermoxid sorbents. The & values of <50 over the 
entire range of uranium concentrations imply low uptake of 9 9 ~ o  and may be inadequate for 
process operations. Therefore, the Thermoxid sorbents are preferable for the separation of Mo 
from nitic acid uranium solutions. 
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Figure 4. Effect of increasing nitric acid concentrations on the uptake of 9 9 ~ o  and 2 3 3 ~  by the 
Thermoxid sorbents. 

Figure 5. Effect of varying uranium concentrations on the uptake of trace levels 
M HN03 by the Thermoxid sorbents and alumina. 

of 9 9 ~ 0  from 1 

9 9 ~ o  Column Breakthrough Study. The uptake behavior of molybdenum on a column (12 mL 
bed volume) packed with the Radsorb sorbent from 1 M HN03 solutions containing high 
concentrations of uranium was investigated. The column breakthrough study is very 
encouraging, as the Mo is completely retained by the column. After passin 900 mL of 3 10 g/L 

9F of uranium solution, containing 150 ppm of stable Mo and tracer levels of Mo at a flow rate of 



1 mLIminute, no breakthrough of 9 9 ~ 0  is observed as indicated by the absence of measurable 
activity above that expected for depleted uranium. These results are consistent with the values of 
& reported above and suggest the superior performance of the Thermbxid sorbents for 
separation of Mo from nitric acid solutions containing macroquantities of uranium. 

Recovery of 9 9 ~ o .  Earlier distribution coefficients measurements indicate that 9 9 ~ 0  is poorly 
sorbed from NaOH solutions (0.01M-2M) by the Thermoxid sorbents. In fact, the & values 
observed in this study are not reported here due to large uncertainty associated with very low Kd 
measurements and the difficulty of distinguishing between the high A, and A,, values. We 
demonstrated here, as shown in Figure 6, that Mo is efficiently recovered from a Radsorb packed 
column (1 mL bed volume) with a 1 M sodium hydroxide solution, following the separation of 
Mo from 310 g/L uranium solution in 1 M HN03. Only seven bed volumes are required to strip 
the molybdenum from the column. 

50001 0  * 
, *;.; 1 

0 2 4 6 8 1 0  

Bed Volume 
Figure 6. Elution of 9 9 ~ 0  with 1 M NaOH from a column (1 mL bed volume) packed with 
Radsorb resin. 

C. Conclusions 
The results presented here demonstrate that the Thermoxid sorbents, Radsorb and Isosorb, can 
provide efficient separation of molybdenum from concentrated uranium solutions. The observed 
& values also suggest that these materials can separate Mo from concentrated U solutions more 
effectively than alumina. Purification of 9 9 ~ o  using these sorbents could permit shorter process 
times and smaller elution and waste volumes than conventional alumina columns used for HEU 
targets. 
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ABSTRACT 
 
 
 

Since late 2004, the IAEA has been planning and organizing a Coordinated Research 
Project (CRP) to assist countries interested in initiating indigenous, small-scale production 
of Mo-99 to meet local nuclear medicine requirements. The objective of the CRP is to 
provide interested countries with access to non-proprietary technologies and methods to 
produce Mo-99 using LEU foil or LEU mini-plate targets, or for the utilization of Mo-99 
obtained by neutron activation of molybdenum trioxide target, e.g. through the use of gel 
generators. The work initiated with a significant consultancy meeting in Vienna directly 
following the RERTR 2004 International Meeting, and continued with a Mo-99 Potential 
Producers Workshop held in Buenos Aires, Argentina 17-20 May 2005. Five technology 
donor countries have been awarded IAEA Research Agreements, and five institutions in 
four countries have been awarded IAEA Research Contracts (a sixth institution is expected 
to be awarded a contract in the near future). The First Research Coordination Meeting 
(RCM) for this CRP will be held in Vienna December 6-9, 2005. The paper describes the 
background and history of the CRP, its planning and formulation, including the Buenos 
Aires workshop, plans for the first RCM, and the content of the project as well as the 
activities likely to take place over the next year. The results and experience gained from the 
CRP will help strengthen local capability for undertaking small scale Mo-99 production in 
participant countries. 

 
 
 
1. Introduction 
 
Technetium 99m, the daughter product of Molybdenum 99 (Mo-99), is the most commonly 
utilized medical radioisotope in the world. Annually, it is used for approximately 20-25 
million medical diagnostic procedures, alone comprising some 80 % of all nuclear medicine 
procedures.  
 
Today, most Mo-99 is produced in research, test or isotope production reactors by irradiation 
of Highly Enriched Uranium (HEU) targets that are subsequently processed primarily to 
recover Mo-99. There are only a few major commercial producers of Mo-99, all of them 
utilizing HEU targets and dedicated processing facilities.  
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However, in line with RERTR, and the objective of minimizing and eventually eliminating 
the use of HEU in civil commerce, international efforts are underway to shift the production 
of medical isotopes away from the use of HEU. 
 
Consequently, a small amount of the current global Mo-99 production is derived from the 
irradiation of Low Enriched Uranium (LEU) targets. Additionally, very small volumes of Mo-
99 are being made from the irradiation of molybdenum 98 (neutron activation technique).to 
produce Tc-99m. Since 2002, Argentina has been producing Mo-99 from LEU targets. 
Australia has been producing limited quantities of Mo-99 from LEU targets but plans to 
greatly increase such production after its new OPAL reactor goes critical in 2006. Both of 
these producers are servicing local or regional markets. In addition, a number of laboratories, 
research organizations, and commercial entities in Member States continue to explored 
various technological aspects of developing and implementing production of Mo-99 from new 
LEU targets.  
 
Some developing Member States are seeking to become small scale, indigenous producers of 
Mo-99 to meet local nuclear medicine requirements. Such production is potentially attractive 
in order to further develop domestic nuclear technology capabilities, take advantage of 
relevant nuclear facilities and expertise, reduce dependence on foreign supply, and save hard 
currency expenditures. 
 
In order to pursue such production, countries need access to LEU fission target tehnology or 
alternative means to produce Mo-99 through n,gamma neutron activation, as HEU is no 
longer freely available. Tus, the objective of the IAEA CRP is to provide support for small-
scale local production of Mo-99 for TC99m generators by fostering the use of LEU targets for 
fissión product Mo-99 and to foster the development of alternative technologies in particular 
by improvement and adoption of Tc-99m gel generator technology. The IAEA’s avenue to 
acheive these objectives is the IAEA Coordinated Research Project on Developing 
Techniques for small-scall indigenous production of Mo-99 using LEU fisión or neutron 
activation (T1.20.18). 
 
2. Coordinated Research Projects (CRP) 
 
A CRP is a collaborative research arrangement organized, executed, and funded by the IAEA 
to promote technology transfer through the dissemination of peaceful applications of new 
nuclear technologies. A CRP typically involves approximately five institutions from countries 
which have successfully implemented a particular nuclear or isotopic technique, and a similar 
number of institutions which are seeking to establish the technology. (For full description of 
CRPs, see http://www-crp.iaea.org/). 
 
The IAEA notifies member states of approved CRPs so that interested countries may apply to 
take part.  
 
Technology “donor” institutions (agreement holders) participate in the CRP free of charge, 
although their attendance at the Research Coordination Meetings (RCM) are financially 
supported by the IAEA. Technology “recipient” countries (contract holders) receive nominal 
funding from the IAEA (generally $5000 per year) for an agreed set of activities, but must 
supplement the IAEA funding with institutional and national resources. Their expenses to 
participate in the RCMs are also financially supported by the IAEA. 
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CRPs are usually planned and structured based on a coordinated set of activities which will 
take place over the 3-5 years duration. Work plans and coordinated activities, including 
standardized procedures and protocols, are determined in the First Research Coordination 
Meeting (RCM). Additional RCMs take place at approximately 15-18 month intervals, to 
monitor progress in the work plans and coordinated activities and to prepare a written report 
(normally an IAEA TECDOC) on the results and outcomes. 
 
3. History 
 
This effort was initiated with an IAEA Consultants Meeting in Vienna immediately following 
the November 2004 RERTR International Meeting. This meeting was attended by participants 
from Argentina, Belgium, Canada, Netherlands, South Africa and the U.S., including 
representatives of the four major commercial producers of Mo-99. The meeting reached a 
consensus on the scope, methodology, and objectives of the projected CRP, including that the 
work should include technology transfer related both to LEU fission production of Mo-99 but 
also to n,gamma neutron activation (gel generators) technology. The U.S. Department of 
Energy pledged to make an extrabudgetary contribution to permit the CRP to begín in 2005, 
whereafter it would be funded from the IAEA regular budget. 
 
Based on the outcome of the Consultants Meeting, a draft CRP proposal was written by IAEA 
staff and submitted for internal review. The CRP proposal was approved by the IAEA 
Research Contracts Committee in February 2005, and plans were initiated to convene a 
Potential Mo-99 Producers Workshop in May 2005 in Buenos Aires, Argentina.  
 
The workshop was hosted by the National Nuclear Energy Commission (CNEA) of 
Argentina, which also provided most of the lecturers, along with lecturers from Argonne 
National Lab (USA) and ANSTO (Australia) on aspects related to fission moly production 
and from Brazil and India, concerning gel moly production. There were participants from 
eleven countries, who also made presentations on their national requirements for Mo-99, 
current means for satisfying local demand for Mo-99, and their technical capabilities and 
facilities for producing Mo-99. Two commercial companies involved in target fabrication for 
Mo-99 production attended as observers, but none of the four major commercial producers of 
Mo-99 participated. 
 
Following the workshop, interested countries submitted proposals for both research 
agreements and research contracts, and the IAEA convened a Consultants Meeting in July 
2005 in Vienna to review the proposals and to make recommendations on which should be 
approved. The proposals were evaluated by the Scientific Secretaries of the CRP, submitted 
for approval to the Research Contracts Committee, which approved the recommendations in 
September 2005. Planning then formally for the First Research Coordination Committee 
(RCM) meeting to be held in Vienna 6-9 December 2005. 
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4. Objectives 
 
The objectives of the CRP are to: 
 
• Assist member states with the development, transfer, and adaptation of LEU-based 

technology and neutron activation methods, 
• Demonstrate technical efficacy of LEU and neutron activation production of Mo-99, 
• Foster capacity building for local/regional self-sufficiency to meet Mo-99 needs,   
• Advance international non-proliferation and nuclear security objectives, while promoting 

sustainable development and the sustainability of nuclear research institutes. 
 
The CRP does not include the objective of conversion to LEU of the large-scale, HEU-based 
commercial production of Mo-99, but the active participation of the major commercial 
producers in carrying out the objectives of the CRP is welcomed. 
 
5. Purpose 
 
The CRP aims to assist recipients to research, test, and evaluate so-called “Freeware 
Technology” for LEU fission and gel moly production of Mo-99. Contract holders will be 
assisted in evaluate options to access such technology, build their own technology, or 
purchase alternate LEU and neutron activation based technology. The experimental evaluation 
of Freeware Technology will be used to disseminate information of the technological options 
and requirements. 
 
6. Freeware Technology 
 
The “Freeware Technologies” which arose out of the November 2004 Consultancy are: 
 
• LEU-modified Cintichem process with LEU foil targets (developed by Argonne National 

Lab, USA, under further evaluation with research partners in Indonesia and the Republic 
of Korea), and 

• Neutron activation of natural molybdenum oxide targets and utilization of gel generators 
(open source literature, with customized research and development programs in Brazil and 
India). 

 
The Argentine-developed LEU dispersion mini-plates are also a relevant candidate for 
transfer, but there are some associated proprietary concerns. 
 
While the “freeware” technologies have been published in the open literature, there are 
proprietary issues regarding the specific implementation of the techniques in individual 
countries. 
 
7. CRP Activities/Output 
 
The technology transfer to be carried out under the CRP will include all necessary production 
steps, including target preparation (including by purchase of targets), irradiation, 
radiochemical processing, safety, quality control and quality assurance, and waste 
management. 
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The following specific activities will be covered by the CRP; 
 
• Develop country specific work plans and schedules, 
• Identify infrastructure and regulatory requirements, including safety analysis report, 

environmental and waste management issues, solutions, 
• Identify sources of material and technical support for each contract holder (from the 

agreement holders, through the IAEA, or other sources), 
• Provide necessary materials, including LEU targets and molybdenum trioxide, 
• Develop coordinated program, including to establish and implement an experimental 

program for: 
 --preparation, irradiation, and processing of LEU targets, 
 --irradiation and processing of MoO3 targets, and 
 --preparation of Mo-99 “moly gel” powder and gel column generators, 
• Compare and interpret results, provide follow-up, and suggest adaptive modifications, 
• Provide expert assistance to recipient institutions, 
• Establish procedures and protocols, including quality control and assurance, 
• Results of irradiation and processing will be compared in the 2nd and/or 3rd RCM, with 

assessment of whether product meets specifications and purity requirements. 
 
It is expected that as a result of the work undertaken in the CRP, participants will acquire an 
understanding of the various technologies in order to be able to decide whether to proceed 
with domestic production of Mo-99. Participants will have the necessary know-how for Mo-
99 production using transferred LEU fission or neutron activation technologies. The final 
output will be an Agency publication that will review the work that occurred, results 
achieved, and to define standardized technological approaches. 
 
8  Schedule 
 
As noted, the first RCM will be held 6-9 December in Vienna. Its objectives are to review, 
refine, and finalize individual country work plans for the CRP, to agree upon the material and 
expert assistance requirements to be provided to the contract holders (including on what basis, 
cost-free or contractual), and develop the coordinated activities and program, including 
procedures, protocols and an experimental program. There will also be discussion about 
possible minimum training packages.  
 
9. Participants 
 
Five institutions in four countries have been awarded research contracts: 
 
• Chile: LEU mini-plates 
• Kazahkstan: gel generators 
• Pakistan: LEU fission and gel generators 
• Romania1: gel generators 
• Romania2: LEU modified Cintichem foil targets 
 
An additional institution in Libya has been recommended for receipt of a research contract 
and this is expected to occur around the time of the first RCM. 
 
Five institutions in five countries have been awarded research agreements: 
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• Argentina: LEU mini-plates 
• Republic of Korea: development of LEU foil targets 
• India: standardization of gel generators and feasibility of fission moly 
• Indonesia: development of LEU foil targets 
• U.S.: LEU-modified Cintichem foil targets. 
 
10. Conclusions 
 
This Coordinated Research Project is directly supportive of RERTR objectives, as it will help 
encourage the further use of LEU and neutron activation technologies by building experience 
and consensus on their use, within the context of an internationally-coordinated project. The 
results and experience gained will also help strengthen local capability for undertaking small 
scale Mo-99 production in participant countries, and could add to security of supply for this 
important medical radioisotope. In addition, it will facilitate enhanced utilization of research 
reactors by local production of radioisotopes, and consequently could serve to improve 
sustainability of such institutions. 
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Abstract 
 
The Reduced Enrichment for Research and Test Reactors (RERTR) program was 
initiated in 1978 to develop the technology necessary to convert research reactors to the 
use of low enriched uranium (LEU) fuel and targets.  Now, with the incorporation of the 
RERTR program into the Global Threat Reduction Initiative (GTRI), the RERTR 
program is responsible for facilitating the actual conversion of research reactors and 
medical isotope production processes to LEU in addition to the development of the 
technology necessary for conversion.  The RERTR program has identified 106 research 
and test reactors in the United States and abroad for conversion to LEU fuel.  The driving 
force for identifying these reactors is the availability or active development of a suitable 
LEU fuel for conversion.  To date, 42 of the 106 research and test reactors identified as 
eligible for conversion to LEU fuel have been fully or partially converted (32 full, 10 
partial).  High-density LEU fuels have been developed that enable the conversion of an 
additional 41 of these reactors, and the program is currently focusing on the development 
of additional advanced higher-density LEU fuels, particularly U-Mo fuels, that will make 
feasible the conversion of the remaining 23 identified research reactors. 
 



The RERTR Program 
 
In 1978, DOE initiated the Reduced Enrichment for Research and Test Reactors 
(RERTR) program to develop the technology necessary to convert research reactors and 
medical isotope production processes to the use of low enriched uranium (LEU) fuel and 
targets.  Now, with the incorporation of the RERTR program into the Global Threat 
Reduction Initiative (GTRI), the program is responsible for facilitating the actual 
conversion of research reactors and medical isotope production processes to LEU in 
addition to the development of the technology necessary for conversion.  The mission of 
the RERTR program is to minimize and, to the extent possible, eliminate the use of 
highly enriched uranium (HEU) in civil nuclear applications by developing necessary 
LEU fuels and targets and converting research reactors and radioisotope production 
throughout the world to the use of LEU fuel and targets.  The RERTR program 
coordinates closely with other programs in the GTRI in support of HEU minimization 
and maximizes synergies between conversion and HEU removal activities. 
 

Research Reactors Identified as Eligible for Conversion 
 
Originally, the RERTR program identified for conversion only civil U.S.-supplied 
research reactors that operated on HEU fuel.  However, over time, the program expanded 
its list of reactors identified for conversion to include additional civil HEU-fueled 
reactors as well as civil Russian-supplied research reactors.  By May 2004, the list of 
RERTR program identified reactors included 105 reactors.  Recently, the RERTR 
program reviewed this list of 105 research reactors identified as eligible for conversion 
and updated the list to reflect current USG foreign policy, operating status of reactors 
around the world, and LEU fuel development activities.  The primary criterion used to 
identify reactors for conversion under the RERTR program is the availability or active 
development of a suitable LEU fuel for conversion.   Due to increased international 
support for the minimization of HEU and due to the development of high-density LEU 
fuels, the RERTR program is looking beyond its current commitment and has identified 
106 research reactors for conversion by 2014.  As a result, eight (8) research reactors 
were removed from the original list of reactors and nine (9) Chinese-supplied Miniature 
Neutron Source Reactors (MNSRs) were added for a new total of 106 research reactors 
identified as eligible for conversion to LEU fuel by 2014 under current RERTR program 
activities.  To date, 42 reactors have converted (10 of which currently operate on mixed 
LEU-HEU cores), leaving 64 reactors remaining to complete the RERTR’s goal of 106 
research reactor conversions by 2014.  The RERTR program is committed to work with 
the remaining 64 reactors and assist, as necessary, in a successful conversion by no later 
than 2014. 
 
The research reactors on the RERTR program list of 106 identified for conversion are, or 
will be, convertible with an LEU fuel currently available or under development by the 
RERTR program.  All 106 reactors fall into one of three categories: (1) reactors that have 
converted to LEU fuel; (2) reactors that can convert with currently available technology; 
or (3) reactors that in order to convert require new LEU fuels that are under development.  
However, as the status of research reactors is not constant (e.g., reactors shut down, new 
reactors are built, and reactors’ missions shift), the current list of 106 reactors identified 
for conversion is not considered a fixed number, but is instead a dependent variable 



reliant upon a variety of issues, such as foreign policy, operational status of reactors, and 
technical feasibility. 
 
The RERTR program periodically will review the list as changes in USG foreign policy, 
operating status of reactors, and LEU fuel development activities occur.  This list likely 
will change again in the future.  The RERTR program continues to maintain and update 
an inventory of research and test reactors around the world that use HEU.  Periodic 
review of this inventory ensures that the program is identifying appropriate research 
reactors for conversion to LEU fuel.  The focus of this inventory is to maintain the most 
up-to-date information regarding the 64 remaining reactors identified for conversion.  
Based on information already gathered, the RERTR program estimates that there are over 
150 research and test reactors that use HEU fuel in their cores.  Maintenance of the 
inventory provides key data to the RERTR program when considering future expansion. 
 

Criteria for Identifying Research Reactors for Conversion 
 
Of the core criteria for identifying a civil research reactor for conversion, the primary 
criterion is technical limitations.  The availability of an LEU fuel for conversion of a 
reactor is the primary driving force of the program.  Therefore, if a reactor can convert 
with either currently available LEU fuel or an LEU fuel being developed, the reactor will 
meet the first criterion for being identified for conversion.  This assessment may be 
difficult due to the fact that materials, configurations of reactors, and other data at reactor 
facilities are often proprietary information and not shared freely.  A second criterion – 
political feasibility – is not as easily defined.  An assessment of political feasibility 
requires the absence of a major political obstacle.  However, not all political impasses 
may prevent a research reactor from being identified for conversion.  In fact, the desire of 
an owner/operator to participate in the RERTR program may help to overcome the 
political obstacles.  Without the desire and willingness of owners/operators of research 
reactors worldwide to convert to LEU fuel, the goal of HEU minimization and increased 
global security will not be achieved.  The final core criterion for including a research 
reactor under the RERTR program is the consideration of special circumstances.  Special 
circumstances may include but are not limited to: (1) shutdown schedules; (2) prohibitive 
costs for conversion; and/or (3) reactor missions that do not support conversion to LEU 
fuel, such as military utilization.  Analysis of these three core criteria assists in 
identifying the appropriate research reactors for conversion under the RERTR program. 
 

Conclusion 
 
To date, 42 of the 106 research reactors identified for conversion have been fully or 
partially converted (32 full, 10 partial).  High-density LEU fuels have been developed 
that enable the conversion of 41 reactors, and the program is currently focusing on the 
development of additional advanced higher-density LEU fuels, particularly U-Mo fuels, 
that will make feasible the conversion of the remaining 23 research reactors on the list of 
106 identified research reactors.  The development of these higher-density LEU fuels is 
scheduled for completion by 2010 allowing the RERTR program to fulfill its goal of 
converting 106 research reactors by 2014. 



APPENDIX A 
106 Reactors Identified for Conversion 

 
 

Country Reactor Conversion Status 
Argentina RA-6 Can convert with currently available LEU fuel 
Argentina RA-3 Fully converted to LEU fuel 
Australia HIFAR Partially converted 
Austria ASTRA Fully converted to LEU fuel 
Austria TRIGA II Vienna Partially converted 
Belgium BR-2 Requires new LEU fuel under development to convert
Brazil IEA-R1 Fully converted to LEU fuel 
Bulgaria IRT-2000 Sofia Can convert with currently available LEU fuel 
Canada Slowpoke-2 Halifax Can convert with currently available LEU fuel 
Canada Slowpoke-2 Alberta  Can convert with currently available LEU fuel 
Canada Slowpoke-Saskatchewan Can convert with currently available LEU fuel 
Canada NRU Fully converted to LEU fuel 
Canada Slowpoke 2-Montreal Fully converted to LEU fuel 
Canada MNR McMaster Partially converted 
Chile La Reina RECH 1 Partially converted 
China MNSR - IAE Can convert with currently available LEU fuel 
China MNSR - SD Can convert with currently available LEU fuel 
China MNSR - SH Can convert with currently available LEU fuel 
China MNSR - SZ Can convert with currently available LEU fuel 
Colombia IAN-R1 Fully converted to LEU fuel 
Czech Republic LWR-15 Rez Requires new LEU fuel under development to convert
Czech Republic VR-1 Sparrow Fully converted to LEU fuel 
Denmark DR-3 Fully converted to LEU fuel; Shutdown 
France MINERVE Can convert with currently available LEU fuel 
France ORPHEE Requires new LEU fuel under development to convert
France RHF High Flux Reactor Requires new LEU fuel under development to convert
France Ulysee-Saclay Can convert with currently available LEU fuel 
France OSIRIS Fully converted to LEU fuel 
Germany FRJ-2 (DIDO) Can convert with currently available LEU fuel 
Germany FRM-II Requires new LEU fuel under development to convert
Germany ZLFR Can convert with currently available LEU fuel 
Germany BER-II Fully converted to LEU fuel 
Germany FRG-1 Fully converted to LEU fuel 
Ghana MNSR GHARR-1 Can convert with currently available LEU fuel 
Greece GRR-1 Partially converted 
Hungary BRR Can convert with currently available LEU fuel 
Iran MNSR - ENTC Can convert with currently available LEU fuel 



 
Country Reactor Conversion Status 

Iran TRR  Fully converted to LEU fuel 
Israel IRR-1 Can convert with currently available LEU fuel 
Jamaica UWI CNS Slowpoke Can convert with currently available LEU fuel 
Japan KUCA Can convert with currently available LEU fuel 
Japan KUR Can convert with currently available LEU fuel 
Japan JRR-4 Fully converted to LEU fuel 
Japan JMTR Partially converted 
Japan         UTR-10 Kinki Can convert with currently available LEU fuel 
Kazakhstan WWR-K   Requires new LEU fuel under development to convert
Kazakhstan WWR-K Critical Assembly Requires new LEU fuel under development to convert
Libya Critical Facility Can convert with currently available LEU fuel 
Libya IRT-1 Can convert with currently available LEU fuel 
Mexico TRIGA Mark III Salazar Partially converted 
Netherlands HFR Fully converted to LEU fuel 
Netherlands HOR Fully converted to LEU fuel 
Netherlands LFR Can convert with currently available LEU fuel 
Nigeria MNSR NIRR-0001 Can convert with currently available LEU fuel 
Pakistan MNSR PARR-2 Can convert with currently available LEU fuel 
Pakistan PARR-1 Fully converted to LEU fuel 
Philippines PRR-1 Fully converted to LEU fuel; Shutdown 
Poland MARIA Requires new LEU fuel under development to convert
Portugal RPI Can convert with currently available LEU fuel 
Romania SSR TRIGA II Partially converted 
Russia CA.MIR-M1 Requires new LEU fuel under development to convert
Russia IR-8 Requires new LEU fuel under development to convert
Russia IRT- MEPhI Requires new LEU fuel under development to convert
Russia IRT-T (Tomsk) Requires new LEU fuel under development to convert
Russia IVV-2M Requires new LEU fuel under development to convert
Russia MIR-M1 Requires new LEU fuel under development to convert
Russia WWR-M Requires new LEU fuel under development to convert
Russia WWR-TS Requires new LEU fuel under development to convert
Slovenia TRIGA MARK II LJUBLJANA Fully converted to LEU fuel 
South Africa SAFARI-1 Can convert with currently available LEU fuel 
Sweden R2-0 Fully converted to LEU fuel 
Sweden R2 Partially converted 
Switzerland SAPHIR Fully converted to LEU fuel; Shutdown 
Syria MNSR - SSR-1 Can convert with currently available LEU fuel 
Taiwan THOR Fully converted to LEU fuel 



 
Country Reactor Conversion Status 

Turkey TR-2 Partially converted 
UK Imperial College - Consort Can convert with currently available LEU fuel 
UK Viper Can convert with currently available LEU fuel 
Ukraine WWR-M  Can convert with currently available LEU fuel 

USA ATR 
Requires new LEU fuel under development to 
convert 

USA ATRC 
Requires new LEU fuel under development to 
convert 

USA GE NTR Can convert with currently available LEU fuel 

USA HFIR 
Requires new LEU fuel under development to 
convert 

USA MITR-II 
Requires new LEU fuel under development to 
convert 

USA MURR 
Requires new LEU fuel under development to 
convert 

USA NBSR 
Requires new LEU fuel under development to 
convert 

USA NRAD Can convert with currently available LEU fuel 
USA NSCR - Texas A & M Can convert with currently available LEU fuel 
USA OSTR - Oregon State Can convert with currently available LEU fuel 
USA PUR 1 - Purdue Can convert with currently available LEU fuel 
USA UFTR - Florida Can convert with currently available LEU fuel 
USA UWNR -Wisconsin Can convert with currently available LEU fuel 

USA 
WSUR - Washington State 
Univ. Can convert with currently available LEU fuel 

USA Lowell Fully converted to LEU fuel 
USA OSURR - Ohio State Fully converted to LEU fuel 
USA RINSC Fully converted to LEU fuel 
USA RPI Fully converted to LEU fuel 
USA UMRR Fully converted to LEU fuel 
USA WPI - Worcester Poly Fully converted to LEU fuel 
USA GTRR Fully converted to LEU fuel; Shutdown 
USA MCZPR Fully converted to LEU fuel; Shutdown 
USA Michigan, Ford Fully converted to LEU fuel; Shutdown 
USA UTR-10 Fully converted to LEU fuel; Shutdown 
USA UVAR -Virginia Fully converted to LEU fuel; Shutdown 

Uzbekistan WWR-CM TASHKENT 
Requires new LEU fuel under development to 
convert 

Vietnam Dalat Research Reactor - DRR Can convert with currently available LEU fuel 
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Abstract

This paper reviews the rationale of selecting an enrichment of just less than
20% (low-enriched uranium) as the preferred enrichment level for research
reactor fuel in order to minimize overall proliferation risks. The net strategic
value of the nuclear material associated with reactor operation is evaluated
for a variety of enrichment levels, ranging from slightly enriched to weapon-
grade fuel. To quantify the proliferation potential, both the demand of fresh
uranium fuel as well as the plutonium buildup in the irradiated fuel are esti-
mated via cell burnup calculations. The analysis confirms the usefulness of
the current enrichment limit and challenges a recent trend to reconsider fuel
enrichment levels between 20% and 50% for new research reactor projects.
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Introduction

The enrichment, i.e. the weight fraction of U-235, determines the main characteristics of
any uranium composition both with respect to its performance as a reactor fuel or fissile
material in a nuclear weapon. Below a certain enrichment limit, weapon designers attest
that the construction of a nuclear weapon or explosive device becomes impractical. For
this reason, low-enriched uranium (LEU) and highly enriched uranium (HEU) have
been introduced.

The concept of low-enriched uranium was first used by the U.S. Atomic Energy Com-
mission in or prior to 1955.1 The same convention was later also adopted by the In-
ternational Atomic Energy Agency (IAEA), which defines low-enriched uranium as
“enriched uranium containing less than 20% of the isotope 235U.”2 Likewise, the IAEA
classifies LEU as a so-called indirect use material, which in turn is defined as a nuclear
material that cannot be used for “the manufacture of nuclear explosive devices without
transmutation or further enrichment.”3

Using HEU to fuel research reactors directly leads to a set of inevitable and obvious
proliferation risks that are associated with diversion or theft of the material.4 The
lower the enrichment level of any uranium-based nuclear fuel, however, the higher the
plutonium buildup via neutron capture in uranium-238. In fact, plutonium production
becomes the leading proliferation concern for reactors fueled with natural or slightly
enriched uranium, while the uranium itself becomes rather unattractive. It is therefore
intuitively clear that it should be possible to identify an optimum uranium composi-
tion that suppresses plutonium buildup as far as possible while maintaining the initial
uranium fuel unattractive for use in a nuclear weapon or explosive device. Historically,
this limit has been set at an enrichment of just less than 20%, but the adequacy of this

1At the first Atoms for Peace conference held in Geneva in 1955, Alvin Weinberg reported that
he had “just received information from my country that sample UO2-aluminum 20 per cent enriched
fuel elements of the type which will be available to foreign countries have now been tested both in the
LITR and in the MTR” (Session 9A, Vol. II, August 12, 1955, p. 430). Although, Weinberg does not
use the term LEU in his paper nor in the discussion explicitly, his statements suggest that a policy was
already in place distinguishing LEU and HEU. All domestic U.S. research reactors were HEU-fueled
at that time. The export of HEU was authorized by the U.S. only in 1958.

2International Atomic Energy Agency. Safeguards Glossary. 2001 Edition. International Nuclear
Verification Series, No. 3. Vienna, 2002, cf. §4.12.

3IAEA, op. cit., §4.25 and §4.26.
4IAEA safeguards are designed to address some of these proliferation risks, i.e. to timely detect

and deter diversion of nuclear material. Safeguards, however, cannot prevent theft or diversion and
are ineffective in a breakout-scenario. For almost three decades, experts have therefore emphasized
the importance of increasing the inherent proliferation-resistance of the nuclear fuel cycle, a measure
that has also been acknowledged by the member states of the IAEA during the International Nuclear
Fuel Cycle Evaluation (INFCE, 1978–80).

2
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conversion goal for research reactors is by no means obvious. Detailed, albeit still ide-
alized, scenarios for the operation of a generic MTR-type research reactor are therefore
defined and evaluated below.

Uranium Enrichment Level and
Proliferation Potential of Research Reactor Fuel

In order to get representative and reasonably accurate estimates of the spent fuel
compositions required for the proliferation assessment below, extensive cell burnup
calculations have been performed for a typical MTR-type reactor geometry and various
initial uranium enrichments ranging from 93% down to 5%.5 The concentration of
uranium-235 in the fuel is fixed at 0.948 g/cc and held constant for all enrichment
levels by increasing the total uranium density in the fuel matrix correspondingly. The
effective uranium density is therefore close to 1.0 g/cc for HEU and reaches 4.8 g/cc at
an enrichment level of 19.75 wt%. All results presented below are scaled to a 30 MW
MTR-type reactor operated at an average core power density of 125 kW/l.

The main difficulty in assessing the proliferation potential or the ‘strategic value’ of
the fissile inventory associated with reactor operation is to relate and compare the cor-
responding uranium and plutonium inventories in the fuel. Uranium may be separated
from the fresh fuel and possibly further enriched. In addition, both plutonium and
uranium may be separated from the irradiated fuel. The feasibility of these approaches
depends upon the skills of the proliferator and upon the availability of the required
nuclear infrastructure.6 The following analysis is therefore highly simplified in making
inevitable ad-hoc assumptions.

Several assessment options are suggested. They are based on the fundamental assump-
tion that a one-year’s supply of fresh (unirradiated) fuel required to operate the refer-
ence reactor and a one-year’s amount of spent fuel at 40% U-235 burnup are available.

5All results were obtained using a computational system, which has been developed specifically for
research reactor analysis. The system is primarily based on the existing neutronics codes MCNP 4C
and ORIGEN 2.2. For a discussion, see A. Glaser, Neutronics Calculations Relevant to the Conversion
of Research Reactors to Low-Enriched Fuel, Ph.D. Thesis, Darmstadt University of Technology, 2005;
J. F. Briesmeister (ed.), MCNP — A General Monte Carlo N-Particle Transport Code, Version 4C,
LA-13709-M, Los Alamos National Laboratory, December 2000; A. G. Croff, A User’s Manual for
the ORIGEN2 Computer Code, ORNL/TM7175, Oak Ridge National Laboratory, July 1980; and S.
Ludwig, Revision to ORIGEN2 — Version 2.2, Transmittal Memo, May 23, 2002.

6There are a number of historic precedences that illustrate the practical relevance of these sce-
narios. The most prominent examples are Israel and India, which have used unsafeguarded facilities
(Dimona, Cirus, and Dhruva), all formally classified as research reactors, since the early 1960s to pro-
duce plutonium for their respective weapon programs. Israel destroyed the Iraqi HEU-fueled Osirak
reactor, which had been supplied by France, in June 1981 suspecting the intention for covert pluto-
nium production or HEU diversion. In 1991, Iraq had planned a “crash program” to divert safeguarded
80%-enriched fuel from a Soviet-supplied research reactor (IRT-5000) for further enrichment.

3
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Different assumptions are made, however, regarding the ultimate usage of the material
in a nuclear device depending upon the nuclear capability of the proliferator.

Basic nuclear capability

For the first scenario, it is assumed that an effort is undertaken to build a crude nuclear
device based on the gun-type method. Only uranium is usable in such a device and,
while the uranium is recovered from the spent fuel, the respective plutonium inventory
is discarded from further use. The reference quantity of fissile material used for this
assessment is one bare critical mass of uranium MB, which is about the quantity needed
for a gun-type device.7 The diminished usability of uranium with reduced U-235 content
is taken into account by applying a weighting factor η1 to the critical mass ratio m/MB.
The probability of a spontaneous-fission-free millisecond in the material is used for this
purpose.8 The total strategic value CM?

A of the material extracted from the fuel is
defined as follows.

CM?
A = η1(εFF)

mFF

MB(εFF)
+ η1(εSF)

mSF

MB(εSF)

The indices FF and SF of mass m and enrichment level ε refer to the uranium contained
in the fresh and the spent fuel, respectively. Based on the results obtained in the burnup
calculations, CM?

A-values are calculated for a target burnup of 40% U-235 and a variety
of enrichment levels. Results are shown in Figure 1. Table 1 lists additional numerical
data on fissile inventories, critical masses, and weighting factors.

With decreasing enrichment levels, the estimated strategic value of the fuel decreases
for two reasons: both the critical mass ratio m/MB and the usability factor drop si-
multaneously to low values compared to the WGU-case. For the reference reactor, the
material extracted from the fresh and irradiated fuel reaches a CM?

A of 0.86 if the fa-
cility is fueled with WGU. The absolute mass of recoverable uranium is thus close to
the amount needed for a crude gun-type device. About one third of the total value is
associated with the uranium contained in the irradiated fuel. At 45% enrichment, CM?

A

has dropped to 0.21, while it essentially reaches zero for enrichment levels of 20% and
below. As expected, because the plutonium contained in the spent fuel is discarded in
this scenario, the lower the enrichment level, the lower the proliferation potential of
the fuel.

7All critical mass values used here and further below have been determined with MCNP 4C at
300 K and a metallic density of 19 g/cc. See Tables 1 and 2 for specific numerical values.

8The total assembly-time of a gun-type device is in the order of 1 ms and one or more spontaneous
fission events during this time-period, which occur with probability (1− p), may trigger a premature
neutron chain-reaction. Numerical values of η1 = p/pHEU are listed in Table 1.

4
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Figure 1: Strategic value of fissile materials associated with research reactor operation
assuming that only uranium is extracted from the fresh and irradiated fuel (Assessment A,
basic nuclear capability). Assumed objective is the construction of a crude gun-type device.
The plutonium inventory in the spent fuel is discarded from further use.

Advanced nuclear capability

The fundamental assumption of the second scenario is that both uranium and pluto-
nium are extracted and used for weapon purposes. This strategy would therefore require
the successful implementation of the more sophisticated implosion-type design. As a
corollary, however, much less material is needed to build such a device. The reference
quantities used in the following are critical masses of uranium and plutonium enclosed
by a thick (15 cm) beryllium reflector.

Two variants of the advanced scenario (B1 and B2) are considered below. As in the low-
tech scenario, in scenario B1, no attempt is made to enrich such material to weapon-
grade, i.e. to 93% (WGU). Similarly, the usability of uranium is corrected using a
weighting factor, but instead of the spontaneus-fission rate, the time constant α is used
to characterize the material’s weapon-usability.9 While the reflected critical masses of
uranium (MR) strongly depend upon the enrichment of the material, the critical mass
values of plutonium are virtually identical (4.0 kg) for all compositions encountered in

9The time constant α is defined via the neutron population n by n(t) = n0 exp[α(t) t] for a su-
percritical configuration and determines the time-scale of the divergent fission chain reaction. Initial
α-values have been determined with MCNP for a spherical configuration of two bare critical masses
at normal (metallic) density. Table 2 lists numerical values of η2 = α/αHEU.
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research reactor fuel of the specified burnup (see Table 2). To estimate the total strategic
value of the fissile material for Assessment B1, uranium and plutonium contributions
are combined.

CM?
B1 = η2(εFF)

mFF

MR(εFF)
+ η2(εSF)

mSF

MR(εSF)
+

mPu

4.0 kg

The results for Assessment B1 are illustrated in Figure 2 and summarized in Table 2.
Compared to the low-tech scenario, in which the construction of a gun-type weapon
was assumed, the absolute strategic values are now much higher and reach a CM?

B1

of 3.90 for weapon-grade uranium. The value of CM?
B1 falls rapidly for sub-weapon-

grade uranium, but plutonium production simultaneously becomes more important.
As a result, a minimum value of CM?

B1 is now observed for an enrichment level of 15–
20%, below which plutonium starts to dominate the proliferation potential of the fuel.
This result, of course, is consistent with the efforts of the RERTR program to convert
research reactors to LEU just below 20% enrichment. Compared to WGU, the effective
proliferation potential of the fuel is reduced by almost 90% for LEU at 19.75%.
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Figure 2: Strategic value of fissile materials associated with research reactor operation
assuming that uranium and plutonium are used for an implosion-type weapon (Assessment
B1, advanced nuclear capability). Dashed line indicates plutonium contribution to total
value.

The second advanced-technology scenario B2 is based on the assumption that a limited
amount of separative work, say from a laboratory or pilot-scale enrichment facility, is
available to process diverted fuel. The objective would be to produce a maximum

6



A. Glaser: Why 20% ? — The 27th International Meeting on RERTR, November 6–10, 2005, Boston, Massachusetts

amount of weapon-grade uranium, i.e. HEU at 93%, using the stock of pre-enriched
uranium recovered from the fresh fuel and potentially also from the spent fuel. In the
analysis below, values between 10 SWU and 640 SWU are considered.10 If one assumes,
for example, that centrifuge technology is available to process the feed material, a set
of 60 machines could be used to produce 10 SWU in one month assuming that each
centrifuge has an output of about 2 SWU/yr, a typical value for a first generation
machine. In the case of centrifuges, it’s unreasonable to assume that a cascade with
much less than 50–60 machines could be operated in a meaningful way.11 10 SWU per
month therefore represent a practical lower limit.

The amount of weapon-grade uranium that can be produced using the uranium ex-
tracted from the fresh and spent fuel as feed-stock is determined with special expres-
sions for multicomponent uranium enrichment, which are required to correctly account
for the U-236 content in the irradiated fuel.12 Once the equivalent amount of the prod-
uct WGU is known, the final estimate of the total strategic value is assigned via:

CM?
B2 =

mWGU,FF + mWGU,SF

11.7 kg
+

mPu

4.0 kg

Results for this scenario are illustrated in Figure 3 and listed in Table 3. Similar to
Assessment B1, there is a minimum of CM?

B2 for low enrichment capacities. Specifically,
for a separative work of 20 SWU, the position of this weakly pronounced minimum is

10These values are extremely small compared to capacities generated by commercial enrichment
plants. However, if much more enrichment capacity were available to the proliferator, there would
be no need to divert the limited amount of (presumably safeguarded) research reactor fuel. Instead,
undeclared feed-stock of natural uranium could be used to produce HEU directly.

11In the above-mentioned 1991 crash program, Iraq had planned to divert safeguarded 80%-enriched
research reactor fuel for further enrichment with a small cascade of centrifuges (49 machines), a strat-
egy equivalent to the present scenario. For such a low number of separating units however, the oper-
ation of the enrichment cascade would inevitably be sub-optimal and significant mixing losses can be
expected. These losses would lead to a moderate increase of the time required to enrich the feed-stock
to weapon-grade uranium. For a description of the Iraqi crash program, see D. Albright, F. Berkhout,
and W. Walker, Plutonium and Highly Enriched Uranium 1996. World Inventories, Capabilities, and
Policies. Stockholm International Peace Research Institute (SIPRI), Oxford University Press, 1997,
pp. 344–349.

12A. de la Garza, G. A. Garrett, and J. E. Murphy, Multicomponent Isotope Separation in Cascades,
Chemical Engineering Science, Vol. 15, 1961, pp. 188–209. To carry out the analysis, several additional
assumptions have to be made. In general, the proliferator has the choice to distribute the available
enrichment capacity between the fresh and the spent fuel. Even though SWU’s are generally more
effectively used on the fresh fuel, under specific circumstances, it may be favorable to enrich portions
of the spent fuel. Obviously, if the fresh fuel is already weapon-grade, then the entire enrichment
capacity could be used to process the irradiated fuel. To keep the analysis as simple as possible, only
three basic cases are considered below: the proliferator may either spend the available SWU’s on the
fresh fuel, spend them on the irradiated fuel, or distribute them equally between both.

7
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close to an initial fuel enrichment level of 20%, but it shifts to lower values with in-
creasing SWU-capacity. As anticipated above, for high SWU-values, virtually the entire
amount of U-235 can be extracted from the feed-material.13 Under these circumstances,
the distinction between LEU and HEU obviously is no longer relevant.
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Figure 3: Strategic value assuming that a given amount of separative work is available to
produce weapon-grade uranium (Assessment B2, advanced nuclear capability). Dashed line
indicates plutonium contribution to total value.

The results of both advanced assessments (B1 and B2) demonstrate that an enrich-
ment level close to 20% does indeed minimize the strategic value of the fissile material
involved in operation of a given MTR-type reactor. For enrichment levels of 15% and
below, the plutonium component dominates proliferation concerns associated with re-
search reactor fuel. For intermediate enrichments above 20%, the proliferation potential
of the nuclear material strongly depends on the assessment type, i.e. on the assumptions
made regarding the proliferator’s capabilities and available infrastructure. Nevertheless,
the absolute values increase in all scenarios above 20% enrichment. As expected, the
use of weapon-grade uranium to fuel a research reactor clearly maximizes the overall
proliferation potential associated with reactor operation.

13As can be inferred from Figure 3, 320 SWU are sufficient to collect more than 90% of the maximum
CM?

B2 for initial fuel enrichment levels of as low as 40%. At 640 SWU, this fraction is obtained for all
enrichment levels beyond 20%.

8
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Conclusion

The preceding discussion demonstrates the usefulness of the distinction between LEU
and HEU. Uranium fuel below 20% virtually eliminates the possibility that the material
could be directly used for the construction of a nuclear explosive device. Specifically,
LEU cannot be used in a simple gun-type device, both because of its large critical mass
and the corresponding neutron emission rate. Simultaneously and coincidentally, at an
enrichment level between 15–20%, plutonium production is sufficiently suppressed to
minimize the total strategic value of the material. For both reasons, the 20%-limit
represents a reasonable and even optimum choice as a conversion goal for research
reactors.

The analysis challenges the tendency of some recent research reactor projects, in which
fuel enrichments beyond the 20%-limit are considered again. Most prominently, the new
German research reactor FRM-II, which became operational in 2004 and is currently
using 93%-enriched fuel, is required to be converted to an enrichment not exceeding
50% by December 2010.14 Even though this enrichment reduction is laudable, current
plans of the operator do contemplate an enrichment of exactly 50% for the converted
reactor.15 Similarly, designers of the French Jules Horowitz Reactor (JHR), which was
initially planned for low-enriched fuel, currently consider the use of 35%-enriched ura-
nium as a fall-back option. More recent developments suggest that this option will
indeed be exercised.16 In summary, after a two-decade period of close compliance with
the LEU design-goal, there is an emerging attitude among designers, operators, and
licensing authorities to interpret the conversion goal for research reactors as a mal-
leable limit. Based on the data and the analysis presented above, this trend cannot be
justified with technical arguments as it clearly reduces the proliferation resistance of
the nuclear fuel cycle.

14Federal Ministry of Education and Research (BMBF), Vereinbarung über FRM II vorgestellt, Press
release No. 169/2001, October 25, 2001.

15More recent analyses have shown that an enrichment level of 28–32% would be feasible with
monolithic fuel and with only minor modifications of the core geometry (Glaser, op. cit.).

16Nuclear Fuel, CEA likely to use HEU to start up new test reactor, Vol. 29, No. 24, November 22,
2004.
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Fresh Fuel

Fuel Enrichment 5% 10% 19.75% 30% 45% 70% 93%

Annual U-Demand 463.4 kg 254.6 kg 135.6 kg 91.1 kg 61.6 kg 40.2 kg 30.6 kg

Reference Mass (MB) inexistent 1351.0 kg 782.2 kg 367.4 kg 184.7 kg 87.2 kg 53.3 kg

Critical mass ratio 0.00 0.07 0.17 0.25 0.33 0.46 0.57

Usability factor η1 0.00 0.00 0.013 0.18 0.51 0.86 1.00

CM?
A,FF 0.00 0.00 0.002 0.05 0.17 0.40 0.57

Irradiated Fuel at 40% U-235 Burnup

Initial Fuel Enrichment 5% 10% 19.75% 30% 45% 70% 93%

Residual U-Inventory 451.0 kg 243.4 kg 125.1 kg 80.9 kg 51.6 kg 30.5 kg 21.1 kg

U-235 3.1% 6.3% 12.8% 20.3% 32.2% 55.4% 81.0%

U-236 0.4% 0.7% 1.5% 2.3% 3.7% 6.4% 9.3%

U-238 96.5% 93.0% 85.7% 77.4% 64.1% 38.2% 9.7%

Reference Mass (MB) inexistent very large 1884.6 kg 743.5 kg 324.8 kg 131.1 kg 67.8 kg

Critical mass ratio 0.00 0.07 0.17 0.109 0.16 0.23 0.31

Usability factor η1 0.00 0.00 0.00 0.019 0.23 0.69 0.94

CM?
A,SF 0.00 0.00 0.00 0.002 0.04 0.16 0.29

Combined Strategic Value of Fresh and Irradiated Fuel

CM?
A,tot 0.00 0.00 0.002 0.05 0.21 0.56 0.86

Table 1: Assessment A. Basic nuclear capability. Strategic value of uranium associated with
one-year’s operation of a 30 MW MTR-type research reactor. Inventories, isotopics, critical
masses, and weighting factors for the fresh fuel and the irradiated fuel at a target burnup
of 40% U-235.
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Fresh Fuel

Fuel Enrichment 5% 10% 19.75% 30% 45% 70% 93%

Annual U-Demand 463.4 kg 254.6 kg 135.6 kg 91.1 kg 61.6 kg 40.2 kg 30.6 kg

Reference Mass (MR) very large 753.0 kg 143.8 kg 68.7 kg 35.6 kg 18.2 kg 11.7 kg

Critical mass ratio 0.00 0.338 0.94 1.33 1.74 2.21 2.62

U sability factor η2 0.00 0.043 0.16 0.27 0.45 0.73 1.00

CM?
B1,FF 0.00 0.015 0.15 0.36 0.78 1.61 2.62

Irradiated Fuel at 40% U-235 Burnup

Residual U-235 Fraction 3.1% 6.3% 12.8% 20.3% 32.2% 55.4% 81.0%

Residual U-Inventory 451.0 kg 243.4 kg 125.1 kg 80.9 kg 51.6 kg 30.5 kg 21.1 kg

Reference Mass (MR) inexistent very large 379.4 kg 138.2 kg 61.4 kg 25.9 kg 14.4 kg

Critical mass ratio 0.00 0.00 0.330 0.585 0.84 1.18 1.47

Usability factor η2 0.00 0.00 0.075 0.162 0.30 0.57 0.86

CM?
B1,SF 0.00 0.00 0.025 0.095 0.25 0.67 1.26

Plutonium Inventory 3.02 kg 1.80 kg 1.07 kg 0.77 kg 0.52 kg 0.28 kg 0.08 kg

Pu-238 0.32% 0.42% 0.58% 0.77% 1.06% 1.94% 6.87%

Pu-239 79.49% 79.27% 78.97% 78.74% 78.36% 77.59% 73.59%

Pu-240 12.61% 12.57% 12.55% 12.52% 12.55% 12.34% 11.71%

Pu-241 6.88% 7.01% 7.16% 7.23% 7.29% 7.39% 7.12%

Pu-242 0.70% 0.73% 0.74% 0.74% 0.74% 0.74% 0.71%

Reference Mass (RCM) (4.00 ± 0.04) kg

CM?
B1,Pu 0.76 0.45 0.27 0.19 0.13 0.07 0.02

Combined Strategic Value of Fresh and Irradiated Fuel (Uranium and Plutonium)

CM?
B1,tot 0.76 0.47 0.445 0.65 1.16 2.35 3.90

Table 2: Assessment B1. Advanced nuclear capability. Strategic value of available uranium
and plutonium associated with one-year’s operation of the reactor. For isotopics of uranium
contained in the spent fuel, see Table 1.
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Fresh Fuel

Fuel Enrichment 5% 10% 19.75% 30% 45% 70% 93%

Annual U-Demand 463.4 kg 254.6 kg 135.6 kg 91.1 kg 61.6 kg 40.2 kg 30.6 kg

@ 10 SWU 0.47 kg 0.86 kg 1.57 kg 2.34 kg 3.69 kg 8.31 kg

WGU equiv. @ 20 SWU 0.92 kg 1.70 kg 3.08 kg 4.55 kg 7.04 kg 14.69 kg 30.6 kg

@ 40 SWU 1.81 kg 3.31 kg 5.92 kg 8.57 kg 12.84 kg 23.27 kg

@ 80 SWU 3.50 kg 6.29 kg 10.87 kg 15.18 kg 21.20 kg 29.68 kg

@ 10 SWU 0.04 0.07 0.13 0.20 0.32 0.71 2.62

CM?
B2,FF @ 20 SWU 0.08 0.15 0.26 0.39 0.60 1.26 2.62

@ 40 SWU 0.15 0.28 0.51 0.73 1.10 1.99 2.62

@ 80 SWU 0.30 0.54 0.93 1.30 1.81 2.54 2.62

Irradiated Fuel at 40% U-235 Burnup

Residual U-235 Fraction 3.1% 6.3% 12.8% 20.3% 32.2% 55.4% 81.0%

Residual U-Inventory 451.0 kg 243.4 kg 125.1 kg 80.9 kg 51.6 kg 30.5 kg 21.1 kg

@ 10 SWU 0.28 kg 0.53 kg 0.93 kg 1.32 kg 1.87 kg 2.99 kg 5.37 kg

WGU equiv. @ 20 SWU 0.56 kg 1.04 kg 1.81 kg 2.57 kg 3.59 kg 5.56 kg 9.04 kg

@ 40 SWU 1.11 kg 2.03 kg 3.47 kg 4.84 kg 6.60 kg 9.61 kg 13.30 kg

@ 80 SWU 2.14 kg 3.84 kg 6.34 kg 8.57 kg 11.10 kg 14.33 kg 16.21 kg

@ 10 SWU 0.02 0.05 0.08 0.11 0.16 0.26 0.46

CM?
B2,SF @ 20 SWU 0.05 0.09 0.15 0.22 0.31 0.48 0.77

@ 40 SWU 0.09 0.17 0.30 0.41 0.56 0.82 1.14

@ 80 SWU 0.18 0.33 0.54 0.73 0.95 1.22 1.39

Plutonium Inventory 3.02 kg 1.80 kg 1.07 kg 0.77 kg 0.52 kg 0.28 kg 0.08 kg

Critical Mass Ratio 0.76 0.45 0.27 0.19 0.13 0.07 0.02

Combined Strategic Value of Fresh and Irradiated Fuel (Uranium and Plutonium)

@ 10 SWU 0.80 0.52 0.40 0.39 0.45 0.78 3.10

CM?
B2,tot @ 20 SWU 0.84 0.60 0.53 0.58 0.73 1.33 3.41

@ 40 SWU 0.91 0.73 0.78 0.92 1.23 2.06 3.78

@ 80 SWU 1.06 0.99 1.20 1.49 1.94 2.88 4.03

Table 3: Assessment B2. Advanced nuclear capability. Strategic value of available uranium
and plutonium associated with one-year’s operation of the reactor assuming that a small
enrichment capacity is available to process the fuel. For isotopics of uranium and plutonium
in the spent fuel, see Tables 1 and 2.
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ABSTRACT 
 

This is an unofficial report on the results of an IAEA-commissioned consultation on the “Future 
use of Critical and Subcritical Assemblies” that was carried out in Vienna in February 2005. 
 
The recommendations were for: 
 
1) Improvements in the IAEA’s research-reactor database (RRDB) in terms of content and 
accuracy; 
 
2) Need-based planning for existing and new critical facilities and decisions for which existing 
facilities are no longer needed and can be decommissioned and which new or improved facilities 
are required to facilitate the development of innovative reactor designs; 
 
3) Minimization of use of HEU and plutonium and the enrichment of HEU used in critical 
facilities; and 
 
4) Data preservation and sharing so that experiments useful for benchmarking computer 
simulations of reactor neutronics need not be repeated. 
 
The report contains a list of operating and shutdown but not decommissioned fueled critical and 
subcritical assemblies. 
 
 

1.  Introduction 
 
The IAEA hosted a consultation on “The Future Use of Critical and Subcritical Assemblies” in 
Vienna, February 7-10 2005.   The consultants were: 
 

• Nikholai V. Arkhengelskij, RosAtom, Russia 
• Sergei Chigrinov, SOSNY Scientific and Technical Center, Belarus 
• Robert Jacqmin, Cadarache Centre, CEA, France 
• Takamasa Mori, Japan Atomic Energy Research Institute, Japan 
• Frank N. von Hippel, Princeton University, USA 

 
The consultation was co-hosted by the Physics Section in the IAEA Department of Nuclear 
Science and Applications with the collaboration of the research-reactor team in the Department 
of Nuclear Energy and Applications led by Iain Ritchie and Pablo Adelfang.   The IAEA’s 
concerns were the future needs for critical and subcritical assemblies and the need to minimize 
the danger that HEU or plutonium in critical facilities could be diverted to weapons use. 
 
Critical assemblies have been largely ignored by the RERTR program because these reactors 
have lifetime cores and therefore cannot be converted using the RERTR strategy of replacing 
HEU with LEU fuel when regular refueling is carried out.  (However, a few critical assemblies 



that are core mockups of high-powered research reactors are being converted by the RERTR 
program as the associated research reactors are converted.)  
 
The amounts of HEU in the cores of critical assemblies are huge, however, when they are 
mockups of fast or naval-propulsion reactor cores.  Naval propulsion reactors typically contain 
on the order of 100 kg of U-235 in HEU.[1]  The operating BFS fast critical facility at the 
Institute for Physics and Power Engineering in Obninsk, Russia and the shutdown but not 
decommissioned Zero Power Physics Reactor at the Idaho National Laboratory contain tons of 
HEU and plutonium in tens of thousands of small fuel elements.[2]   The radioactivity of these 
elements is so low that the cores are loaded by hand (see Figures 1 [3]).   
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Figure 1 left, BFS2 critical assembly, Inst. of Physics and Power Engineering, Obninsk, 
Russia;  right, Zero Power Physics Reactor, Idaho National Laboratory, U.S. 
 
 
In what follows, I will discuss the recommendations from the consultation with regard to: 
 

• Improvements in the IAEA’s Research Reactor Database 
 
• Need-based planning for existing and future critical facilities 
 
• Minimization of the use of HEU and plutonium, and  
 
• Preservation and sharing of the results of criticality experiments. 

 
This is an unofficial report and, in places, I add material based on my own subsequent research. 
 



 
2.  Improvements in the IAEA’s Research Reactor Database 
 
We began by trying to determine the size of the universe of critical and subcritical facilities, 
starting with the IAEA’s Research Reactor Database, parts of which are on line.[4]   This 
database is based exclusively on submissions by reactor operators.  In some cases the reactor 
operators do not report.   This results in some bizarre listings.   For example, the database lists 
Chicago Pile number 1 as shutdown but not decommissioned.  This is because neither Enrico 
Fermi nor the U.S. Government informed the IAEA that the pile had been torn down.  The 
University of Chicago’s library now occupies the site.   
  
We suggested that the IAEA devote significant resources to updating the database, including site 
visits.   (Data from the site visits of inspectors from the Safeguards Division cannot be used 
because there is a wall of confidentiality surrounding the data collected on those visits.) 
 
We also suggested upgrading the database to include: a brief technical description of each 
facility, summary information on the type of research being pursued, and references to a few 
published articles or research reports when available. 
 
There is not a clean definition of critical assemblies in the IAEA database.   A printout of the 
October 2004 version of the IAEA’s RRDB lists 54 critical assemblies.  However, 72 research 
reactors are shown to have a power of 0-0.5 kWt and an additional 20 to have a power of 
between 1 and 10 kWt.   I think that we adopted a cutoff of 0.5 kWt.  Our numbers don’t exactly 
correspond to the RRDB because individual consultants were aware of: two critical facilities and 
one subcritical facility not in the RRDB, that three critical facilities listed in the RRDB as 
shutdown have not been shutdown, and that two critical facilities listed as shutdown have 
actually been decommissioned. 
 
A post-Sept. 11, 2001 development is that fuel-enrichment information is no longer available on 
the IAEA’s website.   The concern is that terrorists might use such information to target specific 
facilities.  Of course, making this information difficult to obtain creates difficulties for 
researchers as well as terrorists.   In any case, much of this information is still available on other 
websites (e.g. that of the Nuclear Threat Initiative) and on the websites of the research-reactor 
facilities themselves.   The IAEA did make available to the consultation the data it has on the 
fissile material used in critical facilities.   Table 1 shows the results of our quick analysis of this 
data. 



Table 1.  Critical and subcritical assemblies and their fuel by country 
(based on RRDB, Oct. 2004 plus information from the consultants) 

 
Countries Number HEU and/or Pu Fueled 

(range reflects cases in which no 
information was provided to IAEA) 

 Operational Shutdown Operational Shutdown 
France 6 0 5 0 
Japan 6 1 2 0 
Russia 31 14 20-24 8-13 

United States 9 18 6-7 10-16 
Rest of World 23 10 5-6 1-10 

Total 75 43 38-44 19-39 
 

Obviously, this data needs to be improved.   However, a number of observations can be made: 
 

• More than one quarter of the 275 operational research reactors in the IAEA’s database are 
critical or sub-critical assemblies; 

 
• There are many shut-down critical and sub-critical assemblies not known – to the IAEA 

RRDB at least -- to be decommissioned;  
 
• About half of the critical and sub-critical facilities are fueled with HEU and/or 

plutonium; and 
 
• Russia accounts for approximately one half of the world’s operating HEU-fueled critical 

assemblies. 
   
 
3.  Need-based planning for critical facilities 
 
Table 2 shows an age profile of the critical and subcritical facilities listed in the consultants’ 
report.  The age distribution is similar to that for research reactors in general.  Research reactors 
have many uses, however, while critical assemblies, aside from their teaching and training 
functions, are single-purpose.   Their purpose is to mockup fresh reactor cores or measure 
integral cross-sections for use in the simulation of such cores.   As computer simulations 
improve, therefore, critical assemblies tend to work themselves out of a job.   For example, 
thirty-eight research reactors have been converted from HEU to LEU fuel by the RERTR 
program without the use of critical facilities.  



Table 2.  Operating HEU/Pu-fueled Critical Facilities by Decade of First Criticality 
Countries 1950s 1960s 1970s 1980s 1990s- 

France 1 3 1 0 0 
Japan 0 1 1 0 0 
Russia 0 6 8 5 1 

United States 3 3 0 0 0 
Rest of the 

World 
0 1 1 1 2 (Belarus, 

subcriticals) 
Total 4 13 11 6 3 

 
Of course, one never can depend upon an untested computer code.   One needs a variety of 
benchmark experiments.   Many such experiments have been done, however.  So, if they are 
properly documented, computer codes for variations in standard reactor design types can be 
tested against archived experiments.   
 
Since 1995, the mission of the OECD-NEA International Criticality Safety Benchmark 
Evaluation Project has been to archive such experiments.   The September 2004 edition of its 
International Handbook of Evaluated Critical Safety Benchmark Experiments contains “379 
evaluations with benchmark specification for 3331 critical, near critical, or sub-critical 
configurations.”[5] 
 
One indication that many critical assemblies are no longer needed is a 2002 joint proposal by the 
Kurchatov Institute of Atomic Energy and Argonne National Laboratory to assess the potential 
future use of 6 operating research reactors and 14 critical facilities [11 HEU fueled] at the 
Kurchatov Institute and decommission “those which have reached the end of useful life.[6]   
 
The report of the IAEA consultation recommended that workshops of reactor designers and 
critical and sub-critical assembly experts be convened to consider which existing facilities are 
still needed and which upgraded or new facilities are required to facilitate the development of 
specific innovative reactor designs.    
 
 
4.  Minimization of weapon-useable materials 
 
When critical facilities are mockups of HEU fueled or plutonium-fueled reactors, they 
necessarily use HEU or plutonium.  U.S. and U.K. naval reactors use weapon-grade uranium.   
Russian naval reactors currently use medium (circa 40%) -enriched uranium.[1]   But how many 
critical facilities are needed?   Perhaps only one flexible facility is really needed by each country 
– or perhaps none.   It is interesting in this connection that the IAEA research-reactor list 
contains one naval-reactor mockup (LEU fueled) in France, Russia has eight (all HEU-fueled) 
plus four more shutdown but not yet decommissioned, and the United Kingdom and the United 
States appear to have none. 
 
Plutonium is usually required for fast-neutron reactors mockups.   Some fast reactors, such as 
Russia’s BN600, however, are fueled with enriched uranium.  This must be one reason for the 



huge quantity of HEU at Russia’s BFS critical facility.   However, the peak enrichment in the 
BN600 core is 26 percent.[7]    
 
In fact, even for mockups with average uranium enrichments of 5- 9 percent, the BFS 
experimentalists use 90-percent as well as 36-percent enriched uranium.[8]  One reason could be 
the flexibility that this allows in fine-tuning the average enrichment of a stack of uranium disks.   
Table 3a gives the enrichments and masses of uranium in the uranium-containing disks used in 
the BFS facility.  The top half of Table 3b illustrates the small steps in the average enrichments 
between 20- and 30-percent that are achievable using the HEU (90%) disks to make fine 
adjustments.   However, if we add two light depleted-uranium disks to Table 3a (shown in 
italics), then, as shown in the bottom half of Table 3b, the same fine-tuning of enrichments is 
achievable without 90-percent enriched HEU.   Thus, if high enrichments are not needed, 
medium-enriched uranium and depleted uranium will suffice.   
 
The report of the consultation urged that the inventory of direct-use fissile material and the 
enrichment of HEU in critical facilities be minimized and that experts from the critical-facility 
and nonproliferation communities should examine these issues together.   It also suggested that 
papers on this subject be invited for presentation at the annual meetings of the RERTR 
community. 



 
 
 

Table 3a.  Uranium disks used in BFS facility [9] 
Type of disk U(gms) 

DU1 (metal, 0.42% 235U) 298. 
DU2 (oxide, 0.42% 235U) 122. 
Hypothetical DU3 (oxide, 0.42% 235U) 35. 
Hypothetical DU4 (metal, 0.42% 235U) 8.6 
MEU (metal, 36.2% 235U) 150. 
HEU1 (metal, 89.8% 235U) 8.6 
HEU2 (metal, 89.8%) 149. 
HEU3 (oxide, 88.25%) 13.2 

 
Table 3b.  Average enrichments achievable with the BFS disks between 20 and 30 percent 

Disk combination Average Uranium enrichment (%) 
MEU + DU2 20.2 
MEU + DU2 +HEU1 22.3 
MEU + DU2 + HEU3 23.3 
MEU + DU2 + HEU1 + HEU3 25.2 
MEU + DU2 + 2 HEU1 + HEU3 27.1 
MEU + DU2 + HEU1 + 2HEU3 28.0 
MEU + DU2 + 2HEU1 + 2HEU2 29.6 
 
Hypothetical 
MEU + DU3 + 8DU4 21.6 
MEU + DU3 + 7DU4 22.3 
MEU+ DU3 + 6DU4 23.1 
MEU + DU3 + 5DU4 24.0 
MEU + DU3 + 4DU4 24.9 
MEU + DU3 + 3DU4 25.9 
MEU + DU3 + 2DU4 27.0 
 MEU + DU3 + DU4 28.1 
 MEU + DU3  29.4 
 
 
5.  Data preservation and sharing  
 
It is wasteful to repeat critical experiments.   It also undermines international security if the need 
to repeat such experiments results in there being more locations at which HEU and plutonium 
can be found than would otherwise have been the case.   The consultants therefore supported 
existing efforts to archive the results of past critical experiments and urged that these efforts be 
strengthened and broadened.   
 



The trend toward making unique critical facilities available for experiments by groups in other 
institutes is to be welcomed.   A Japanese group recently did experiments at Cadarache, a series 
of experiments has been done at the BFS facility for the Idaho National Laboratory, and a far-
reaching proposal for data and facility sharing for fast-reactor criticality experiments has recently 
been put forward.[10, 11] 
 
 
6.  Conclusions 
 
Critical facilities have thus far not been addressed per se by the international effort to reduce the 
number of locations where HEU can be found – but they should be.   A significant number of 
these facilities have inventories of only slightly irradiated HEU that are large enough to make at 
least one nuclear weapon. 
 
Computer simulation of reactor cores has become good enough that, for standard types of 
reactors, they only need to be tested against benchmark experiments and enough archived 
criticality experiments are available to provide benchmark tests in such cases.  It should therefore 
be possible to retire and decommission many critical facilities.   At least a few will be required, 
however, to test refinements in the codes and to check the accuracy of their predictions for new 
types of reactors.   
 
HEU and plutonium are required in critical experiments relating to reactors whose fresh fuel 
contains HEU or plutonium.   However, the number of such critical facilities should be 
minimized and their inventories, and the enrichment of their HEU should be minimized as well. 
 
Efforts to archive and share the results of past and future critical experiments should be 
expanded – especially in the case of criticality experiments using HEU or plutonium – so that 
there will be no need to repeat these experiments in the future. 
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ABSTRACT 
 
The use of high-enriched uranium (HEU) in reactor fuel creates dangers of theft or diversion of the HEU to weapons 
use. As a result, since 1978, there has been a major international effort to convert HEU-fueled research and test 
reactors to low-enriched uranium (LEU) and a considerable amount of experience has been accumulated in this area. 
But no similar effort has yet been mounted to convert ship-propulsion reactors.  Based on the information available 
about the KLT-40 reactor used on Russian nuclear-powered icebreakers, we have carried out a preliminary study 
and conclude that these reactors could be fueled with LEU without reducing core life. 
 
Introduction 
 
The use of high-enriched uranium (HEU) in reactor fuel creates dangers of theft or diversion of 
the HEU to weapons use.   As a result, since 1978, there has been a major international effort to 
convert HEU-fueled research and test reactors to low-enriched uranium (LEU containing less 
than 20% 235U), which is not considered a directly weapon-useable material [1].  No similar 
official effort has yet been mounted to convert ship and submarine-propulsion reactors [2].  
Currently Russia has 6 nuclear-powered icebreakers and one container ship which have in total 
11 KLT-40 reactors [3]. In accordance with estimations these actively operating reactors require 
production and transportation at least 500 kg of HEU nuclear fuel annually. Moreover, the 
Russian nuclear agency “Rosatom” considering the use a KLT-40 reactor to power the floating 
nuclear power plants for use in remote areas of a country [4], as well as to supply a floating 
power plants to other countries [5]. If so, the production of HEU fuel for KLT-4- type reactors 
would increase and transportation of fuel will go out from the Russian territory.  
 
In this light, an assessment of feasibility of converting KLT-40 reactor from HEU to LEU fuel 
looks reasonable. This paper  presents results of our preliminary and limited study on the 
principal feasibility of operation of a reactor core, similar in many parameters to the KLT-40 
reactor, with the use of LEU fuel containing 20% of  235U.  Calculating of reactivity as a function 
of burnup we have estimated the energy production capacity of LEU fuel for a several core 
models.  
 
Core model 
 
With the exception of several publications the design information about the KLT-40 reactor used 
on Russian nuclear-powered icebreakers is not available. In our calculations we have used core 
model developed on the base of information on the core design of the Russian container ship 
Sevmorput that was provided by the Soviet government to the Norwegian government in 
connection with a port visit to Tromsø in 1990 [6]. These data are presented in the Table 1. 



 
Table 1.  Data on the design of the Sevmorput KLT40 reactor core 

 
Power  135 thermal megawatts (MWt) 
Mass of 235U 150.7 kg in 90-percent enriched uranium in 

uranium-zirconium alloy  
Active core height  H0 = 1.00 meters 
Radius  R0 = 0.606 meters 
Heat transfer area of the fuel   233 m2 

Fuel assemblies 241: 6 cm in diameter in a triangular lattice 
with 7.2 cm center-to-center spacing  

Control  19 control rods in each of 16 fuel assemblies  
Neutron absorbing rods Natural gadolinium 
Neutron source for startup BeO, gamma absorption produces neutrons 
Fuel rod outer diameter/spacing 0.58 cm/ 0.7 cm 
Peak/average power  radial = 1.27; axial = 2.07 
Maximum fuel-surface temperature 335 oC 
Input/output water temperature 278/312 oC 
Operating period 10,000 equivalent full-power hours (417 

days) 
 
In some cases different information is available from other sources. A publication by the 
Norwegian Bellona Foundation cites a communication from the Murmansk Shipping Company, 
the operator of the nuclear-powered icebreakers, to the effect that the enrichment of the 
icebreaker fuel is currently 30-40%, not 90% [7]. For our model we have assumed that the 
current enrichment of the icebreaker cores is 40%. 
 
There is no published information on the geometry and size of fuel rods for the KLT-40 reactor. 
Therefore, take into account that high heat-tension in the center of KLT-40 core (~106 Wt/m2) 
required an effective heat transition, we have assumed a cruciform geometry for fuel rods. Such 
type of fuel rods is used in Russian research reactor that operates with similar coolant 
temperatures and similar heat-tension to that in the Sevmorput reactor [8]. The cruciform shape 
decreases the thickness of fuel meat for a given fuel-rod volume and hence provides an effective 
temperature drop across the meat. The cross section of fuel rod is shown in Fig 1. 
 

 
Figure 1. Cross section of fuel rod 

Blue – fuel meat 
Violet – cladding 

White – empty volume  



For all variants of core model that were considered the cladding of the fuel rods and gadolinium 
pins is 0,017 cm-thick stainless steel. The fuel meat was assumed to be made up of aluminum-
uranium alloy or of the cermet fuel (UO2 + aluminum).  
 
A design of fuel assemblies was chosen based on the assumption that reactor core contains 241 
fuel assemblies, each 6,8 cm in diameter in a triangular lattice with 7,2 cm center-to-center 
spacing. (See Figure 2). 
 

. 
Figure 2. Cross section of fuel assembly. 

Blue – fuel rods 
Yellow- burnable neutron-absorbing rods 

 
Each fuel assembly contains 31 fuel rods and 6 neutron-absorbing rods. The neutron-absorbing 
rod is the stainless steel tube filled up by natural gadolinium. The outer diameter of tube is 0,54 
cm, and its thickness is 0,014 cm.  
 
Method and results of calculation 
 
All calculations of the value of the core neutron multiplication factor, keff, were performed with a 
Monte Carlo code MONTEBURNS 1,0 [9]. At each step of calculations this program is linking 
the results of calculations performed by the neutron-transport code MCNP B1 with ORIGEN2.1 
code. The MCNP B1 code performs calculations of the various nuclear reactions and provides 
the characteristic of neutron flow. The library of this program contains neutron cross-section data 
as a function of the energy for all nuclear isotopes that are exist in the reactor core. The 
ORIGEN2.1 code calculates depletion and buildup of isotopes in the fuel [10].   
 
Table 2 gives the core parameters assumed in four different variants (we only show data that 
differs from that given in Table1). The coolant temperature was assumed to be 300 oC in all 
calculations. Also shown are densities of the fuel meat and of its contained uranium, along with 
the atomic ratio of aluminum to uranium in the meat for the cases where it was assumed to be 
uranium-aluminum alloy. 
 
In addition to input data, Table 2 also shows calculated results for keff at beginning of core life 
and at 417 days for each model.   It will be seen that the reactivity is higher at 417 days than at 
beginning of fuel life because the decline in neutron poisoning has more than offset the effect of 
the consumption of 235U. 

 
 
 
 



 
 
 

Table 2.  Parameters and calculated keffs for the four models 
 
 Model No. 1 Model No. 2 Model  No. 3 Model No. 4 
Core active height (m) 0.9 0.9 0.9 0.9 
Core radius (m) 0.45 0.6 0.6 0.6 
Fuel pin spacing (cm) 0.7 0.81 0.81 0.81 
Fuel pin  max. dia. (cm) 
-- fin thickness (cm) 
-- meat area (cm2) 

0.58 
0.23 
0.140 

0.81 
0.23 
0.221 

0.81 
0.15 

0.146 

0.81 
0.23 
0.221 

Total densities (gm/cc) 
--40% enrichment 
--20% enrichment 
(LEU) 

 
6.13 
9.79 

 
4.86 
7.17 

 
5.97 
9.46 

 
4.69 
6.69 

U densities (gm/cc) 
--40% enrichment 
--20% enrichment 
(LEU) 

 
3.60 (U-Al6.2)
7.19 (U-Al3.2)

 
2.27 (U-Al10) 
4.53 (U-Al5.1) 

 
3.44 (U-Al6.5) 
6.88 (U-Al3.3) 

UO2-Al 
2.27 
4.53 

Keff after full-power 
days 

0 417 0 417 0 417 0 417 

--40% enrichment 1.07 1.13 1.15 1.23 1.13 1.25 1.12 1.23 
--20% enrichment 1.05 1.08 1.13 1.20 1.10 1.22 1.10 1.19 
   
 
Figure 3 shows keff burnout curves for Model 2. The keff values for the 20% enrichment are 
slightly below those for the 40% enrichment case because of neutron absorption by the added 
238U.  (The quantity of 235U in the core is the same in both cases.)  However, once again, the gap 
closes at high burnup because of the greater amount of plutonium bred by neutron capture in 
238U in the LEU fuel.  
 

 
 

Figure 3. Keff for model №2 core. 
(Curve above is for 40% enriched uranium. Curve below for 20%) 

 



Conclusions 
 
Our results suggest that the KLT-40 type reactors can be fueled with LEU without decreasing the 
lifetime of the core if fuels with the uranium density assumed could operate to the burnup 
assumed. The uranium densities required by model 2 and 4 about the same: 4,5 g/cm3.  
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ABSTRACT 
 

NIRR-1 is the first nuclear reactor in Nigeria and it is sited at the Centre for Energy Research and 
Training (CERT), Ahmadu Bello University, Zaria. It was acquired specifically for neutron activation 
analysis, radioisotope production, training and research. Like all commercial Miniature Neutron Source 
Reactors (MNSR), NIRR-1 is a low power, tank-in-pool research reactor fueled with about 1 kg of HEU.  
The reactor, which was critical for the 1st time on 03 February, 2005 is presently in its first fuel cycle. In 
this presentation, a description of the main characteristic of the reactor is given, including details of areas of 
utilization and an overview of feasibility of conversion to LEU. 
 
.  
1. INTRODUCTION  

The Nigeria Research Reactor-1 (NIRR-1), which is currently in its first fuel 
cycle was licenced to operate at 31.1 kW [1]. It is the 8th commercial miniature neutron 
source reactor (MNSR) designed by China Institute of Atomic Energy (CIAE). First 
criticality was achieved on 03 February 2004 and has been operated safely. It is 
specifically designed for use in neutron activation analysis (NAA) and limited 
radioisotope production. It is also suitable for teaching. In this paper, a description of the 
reactor is provided, including a summary of current utilization activities and the proposed 
core conversion studies.  

 
2. REACTOR DESCRIPTION  
The Nigeria Miniature Neutron Source Reactor named the Nigeria Research Reactor-1 
(or NIRR-1) is a tank-in-pool type reactor with 90 % enriched uranium as fuel, light 
water as moderator and coolant, and metallic beryllium as reflector. As is implicit in the 
name, it is designed mainly to serve as a neutron source.  The core is a cylindrical fuel 
assembly, approximately containing 347 fuel elements. NIRR-1 has only one central control 
rod which performs the functions of safe startup, shutdown, power regulation and reactivity 
control of the reactor. The reactor core assembly, surrounded by beryllium reflectors, is 
located at the bottom of the reactor vessel, which is suspended from the “I” beam structures 
that are embedded onto the reactor pool wall. The fuel element of the NIRR-1 is UAl4 and 
the cladding is aluminium alloy.   The fuel element is 248 mm in length with the active length 
being 230 mm. The diameter of the fuel meat is 4.3 mm and the 235U loading in each fuel 
element is about 2.88 grams.   Ten vertical aluminium alloy beam tubes are contained in the 
reactor vessel as irradiation channels. NIRR-1 has a nominal thermal power rating of 31 
kW and a built-in clean cold core excess reactivity of 3.77 mk measured during the on-
site zero-power and criticality experiments. The reactor can operate for a maximum of 



4.5 hours at full power (i.e. equivalent to a thermal neutron flux of 1x1012 n.cm-2.s-1 in the 
inner irradiation channels). Under these conditions, the reactor fuel loading can run for 
over ten years with a burn-up of <1%. The main specifications of NIRR-1 are given in 
Table 1.  

 
 
 
 

Table 1.Reactor Specifications  

Reactor type  
Nominal thermal power  
Neutron flux (thermal, max.)  
Coolant and moderator  
Reflector  
Fuel type  
Number of control rods  
Control rod material  
Neutron irradiation channels  
Cd ratio of Au 
Thermal-epithermal flux ratio
Neutron temperature 

Tank-in-pool  
31 kW  

1.02x10
12 

neutrons/cm
2
.s  

Light water  
Metallic beryllium  
U-Al alloy >90% enrichment 
1  
Cd  
5 inner and 5 outer  
2.12±0.02 (inner) 
19.2 ± 0.5 (inner) 
333.7 K 

  



 
3. Routine Utilization Procedures with NIRR-1 
 The irradiation facility of NIRR-1, depicted in Fig. 1, consists of five small 
rabbit tubes installed inside the Be annulus and they are designated as the inner channels. 
Between the Be annulus and the reactor vessel, three small and two large rabbit tubes 
known as the outer irradiation channels are installed. Presently, out of the ten irradiation 
sites, six are connected to the pneumatic transfer systems. There are two sets of transfer 
systems, the pneumatic transfer system type A, which is suitable for the irradiation of 
middle and long-lived nuclides. The other is a multi-functional transfer system simply 
known as the pneumatic transfer system B. It is used to send the sample into the reactor 
and retrieve it to a specified position such as detector, stripper or waste tank.  It is 
specifically designed for NAA of short-lived nuclides and is suitable for cyclic NAA of 
nuclides with half-lives in seconds. In order to optimize utilization, experimental 
procedures were developed for the characterization of the irradiation channels. At 
present, the irradiation channels B2 and B4, which are referred to as reference irradiation 
channels have been characterized and the neutron spectrum parameters have been 
determined [2].  

The associated facility for radioactivity measurements is a gamma-ray data 
acquisition system. The processing setup consists of a High-Purity Germanium (HPGe) 
detector, a Tennelec/Nucleus multi-channel analyzer (MCA) acquisition card, associated 
electronic modules all made by ORTEC and a personal computer.  The full-energy peak 
efficiency curves of the gamma-ray spectrometry system have been determined at two 
source-detector positions using standard gamma ray sources [3]..  
Routine irradiation and counting regimes, by which samples can be analyzed for trace, 
minor and major elements amounting to a total of 30-40 elements per sample depending 
on the matrix have been developed. In order to optimize the utilization of NIRR-1 and 
associated facilities, a detailed strategic/business plan have been developed [4]. The 
implementation of the strategic plan will contribute to the socio-economic development 
of Nigeria. 
 
 4. Core Management and Feasibility for Conversion 

Fuel management of NIRR-1 is simple because like all MNSRs, it has a sealed 
core with one central control rod, which is used to start-up and shutdown the reactor. The 
method of checking the status of the fuel element is via periodic gamma-ray spectrometry 
of reactor water for fission products. As shown in Fig. 1, there are four reactivity 
regulators, which can be used to ensure that the excess reactivity falls within the safety 
limit of 3.5-4 mk during any core manipulation activities, most especially during the 
addition of Be shims. A special feature of the core of NIRR-1 is the inclusion of a special 
reactivity regulator (SRR) in an unconnected inner irradiation channel. It is made of Cd 
and was used to reduce the core excess reactivity from a value of 4.97 mk after fuel 
loading to 3.77 mk during the on site zero power and criticality experiments. In future, 
before the addition of Be shims when the core excess reactivity would have reduced to a 
value less than 3 mk, the SRR would be removed from the core to make-up for the loss of 
excess reactivity. With regards to core conversion, a scheme has been developed to carry 
out safety related calculations for reduced fuel enrichment of MNS reactors [5]. The 
scheme has been designed to work in a WINDOWS environment and it combines the 



lattice code (WIMS) and core analysis code (CITATION) to determine the prompt 
temperature coefficient of reactivity, the overall temperature coefficient of reactivity and 
the safety reactivity factor for any specified value of fuel enrichment. Preliminary results 
show that to substantially reduce the enrichment of a typical MNS reactor to below 80% 
would necessitate a drastic review of the material composition of the core  
5. CONCLUSION  

NIRR-1 has been successfully installed and is being used for elemental analysis of 
soils and geological samples by the relative NAA method. A business/strategic plan to 
optimize utilization has been developed principally to expand the analytical capabilities 
of the facility for NAA. At present, there has been no core manipulation activity because 
the reactor is just over a year old. Results of a preliminary investigation on conversion to 
LEU using the deterministic codes WIMS and CITATION indicate a drastic review of 
material composition of core to achieve enrichment of below 80%. Further core 
conversion studies are to be undertaken using the transport code, the MCNP code under 
the auspices of the proposed IAEA/RERTR program for operators of MNSRs. This to 
strengthen the reactor physics groups and the provide tools for calculation at CERT. 
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ABSTRACT 
 

 
The WWR-K research reactor presently uses HEU (36%) fuel. Results of analysis 
performed for several core configurations for the WWR-K reactor using thin-walled 
eight- and four-tube LEU fuel assemblies (FA) with uranium dioxide fuel of the mass 
density 2.8 g⋅cm-3 are presented. Core configurations using light water and beryllium 
reflectors are considered. Reactor core characteristics such as excess reactivity, the 
reactivity worth of the CPS control rods, the operation cycle periods, the fuel burnup 
levels, the generated power densities in the core, and the thermal/fast neutron fluxes 
in irradiation channels are calculated with the computer codes MCU-REA and 
MCNP-4/B. Results of steady-state thermal-hydraulics results performed with the 
code ASTRA are also presented.  The results show that for all the LEU options 
analyzed the performance of the reactor is improved when compared with the present 
HEU core. 
 

Introduction 
 
The WWR-K reactor presently uses 36% enriched fuel assemblies (FA) with UAlx alloy and 
UO2–Al ceramics.  
 
This work presents the results of the analysis of the neutron and physical characteristics of the 
WWR-K reactor core loaded with LEU FA composed of tubular thin-walled fuel elements (FE) 
using UO2–Al fuel meat, having the mass density equal to 2.8 g/cm3. Several core 
configurations, with water and with beryllium reflector, are analyzed. Flux performance, burnup 
level, burnup cycle lengths, and steady state thermal-hydraulics are examined for these cores. 
The results show that the selected LEU FA combined with the core configurations used make the 
converted LEU core better than the present HEU core. 
 
1. New Fuel Assembly  
 
Two types of LEU FA (see Figure 1) have been used in this study: the FA-1, composed of eight 
fuel elements, and FA-2, composed of four fuel elements (FE). The CPS control rods are placed 
inside FA-2. If required, FA-2 can also be used to locate small-diameter irradiation channels. 
The FE and FA characteristics are given in Tables 1 and 2. For comparison, figure 2 shows the 
views of the present HEU FAs.   
                                                            
1 Work performed with the financial support from “Nuclear Threat Initiative – NTI”, USA. 
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Figure 1 The VVR-KN-type eight-tube FA-1 and four-tube FA-2 
 
 
 
 
 
 
 
 
 

 
Figure 2 the VVR-C-type five-tube FA-1 and three-tube FA-2 

 
Table 1 Parameters for the VVR-KN eight/four-tube FA  

 
FA-1 FA-2 

Structural 
element 

Diameter, 
mm 

Thickness, 
mm 

U-235 mass, 
g per FE 

Structural 
element 

Diameter, 
mm 

Thickness, 
mm 

FE-1 66.3* 1.6 51.92 FE-1 66.3 1.6 
FE-2 59.1 1.6 41.85 FE-2 59.1 1.6 
FE-3 51.9 1.6 36.61 FE-3 51.9 1.6 
FE-4 44.7 1.6 31.37 FE-4 44.7 1.6 
FE-5 37.5 1.6 26.13 rod channel 38.1-35.6 ** 1.25 
FE-6 30.3 1.6 20.89 control rod clad 33.6-31.6 *** 1.0 
FE-7 23.1 1.6 15.65 
FE-8 15.9 1.6 10.41 

Struct. tube 8.8 1.0 _– 

control rod 31.6 
 

 
  *   Face-to-face size of the outer hexagonal FE.  
 ** Control rod channel outer and inner diameters 
*** Control rod clad outer and inner diameters 

 
Table 2 Characteristics of the VVR-KN and VVR-TS FA 

 

Parameter VVR-KN 8-tube FA VVR-Ts 5-tube FA 

U235 Enrichment 19.7% 36% 
U235, g  in FA-1 / FA-2 234.8 / 161.7  112.0 / 83.6 

FA-1 heat removal surface area, cm2 12163.2 8664.2 

FE/clad/fuel thickness, mm 1.6 / 0.45 / 0.7 2.3 / 0.7 / 0.9 
Inter-FE water gap, mm 2.0 3.0 
Meat volume in FA-1/FA-2, cm3 425.7 /293.2 346.5/261.7 

 

CPS CR 

CPS CR 
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2. Core Configurations  
 
Two reactor cores are considered: a) with existing arrangement of the CPS control rods (CR) and 
irradiation channels in the core (version 1, with 18 FA-1 and 10 FA-2; Fig. 3A); and b) with 
circular layout of irradiation channels and modified arrangement of the CPS CR (version 2, 16 
FA-1 and 10 FA-2; Fig.3B). In both cores water and beryllium reflector options are analyzed. 
For the cores with water reflector, as the fuel is burned the core size needs to be increased and 
the final (equilibrium size) core contains 33 FA-1 and 10 FA-2 for the Version-1 core, and 30 
FA-1 and 10 FA-2 for the Version-2 core (see Figs. 4 and 5). With beryllium reflector the 
intermediate cores are shown in Figures 6 and 7, and the final cores in figures 7 and 8. The 
number of FA in each core is defined by the requirement to achieve ∼50% maximum average 
burnup in FA. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3 Two versions of the fresh core: (A) core «18+10» and (B) “16+10” ( water reflector) 

 
 

  

Fig. 4. Version-1 final core «33+10» Fig. 5 Version-2 final core «30+10» 
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Fig. 6. Version-1 Core with 26 beryllium pieces  Fig. 7. Version-1 Core with 24 beryllium pieces 

  

Fig. 8. Version-1 Core with 50 beryllium pieces Fig. 9. Version-2 Core with 52 beryllium pieces 
 
 
3. Results 
 
For the fresh core versions 1 and 2 the calculated values of keff are, respectively: 1.0873±0.0002 
(ρcore =8.0 %Δk/k) and 1.0712±0.0002 (ρcore=6.6%Δk/к). The estimated reactivity worth of the 
CPS control rods is presented in table 3. The shutdown margin of at least 1% subcriticality is 
safely met for both configurations. 
 

Table 3 the CPS CR Efficiency 

Worth, %(Δk/k) 
CPS CR inserted 

 «16+10»   «18+10»  
All KO (shim) and 

 AP (regulating) 
10.6 8.8 

All AZ (safety) 3.3 2.4 
Shutdown Margin, % -2.6 -1.7 

  
In Tables 4 and 5 peak values of the generated power and the average burnup level per FA are 
given for the cores with water reflector. For both core versions, stationary poisoning by xenon 
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comprises 3.2 %Δk/k and the reactivity loss due to burnup is, on average, 0.04 %Δk/k per day. 
For the Version-1/Version-2 cores, the reactor operating cycle period lasts 415/345 days – up to 
achieving the burnup level, averaged over all assemblies, of ∼ 49 %. The reactivity trace for each 
of the cycles is shown in Figures 10 and 11. 
 

Table 4 Peak Burnup and Generated Power in the Core «18+10»+Х FA (with water reflector) 
 

Burnup, % Р, kW Burnup, % Р, kW Burnup, % Р, kW Burnup, % Р, kW Cell «18+10» «24+10» «30+10» «33+10» 
5-5 15.7 302.0 34.2 253.5 44.1 210.3 49.8 182.0 
5-6 15.3 301.8 33.8 249.6 44.1 211.3 49.8 187.5 
7-5 15.6 301.8 34.1 249.6 44.5 208.3 50.2 195.5 
7-6 15.2 298.3 34.2 252.4 44.3 209.9 50.0 192.0 

ρ (BOC), % 7.9 8.1  6.5 4.7 
ρ (EOC), % 0.22 0 0.42  0.11 

Cycle Length, days 100 150 100 65 
 

Table 5 Peak Burnup and Generated Power in the Evolving Core “16+10+Х FA” (with water reflector) 
 

Cell Burnup, % P, kW Burnup, % P, kW Burnup, % P, kW 
 «16+10» «22+10» «30+10» 

6-5 7.6 369.1 31.2 307.0 48.7 238.6 
ρ (BOC), % 6.5 8.22 7.88 
ρ (EOC), % 0.79 0.44 0.0 

Cycle Length, days 40 150 155 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 10 Reactivity Versus Operation Cycle for Version-1 Core (with water reflector) 
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Figure 11 Reactivity Versus Operation Cycle for Version-2 Core (with water reflector) 
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Table 6 Peak Average FA Burnup and Generated Power Density in the Core with “(18+10) FA+ X Ве” 

 
Burnup,% P, kW Р, kW/cm3 Burnup,% P, kW Burnup,% P, kW Р, kW/cm3 Cell 18+10 18+10+26Be 18+10+50Be* 

6–3 KO2-1 16.0 205.4 0.1375 45.6 196.2 52.55 191.2 0.1299 
6–7 KO2-2 16.1 202.3 0.1354 45.6 196.8 52.66 187.4 0.1273 
8–3 KO3-1 13.9 173.6 0.1162 42.2 180.4 48.67 186.6 0.1268 
8–7 KO3-2 14.1 176.7 0.1183 43.0 190.6 49.81 191.8 0.1303 
7–3 AZ1 13.4 169.5 0.1135 41.4 181.2 48.67 190.5 0.1294 
5– 8 AZ3 13.4 167.9 0.1124 41.4 182.9 48.67 189.0 0.1284 

5-5 15.7 302.0 0.1303 42.2 274.3 48.14 253.3 0.1109 
5-6 15.3 301.8 0.1302 42.2 268.3 48.10 254.2 0.1113 
6-4 14.1 275.1 0.1187 38.8 251.9 44.71 240.1 0.1051 
6-6 14.1 271.7 0.1172 38.8 251.4 44.79 242.3 0.1061 
7-5 15.6 301.8 0.1302 42.2 272.2 48.29 255.6 0.1119 
7-6 15.2 298.3 0.1287 42.2 275.4 48.29 248.7 0.1089 

ρ (BOC/EOC), % 7.87 / 0.22  12.16 / 0.99  5.6 / 0.01 
Cycle Length, d 100  200  50  

*24 beryllium pieces are added to the burnt core «18+10»+26Ве 
 

Table 7 Peak Burnup and Generated Power Density in the Core with “16+10+52BeВe”  
 

Burnup,% P, kW Р, kW/cm3 Burnup,% P, kW Burnup,% P, kW Р, kW/cm3 
Cell «16+10» “16+10+24Вe” “16+10+52Вe” 

3- 4 AP 6.0 183.7 0.1362 40.3 200.5 48.3 196.8 0.1468 
6-3 KO2-1 6.7 206.2 0.1359 42.3 200.0 49.7 187.2 0.1396 
7-8 KO2-2 5.9 182.8 0.1356 40.1 199.6 48.7 209.3 0.1561 
8-3 KO3-1 6.1 189.0 0.1333 40.2 196.2 48.1 186.5 0.1391 
9-5 KO3-2 5.7 175.0 0.128 39.7 188.4 47.3 185.4 0.1383 
7-3 AZ1 6.5 193.6 0.1345 41.5 198.0 49.4 196.4 0.1465 
5-8AZ3 5.7 170.2 0.1309 38.2 192.7 46.5 199.9 0.1491 
9-4 AZ2 6.1 181.8 0.131 39.8 192.8 47.5 188.2 0.1404 

 6-4 6.8 324.6 0.1421 39.6 236.2 46.8 265.2 0.1275 
6-5 7.6 369.1 0.1616 43.7 287.1 51.3 292.3 0.1405 

ρ (BOC/EOC), % 6.5 / 0.79 13.2 / 0.08 5.6 / 0.01 
Cycle Length, d 40  225  50  

* 28 beryllium pieces are added to the burnt core «16+10»+24Ве 
 
Table 8 Peak Burnup and Generated Power Density in the Core with “16+10+2 +24Be” 
 

Burnup,
% P, kW Burnup,

% P, kW Burnup,
% P, kW Burnup,

% P, kW Burnup,
% P, kW 

Cell 
«16+10» «16+10+10Вe» “16+10+17Вe” “16+10+24Вe” “16+10+2+24Вe” 

3 - 4 AP 6.0 183.7 25.9 190.0 29.7 203.2 39.9 191.7 45.6 174.0 
6 - 3 KO21 6.7 206.2 24.3 181.1 33.5 184.1 40.3 195.4 45. 173.8 
7 - 8 KO22 5.9 182.8 25.9 191.4 31.9 178.2 38.4 197.9 44.1 175.8 

8 - 3 KO31 6.1 189.0 26.6 192.9 31.9 179.6 38.4 190.2 43.7 165.7 
9 - 5 KO32 5.7 175.0 25.1 185.5 33.8 190.0 39.9 179.8 45.2 168.3 
7 - 3 AZ1 6.5 193.6 25.1 187.0 31.9 174.5 38.8 192.5 43.7 168.3 
5 - 8AZ3 5.7 170.2 26.2 203.9 30.7 181.1 37.3 187.2 42.6 179.8 
9 - 4 AZ2 6.1 181.8 25.1 182.6 34.1 191.4 40.3 184.7 45.2 164.8 

 6 - 4 6.8 324.6 27.0 306.1 33.8 286.9 40.3 281.4 45.2 259.5 
6 - 5 7.6 369.1 30.4 347.2 35.7 323.0 45.2 309.0 50.6 283.7 

ρBOC/ρEOC, % 6.5 / 0.79 7,93 / 0.17 5.4 / 0.25 5.8/0.34 5.3/0.1 
Cycle Length, d 40  120 50 45 40 

 
For the Version-1/Version-2 cores with beryllium reflector, tables 6 and 7 show the peak values 
of the generated power in both core versions for the case when beryllium blocks are added 
simultaneously. In reality, the beryllium reflector is set up gradually, as fuel burns up, as 
determined by control rod worth (see, e.g., figure 14, where instead of the second ring of 
beryllium, two FAs are added at the last, fifth cycle – to achieve 50-% burnup and to save 
beryllium). Figure 14 and Table 8 correspond to the alternative evolving core 
“(16FA1+10FA2)+10Be+7 Be+7Be+2FA” with achieved 50-% burnup). For Version-1/Version-
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2 cores, the calculated operation cycle period comprises 350/315 days – up to achieving 48 to 51 
% of burnup. The reactivity trace for each of the cycles is shown in Figures 12 and 13. 
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Figure 12 Reactivity versus Operation Cycles for Version-1 Core (with beryllium reflector) 
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Figure 13 Reactivity versus Operation Cycles for Version-2 Core (with beryllium reflector) 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 14. Reactivity versus Operation Cycles for Version-2 Core (with beryllium reflector) 
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Results for the beginning of cycle fluxes at the irradiation positions are presented in Tables 9 and 
10 below. These results show that for the cores with water reflector (results in the first five 
columns of table 9 and first three columns of table 10) the increase in the core volume (as more 
FA are loaded) causes a decrease in the neutron flux in the irradiation channels located inside the 
core (cell3 6-5, 4-5, and 8-5) but increases in the reflector channels. This increase is related to 
the proximity of the added FA to the irradiation positions. With beryllium reflector (see last two 
columns in tables 9 and 10) the neutron thermal flux in the peripheral channels increases 
noticeably, reaching 0.9⋅1014 to 1.0⋅1014 cm-2s-1. 
 
It is important to note that for all cores analyzed in this study the flux performance for the LEU 
cores is better than the performance obtained with the present HEU core. It is also clear that the 
addition of the beryllium reflector improves the performance even more when compared with the 
water reflector. 
 

Table 9 - BOC Flux Performance for the Cores with “(18+10+Х) FA” and “(18+10) FA + X Be” 
(Uncertainties in the thermal/fast neutron flux: ≈ 1% / 5 %) 

 
“18+10” “30+10” 

BOC 
“30+10” 

EOC “33+10” “18+10+26Вe” “18+10+50Вe” code 
MCU-REA MCNP/4B MCU-REA 

ρ, % 8.0 7.1 6.7 3.4 5.1 12.2 5.9 
Cell Thermal/ Fast Neutron Flux  (En ≤ 0.4 eV / En ≥1.15  MeV) 
6-5 2.3e+14/ 

4.2e+13 
2.4e+14/ 
4.6e+13 

1.9e+14/ 
3.3e+13 

1.8e+14/ 
3.0e+13 

1.7e+14/ 
2.7e+13 

2.2e+14/ 
3.7e+13 

2.3e+14/ 
4.0e+13 

8-5 1.8e+14/ 
3.4e+13 

1.8e+14/ 
3.6e+13 

1.5e+14/ 
2.5e+13 

1.5e+14/ 
2.4e+13 

1.6e+14/ 
2.4e+13 

1.9e+14/ 
3.4e+13 

2.0e+14/ 
3.3e+13 

4-5 1.9e+14/ 
3.7e+13 

1.8e+14/ 
3.5e+13 

1.5e+14/ 
2.6e+13 

1.6e+14/ 
2.9e+13 

1.5e+14/ 
2.4e+13 

1.9e+14/ 
3.4e+13 

2.1e+14/ 
3.2e+13 

2-2 5.2e+13/ 
4.4e+12 

5.6e+13/ 
4.3e+12 

5.7e+13/ 
5.6e+12 

5.7e+13/ 
6.6e+12 

5.3e+13/ 
6.6e+12 

7.5e+13/ 
4.1e+13 

9.6e+13/ 
4.6e+12 

2-6 5.7e+13/ 
5.0e+12 

5.7e+13/ 
4.0e+12 

6.1e+13/ 
6.1e+12 

6.1e+13/ 
6.6e+12 

6.1e+13/ 
6.8e+12 

7.7e+13/ 
4.0e+13 

9.6e+13/ 
4.2e+12 

10-2 5.6e+13/ 
4.6e+12 

5.9e+13/ 
4.1e+12 

6.3e+13/ 
6.3e+12 

6.2e+13/ 
6.1e+12 

7.6e+13/ 
1.1e+13 

7.8e+13/ 
4.0e+13 

9.8e+13/ 
5.2e+12 

10-6 5.3e+13/ 
4.1e+12 

5.6e+13/ 
4.0e+12 

5.7e+13/ 
6.3e+12 

6.0e+13/ 
6.1e+12 

5.9e+13/ 
7.4e+12 

7.9e+13/ 
3.9e+13 

9.3e+13/ 
4.4e+12 

 
  

Table 10 Neutron flux density values for the core (16+10+Х) FA and (16+10) FA + Х Be 
(Uncertainties in the thermal/fast neutron flux: ≈ 1% / 5 %) 

 

Version 16+10 
MCU-REA 

16+10 
MCNP/4B 

30+10 
MCU-REA 

16+10+24ВЕ 
MCU-REA 

16+10+52ВЕ 
MCU-REA 

ρ (BOC), % 6.6 5.9 7.9 12.9 5.8 
Cell Thermal/Fast Neutron Flux (En ≤ 0.4 eV / En ≥1.15 MeV) 
5 - 5 2.2e+14/4.0e+13 2.2e+14/4.4e+13 1.7e+14/2.9e+13 2.2e+14/3.7e+13 2.3e+14/3.6e+13 
6- 6 2.1e+14/3.5e+13 2.2e+14/4.3e+13 1.7e+14/2.9e+13 2.2e+14/3.8e+13 2.3e+14/3.8e+13 
7- 5 2.2e+14/4.1e+13 2.3e+14/4.5e+13 1.8e+14/2.9e+13 2.2e+14/4.0e+13 2.3e+14/3.8e+13 
2- 2 5.1e+13/3.4e+12 5.6e+13/4.4e+12 5.7e+13/7.6e+12 7.2e+13/3.4e+12 9.3e+13/3.5e+12 
2- 6 4.4e+13/2.4e+12 5.7e+13/4.4e+12 6.1e+13/5.1e+12 6.2e+13/2.4e+12 9.2e+13/2.9e+12 
10- 2 5.3e+13/3.6e+12 5.9e+13/4.4e +12 5.1e+13/5.0e+12 7.7e+13/4.0e+12 9.3e+13/3.0e+12 
10- 6 4.7e+13/2.5e+12 5.6e+13/4.6e +12 6.2e+13/6.6e+12 6.2e+13/3.3e+12 9.0e+13/3.0e+12 

 

Finally, steady-state thermal-hydraulics calculations have been performed for the hottest FA, 
which is located in cell 6-5 (Version-2 Core). The FA hottest face is adjacent to cell 7-5 (“wet” 
channel - see Fig. 3B). In figure 15 distributions of the generated power and power density over 
eight fuel elements for the hottest FA are shown. For the hottest (outer, hexagonal) FE, the 
calculated peak is 1.40. For these calculations, several possible coolant pressure drops in the core 
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are used: 1.5, 2.0 and 3.0 m of water column, corresponding to coolant velocity in inter-FE water 
gaps equal to 1.86, 2.15 and 2.64 m/s. An inlet coolant temperature equal to 35 оC, coolant 
pressure in the FA inlet of 1.35 bar, clad/fuel thermal conductivities equal to 0.17 kW/m/оC / 
0.08 kW/m/оC were used. The results of these calculations are shown in Table 11, where it can 
be seen that even for the lowest coolant velocity of 1.86 m/s (corresponding to a 0.15 m of water 
pressure drop) the minimum ratio of margin to ONB is equal to 1.47; this ratio is larger than the 
normally accepted value of 1.4. 
 

 
 
 
 
 
 
 
 
 
 
   (a)       (b) 
Figure 15 Generated power (а) and generated power density (б) in fuel elements of the 8-tube FA 

 
  

Table 11 Results of Steady-State thermal calculation (Version-2 Core, water reflector)  
 

 Pressure drop, bar 
Parameter 0.15 0.20 0.30 

Reactor power rating, MW 6 6 6 

Maximum generated power density in the FE meat, W/cm3 1834 1834 1834 

Water temperature at the core inlet, °C 35 35 35 

Max thermal flux (from the FE outer/inner surface), kW/m2 678/604 676/606 674/609 

Max temperature at the FE surface, °С 96 90 82 

The ONB temperature on FE surface (by Forster-Greif), °C 125 124 123 
Minimum ONB margin  1.47 1.63 1.87 

 
 
4. Conclusions 

 
The results of the analyses performed in this study lead to the following conclusions: 

 
• The feasibility study that has been carried out substantiates the choice of the LEU FA 

UO2−Al FA with fuel meat density equal to 2.8 g/cm3 for the conversion of the WWR-K 
reactor. This fuel meat density has been reliably manufactured, and irradiation tests have 
been performed for a different FA geometry.  

• For two fresh core versions considered, (A) with existing arrangement of CPS control rod 
channels and irradiation channels, and (B) with more compact arrangement of CPS CR 
channels and circular arrangement of central irradiation channels, the thermal neutron flux 
in the core irradiation channels reached 1.9 to 2.3 1014 cm-2s-1 at the reactor power rating 6 
MW, being almost two times higher than in the existing HEU core. 

• Due to presence of the side beryllium reflector, the thermal neutron flux in the peripheral 
irradiation channels increases to 0.9 to 1.0 1014 cm-2s-1. The beryllium reflector also makes 
it possible to use large-diameter channels (100, 200 mm) in the reactor vessel. 
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• Use of this high-density fuel meat (2.8 g/cm3) FA and side beryllium reflector makes the 
core economical indices substantially better – the FA average burnup can achieve ∼ 50 %, 
and the net CPS CR worth provides long operation cycles without refueling.  

• Steady-state thermal-hydraulics analyses show that the analyzed cores meet the safety 
criterion for margin to ONB. 
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ABSTRACT  
 

The 10 MW, WWR-M research reactor of the Kiev Institute for Nuclear Research is going to be 
converted from HEU (36%) to LEU (19.75%) fuel. The reactor currently uses HEU (36%) WWR-M2 
fuel assemblies (3 tubes, UO2-Al fuel meat with 1.1 gU/cm3 and 37.0 g 235U).  Candidate LEU 
replacement fuel assemblies are: LEU WWR-M2 (3 tubes, UO2-Al fuel meat with 2.5 gU/cm3 and 
41.7 g 235U). To qualify this LEU fuel for conversion of the WWR-M reactor in Ukraine, neutronic 
and thermal-hydraulic characteristics of LEU fuel equilibrium core and transition mixed core 
containing both LEU and HEU fuel were calculated. The following accidents were analyzed: 
spontaneous withdrawal of a control rod bank; incidental falling of a fuel assembly in a cell of the 
core; partial blockage of coolant flow across the core with accompanying partial melting of the core; 
full break of the first loop pipe with accompanying full melting of the core. The safety of fresh and 
depleted HEU and LEU fuel storage was analyzed. The revised safety documentation for LEU 
conversion of the WWR-M reactor has been reviewed and approved officially by the State Scientific 
Technical Center, as requested by the Ukrainian Nuclear Regulatory Committee. 

 
 

1. Introduction  
 

 
The WWR-M research reactor with light-water coolant and beryllium reflector in Kiev 

(Ukraine) was jointly studied by the Argonne National Laboratory and Kiev Institute for Nuclear 
Research for conversion to LEU (19.75%) fuel. Nominal power of the reactor is 10 MW. Available 
fuel assemblies are WWR-M2 (36%) and WWR-M5 (90%). Candidate LEU replacement fuel 
assemblies are LEU WWR-M2 (19.75%), which have been tested successfully in the WWR-M 
reactor in Gatchina by irradiation to over 75% burnup [1]. The fuel assembly parameters and 
designs are shown in Table 1 and Fig.1 [1, 2, 3]. 

A study confirming the feasibility of converting the WWR-M research reactor in Ukraine 
from HEU to LEU fuel has been already completed [4]. With LEU WWR-M2 fuel assemblies, the 
reactor would require about 10% fewer fuel assemblies per year than with the current WWR-M2 
(36%) fuel assemblies. Fast and thermal neutron fluxes in key experiment positions would decrease 
by only 1 - 2% [4].  

To qualify this LEU fuel for conversion of the WWR-M reactor in Kiev and to get the 
appropriate license of the Ukrainian Nuclear Regulatory Committee, the safety analysis should be 
performed. The first part of this analyses including break of the supporting grid, spontaneous 
withdrawal of a control rod bank and incidental falling of a fuel assembly in a cell of the core was 
presented in the previous report [5].    



Table 1.  Fuel Assembly Parameters  

 WWR-M5 WWR-M2 LEU WWR-M2 

Enrichment, % 90 36 19.75 

Number of fuel elements 6 3 3 

Mass of 235U, g 66 37 41.7 

Fuel meat composition UO2-Al          
1.2 gU/cm3 

UO2-Al          
1.1 gU/cm3 

UO2-Al          
2.5 gU/cm3 

Length of fueled region, cm 50 50 50 

Pitch/flat-to-flat, mm 35/33.5 35/32 35/32 

Element/clad/meat, mm 1.25/0.43/0.39 2.5/0.76/0.98 2.5/0.78/0.94 

Specific heat transfer surface, cm2/cm3 6.6 3.67 3.67 

Hydraulic resistance coefficient 6.5 4.35 4.35 

Relative coolant velocities between fuel 
elements (starting from the center) 

0.90; 1.01; 1.08; 
0.98; 1.06; 0.88 

1.18; 0.89;    
1.05; 0.86 

1.18; 0.89;        
1.05; 0.86 

 

 

Fig.1.  Fuel Assembly Designs 

 



2. Analysis of the safety of the fresh and spent fuel storage 

 

The main nuclear safety requirement of the Ukrainian regulation regarding nuclear fuel 
storage is that maximum effective multiplication factor should be less than 0.95 for any possible 
density of water [6]. Thus, effective multiplication factor should be calculated for the range of 
water density from 0 to 1g/cm3. All the calculations are performed using the MCNP-4C code based 
on the Monte Carlo method [7].  

In the fresh fuel storage, LEU WWR-M2 fuel assemblies are placed in the containers shown 
in Fig. 2. For criticality calculation, a conservative approach is applied. In this approach, number of 
the containers is assumed to be infinite. Distance between them is assumed to be zero. Enrichment, 
mass of 235U in a fuel assembly and length of fueled region are assumed to be maximum possible: 
20.0%, 43.8 g and 52cm, respectively. Dependence of the effective multiplication factor on water 
density is demonstrated in Fig.3. As we can see, the fresh LEU fuel storage meets the nuclear safety 
requirements of the Ukrainian regulation. 

Fig. 2. Container for storage of fresh LEU WWR-M2 fuel assemblies (a triple fuel assembly or 
three single fuel assemblies are placed in each of 11 locations) 

 



 

 

Fig. 3. Dependence of the effective multiplication factor on water density for fresh fuel storage  

 

In the spent fuel storage, LEU WWR-M2 fuel assemblies and absorbing rods are located in 
hexagonal lattice, as shown in Fig 4.  Number of single LEU WWR-M2 fuel assemblies per one 
absorber for infinite lattice is 5 (fuel assemblies are not placed in one of each six locations, as 
shown in Fig. 4). An absorbing rod and displacer are depicted in Fig. 5. Material of absorbers is 
B4C (natural boron). Minimal density of B4C is 1.33 g/cm3.  Minimal diameter and height of 
absorbing rods are 2.5 and 60 cm, respectively. For criticality calculation, a conservative approach 
is applied. In this approach, number of fuel assemblies is assumed to be infinite. All fuel assemblies 
are assumed to be fresh. Enrichment, mass of 235U in a fuel assembly and length of fueled region 
are assumed to be maximum possible: 20.0%, 43.8 g and 52cm, respectively. B4C density as well 
as diameter and height of absorbing rods are assumed to be minimum possible: 1.33 g/cm3, 2.5 cm 
and 60 cm, respectively. Dependence of the effective multiplication factor on water density is 
demonstrated in Fig. 6. As we can see, the spent LEU fuel storage meets the nuclear safety 
requirements of the Ukrainian regulation. 



 

Fig. 4.  Placement of LEU WWR-M2 fuel assemblies in the spent fuel storage 

(fuel assemblies are not placed in the locations marked by “X”)



 

 

Fig. 5. Absorbing rod and displacer 



 

Fig. 6. Dependence of the effective multiplication factor on water density for spent fuel storage  

 
 
 

3. Severe accidents 

 

The initial event for maximum design-based accident is considered to be partial blockage of 
coolant flow across the core with accompanying partial melting of the core. The initial event for 
beyond-design accident is considered to be full break of the first loop pipe with accompanying full 
melting of the core. The results of calculation of irradiation doses on the border of sanitary - 
protective zone (300 m) for LEU equilibrium core are as follows: 



 
 

 Maximum design-based 
accident 

Beyond-design accident 

7.78·103 (114%) 9.53·104 (110%) 
GASES IODINES SOLS GASES IODINES SOLS 

Total release of 
radioactivity, Ci 

7.78·103

(114%) 
0.107 

(100%) 
0.01 

(110%) 
6.12·104

(116%) 
2.87·104 

(100%) 
5.58·103

(110%) 
Total gamma- and beta-
dose for whole body, Rem 

8.9·10-3 
(114%) 

1.68 
(110%) 

Thyroid irradiation dose 
for children 1-8 years, Rem 

5.52·10-5 (100%) 14.8 (100%) 

The data for low enriched fuel in comparison with current fuel are presented in parenthesis. 

 

In accordance with the Radiation Safety Regulation in Ukraine [8], under normal operation 
total dose for the whole body should be less than 0.1 Rem/year for population. As we can see, this 
requirement is satisfied both for LEU and current fuel even in the case of the maximum design-
based accident. Preventive actions to protect population in the case of the beyond-design accident 
should be taken in accordance with the following table [8]:   

 

Prevented dose, Rem 
Minimum level of propriety  Categorical propriety level 

 
Preventive action 

for the 
whole body 

thyroid  for the 
whole body 

thyroid  

Shelter 0.5 5 5 30 
Evacuation 5 30 50 100 

Children  5  20  
Iodine prophylaxy 

Adults  20  50 

Children 0.1 2 1 10 Restriction of 
open-air stay  

Adults 0.2 10 2 30 

 

As we can see, in the case of the beyond-design accident, categorical propriety level is 
exceeded both for LEU and current fuel only for such preventive action as restriction of open-air 
stay for children. 



 

4. Conclusions 
 

The WWR-M research reactor in Kiev (Ukraine) was jointly studied by the Argonne 
National Laboratory and Kiev Institute for Nuclear Research for conversion from HEU to LEU 
fuel. Candidate LEU replacement fuel assemblies are LEU WWR-M2 (19.75%), which have been 
tested successfully in the WWR-M reactor in Gatchina by irradiation to over 75% burnup. The 
study confirming the feasibility of converting the WWR-M research reactor in Ukraine from HEU 
to LEU fuel and safety analysis to qualify this LEU fuel for conversion of the WWR-M reactor in 
Kiev and to get the appropriate license of the Ukrainian Nuclear Regulatory Committee have been 
completed.  

The following accidents were analyzed: spontaneous withdrawal of a control rod bank; 
incidental falling of a fuel assembly in a cell of the core; partial blockage of coolant flow across the 
core with accompanying partial melting of the core; full break of the first loop pipe with 
accompanying full melting of the core. The safety of fresh and depleted HEU and LEU fuel storage 
was analyzed. The models applied for calculations were validated against measured data, which 
include critical experiment results for fresh fuel assemblies and measured neutronic distributions in 
a real WWR-M reactor core. The revised safety documentation for LEU conversion of the WWR-
M reactor has been reviewed and approved officially by the State Scientific Technical Center, as 
requested by the Ukrainian Nuclear Regulatory Committee. 
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ABSTRACT 
 

This paper describes relevant findings from 1950-1965 work on both high-density LEU fuels and 
high-performance HEU fuels and how these findings relate to current work being performed to 
develop and qualify LEU fuel for the high-performance research reactors.  The problems 
experienced in fabricating aluminum fuels with heavy uranium loading are reviewed. The adverse 
impacts of aluminide formation and densification observed in this early work are summarized.  
The effect of adding silicon and other elements to minimize or eliminate the problem in aluminum 
matrix fuels, which was studied and patented by Oak Ridge National Laboratory staff in 1958-60, 
is assessed.  In the early 1960s, ORNL also fabricated aluminum clad HEU fuels using niobium 
coated urania-zirconia particles and evaluated their irradiation performance at very high burn-up 
(65 atom percent).  Some comments are also made on equilibrium versus non-equilibrium phase 
formation in a radiation environment.  

 
1. Introduction 
 
Oak Ridge National Laboratory (ORNL) under funding from the National Nuclear Security 
Administration (NNSA) has initiated a feasibility study of the potential conversion of the High 
Flux Isotope Reactor (HFIR) from high enriched uranium (HEU) fuel to low enriched uranium 
(LEU) fuel.  There will be many facets to this feasibility study including reactor physics and 
thermal-hydraulic analyses but the practicability of fabricating and qualifying an economic high-
density LEU fuel suitable for HFIR is a materials challenge for which the solution will require 
the best efforts of many organizations within the Department of Energy (DOE) complex.  As part 
of this feasibility assessment, we are reviewing the long history of developing aluminum (Al) 
based nuclear fuel technology to make sure that key lessons are recognized and incorporated in 
current efforts that may impact HFIR’s future. 
 
From the 1940s until the 1960s, ORNL played a key role in the development of Al-clad fuels for 
research reactor applications including the fabrication of the first LEU core for the Atoms for 
Peace Program later called the Foreign Research Reactor Fuels Program.  Stemming from the 
Atoms for Peace initiative and from the need for higher power density cores using HEU, ORNL 
pioneered fabricating and testing high-density alloy and ceramic fuels for research reactors.  
ORNL research into powder fuel fabrication techniques eliminated several options such as 
uranium dioxide due to its reactions with Al and uranium carbide due its susceptibility to water 
corrosion.  Dating back to improving the performance of the Al clad for uranium metal fuel slugs 
in the Graphite Reactor in the late 1940s, ORNL identified, tested and later patented the use of 
silicon (Si) and other solutes as a mitigating alloying agent to minimize the formation of 
undesirable uranium aluminides (UAl4).  ORNL also developed fabrication procedures for hot 
and cold rolling of higher strength Al clad (6061) replacing the casting and rolling of the 
previously-used high purity Al clad material.  



 
In addition to work at ORNL, key parallel efforts during this same period, in which ORNL often 
collaborated, were performed at Battelle Memorial Institute (BMI) in the development of 
methods for applying protective coatings (diffusion barriers) to uranium alloys and uranium 
ceramic compounds envisioned for use as nuclear fuels.  Also the Atomics International (AI) 
Division of North American Aviation (NAA) tested diffusion barriers in its short-lived attempt to 
develop less expensive Al clad for uranium-molybdenum (U-Mo) alloy fuels to be used in 
organic moderated and cooled power reactors.   There were also efforts in Europe in this period 
to find diffusion barrier materials to prevent U-Al interactions in nuclear fuel applications. 
 
The lessons learned from these parallel programs are relevant to today’s efforts to develop and 
qualify high-density alloy fuels to allow reliable and economic conversion of high-performance 
research reactors such as HFIR to use LEU. 
 
2. ORNL research in the Atoms-for-Peace Program 
 
The scientific approach used by ORNL was based on detailed characterization of the fabricated 
test articles both before and after other testing and on the use of out-of-pile separate effects 
testing (such as heating and water corrosion effects on the fuel meat and clad) to complement 
and supplement data from irradiation testing and post-irradiation examinations.  The fabrication 
of test articles was performed with production-sized equipment to ensure the technology could 
be transferred to industrial deployment of applications. ORNL also utilized diverse measurement 
techniques for any parameter being quantified to validate methods and results. Demonstrating 
reproducibility of fabrication methods was a key part to this approach.  Findings from this period 
such as the inability of x-ray radiography to quantify fuel meat segregation may be a function of 
the technology available at the time, but assuring diversity and redundancy in measurement 
technologies remains paramount for assuring success in research, development and deployment 
of materials and associated technologies for quality assurance in production. In today’s 
environment, the availability of data bases (such as phase diagrams) and analytical tools to 
model and predict the results of fabrication operations provides resources for the current program 
that were not available during the Atoms-for-Peace Program. 
 
 The evolution of these efforts and their findings in the Atoms-for-Peace Program can be tracked 
in the documentation given in the periodic progress reports of the ORNL Metallurgy Division 
starting in 1948 and after 1961 of the ORNL Metals and Ceramics Division.  Prior to 1959, many 
of these reports were originally classified and subsequently declassified. 
  
In 1950, ORNL completed fabrication of the first HEU Al-clad plate fuel for the 3 MW(thermal) 
Low Intensity Test Reactor (LITR), which served as a full-scale mock-up at ORNL for the 30 
MW(thermal) Materials Test Reactor (MTR) then under construction in Idaho.  Subsequently, 
ORNL fabricated both plate-type and concentric-tube-type Al-clad fuel for various research 
reactors [1].   One of the early problems faced with MTR fuel in 1952-53 was the less than 
expected core excess reactivity.  ORNL initially addressed this by increasing the uranium 
loading, but, in performing complete destructive chemical analyses of fuel plates, ORNL found 
that neutron poisons (lithium and chlorine) were being trapped in the side plates by the flux used 



in brazing the Al clad fuel plates to the Al side plate.  Fabrication procedures were modified and 
tested to correct the problem. 
 
In 1952-53 in initial efforts to reduce fuel enrichment in research reactors, ORNL began 
fabricating higher density fuels than could be achieved by casting of U-Al alloys.  Casting of 
high density LEU fuel had shown segregation (multi-phase inhomogeneities) in the product as 
the uranium loading is increased [2] and the rolled fuel plates developed cracking at the edges of 
the fuel meat.  Using metallic uranium powder in fabrication was considered too difficult due to 
fire safety considerations.  Initial fabrication of fuel compacts with uranium dioxide (UO2) and 
Al powders showed unacceptable dimensional changes during sintering of the compacts both in 
air and in other gases due to what was then thought to be the formation of U3O8 [3].  This was an 
important finding since the fabrication process involved a number of hot operations in air, but the 
initial conclusion was revisited later.  Compacts made with U3O8 and Al showed much improved 
dimensional stability during sintering. During 1953, a number of batches of fuel compacts and 
rolled plates with varying U3O8 loadings from 20 to 47 weight-percent in Al were fabricated and 
checked for segregation using several different measurement techniques.  Up to four percent 
variation occurred in uranium loading along the plates.  The earlier runs also showed that 
contaminants such as carbon, which had been coated on the fuel meat to avoid bonding to the 
clad during rolling to facilitate post-rolling testing of the fuel meat, can reduce U3O8 to UO2 thus 
changing the fuel composition. 
 
In 1955, in less than four months, ORNL fabricated the fuel plates for the first LEU core for the 
display reactor at the 1955 Geneva Conference on the Peaceful Uses of Atomic Energy [4].  
Initial efforts for fabricating UO2 fuel elements were unsuccessful due to what was later proven 
to be the high-temperature reactions between the UO2 and Al that occur during certain 
fabrication steps (hot-rolling at 590°C, flux-annealing at 510°C, and brazing at 610°C) and can 
cause plate warping and blistering. To resolve this problem, the Geneva Reactor was fabricated 
using an ORNL-developed and specially prepared high-ceramic UO2 powder (bipyramidal, very 
dense, free of clinging agglomerates and much less prone to forming UAl3, UAl4 and Al2O3).  
Lacking irradiation data for this fuel, two Geneva Reactor fuel elements were fabricated and 
irradiated, one in LITR to five percent burn-up of the 235U and another in MTR to 23 percent 
burn-up of the 235U.  Both irradiations demonstrated excellent dimensional stability of the fuel 
plates when a high-ceramic and more expensive form of UO2 is used and irradiated at the 
relatively cool temperatures of these pool-type reactors. 
 
Following the Geneva Reactor work, ORNL continued the search for acceptable high-density 
research reactor fuel options.  Initially work focused on the problem of segregation in LEU-Al 
cast or extruded alloys containing 25 to 45 weight-percent uranium [5] and of fuel-meat cracking 
and clad thinning (so called “dog bone”) during fuel plate rolling. Work also began on roll-
cladding using extruded fuel-meat bars (not foils) instead of castings and on developing boron-
Al burnable poisons for research reactors. Rolling technologies were developed by ORNL for 
higher strength clad materials such as Al 6061, and this reduced the clad thinning problem.  An 
MTR fuel element with up to 48 weight-percent LEU (~1.95 grams of uranium per cm3) in each 
of the 18 full-sized plates was successfully irradiated in MTR to a burn-up of 25 percent of the 
235U with no adverse effects [5] 
 



Ultimately, five high-density LEU fuel options were evaluated in terms of fabricability, fuel-
meat water corrosion resistance, and irradiation performance for loadings of 45 to 55 weight-
percent uranium in Al.  These options were U-Al alloy, UC and UC2 dispersions in Al [6], UO2 
dispersions in Al, U3O8 dispersions in Al, and UAl2 dispersions in Al. 
 
Concern about high-temperature reactions of UO2 dispersions in Al and the need for an 
expensive high-ceramic powder to mitigate the potential for high-temperature reactions limited 
the consideration of this option [3].  Problems with fabricating brittle U-Al alloys due to the 
presence of UAl4 created by heated operations during fabrication were overcome by adding 3 
weight-percent Si to the alloy to suppress significant UAl4 production [7-10].  The work with 
uranium carbides at 50 weight-percent in Al showed that the UC dispersions are subject to 
significant dimensional change due to reactions with the Al during fabrication.  Equivalent work 
with the UC2 dispersions found that these are more stable but need the high-temperature portions 
of the fabrication process to be conducted in the absence of hydrogen.  However, subsequent 
corrosion testing determined that fuel meat dispersions of UC2 corrode catastrophically in 20 and 
60°C purified aerated water after only 120 hours thus limiting any serious long-term 
consideration of this option.  In comparison, equivalent water corrosion testing of fuel-meat 
dispersions of U3O8 out to 26 weeks showed only minor surface corrosion and that of the Si-
stabilized-alloy fuel meat showed random blister formations, but the researchers report that the 
alloy test article was likely contaminated by inclusions of UC2 in the alloy during fabrication. 
 
Irradiation tests of LEU fuel were preformed in MTR for multiple fabricated mini-plates 
containing the Si-stabilized alloy with 64 weight-percent uranium, 62 weight-percent U3O8 
dispersions, and 60 weight-percent UC2 dispersions [11].  This irradiation test series was 
designated ORNL-MTR-35. The estimated centerline fuel-meat temperature during these 
irradiations was 80°C.  The burn-up range spanned in the tests was from 15 percent to 60 percent 
of the 235U atoms.  Detailed destructive post-irradiation examinations were conducted at several 
burn-ups.  Density changes as a function of burn-up reveal that dispersions of UAl3 (the U-Si-Al 
alloy) and UC2 exhibited decreases in density, whereas dispersions of U3O8 showed density 
increases. The density of dispersions of U3O8 increased rapidly during the early stages of 
irradiation and then appeared to stabilize and remain unchanged even after rather extensive burn-
up of the 235U atoms. The density data are supported by dimensional measurements.  The UC2 
dispersions show significant voiding with irradiation due to interactions with surrounding Al.  
The magnitudes of the changes in density and dimensions in the specimens containing 
dispersions of UAl3 and U3O8 were not considered sufficient to cause deleterious effects in the 
performance of research reactor fuel elements in applications that require the use of LEU.  
Microstructure examinations of the irradiated U3O8 dispersion fuel indicated that reactions with 
Al only occurred in the finer particulates of U3O8.  Out-of-pile heating tests of fuel elements at 
600°C had shown that the U3O8 reacts quickly to form UO2 at this temperature and then the UO2 
reacts with Al to form U-Al intermetallic compounds. 
 
As noted above, work at ORNL [7-10] and elsewhere [12] in the late 1950s on U-Al alloys 
demonstrated the important role of solute additions such as Si to suppress UAl4 formation by 
acting as a diffusion barrier. Figure 7 in Reference [12] summarizes the reaction layer rate 
constants determined by U-Al and U-(Al-11.7 percent Si) diffusion couples following exposures 
from 1 to 475 hours over a wide temperature range [12]. The interaction layer thickness was 



observed to obey parabolic behavior varying with the square root of time over a wide range of 
conditions.  It can be seen that the addition of 11.7 percent Si caused a significant reduction in 
the thickness of the UAl4 interaction layer, particularly at high temperatures [12].  
 
Additions of several percent of Si, zirconium (Zr), germanium (Ge) or tin (Sn) were found to be 
effective in suppressing UAl4 formation during fuel fabrication [8-10]. The (U-M)Al3 phase (M 
= Si, Zr, etc.) that formed instead of UAl4 improved the workability of the alloy by reducing the 
intermetallic phase volume fraction by ~18% for a given uranium loading (due to the higher U 
loading in UAl3).  Whereas 48%U-Al exhibited significant cracking after rolling corresponding 
to a reduction thickness of only 10 percent, a 48%U-3%Si-Al alloy was successfully rolled to 75 
percent reduction in thickness with only limited cracking near the edges of the plate [9].  Figure 
10 of Reference [9] compares the optical microstructures of 48%U-Al and 48%U-3%Si-Al alloys 
following 75% reduction in thickness by hot rolling at 600°C.  The addition of Si clearly results 
in a reduction in the volume fraction of the U-Al intermetallic phase.  Irradiation in the MTR at 
low temperatures produced only a 2.2 percent reduction in density in the 48%U-3%Si-Al fuel 
after a burn-up of 60.9 percent of 235U [10].  However, irradiation to moderately high burn-ups 
(>35 percent 235U) resulted in the formation of an unidentified interaction layer around the 
periphery of the UAl3 phase, as shown in Figure 18.2 of Reference [11].  It can be speculated 
that irradiation at higher temperatures than the MTR exposure (due to higher power densities in 
high-performance research and test reactors) could accelerate the formation of this interaction 
layer and lead to unstable fuel performance. 
 
Basically, ORNL work on the Atom-for-Peace Program generated two LEU product lines, up to 
65 weight-percent U3O8 dispersions in Al (~2.0 grams of uranium per cm3 from an ORNL 
internal document) and the three percent Si-stabilized U-Al alloy (~2.2 grams of uranium per 
cm3 from an ORNL internal document).  In the late 1950s, ORNL transferred the alloy 
fabrication technologies to Babcock & Wilcox in Lynchburg for implementation, and alloy-type 
LEU cores were fabricated by Babcock & Wilcox for MTR and later for export to the 
Netherlands, Germany, and Brazil.  In 1960, ORNL fabricated U3O8 LEU dispersion fuel for the 
pool reactor at the Puerto Rico Nuclear Center.  The technology for fabricating U3O8 dispersion 
fuel was transferred by ORNL to Texas Instruments.  After completion of the post-irradiation 
examination of test series ORNL-MTR-35 in 1961, ORNL was focused on the development of 
high-density HEU fuel for the high-performance research reactors then under development, 
HFIR and the Advanced Test Reactor (ATR).  Much of these latter efforts focused on improved 
fabrication technology and on comparative irradiations for U3O8 dispersions in Al selected for 
HFIR and the alloy fuel selected for ATR. 
 
3.  ORNL Research Based on Battelle Memorial Institute (BMI) Results, 1953-1962 
 
Starting in 1953, BMI used various techniques to apply metallic coatings to both metallic and 
ceramic substrates.  These chemical vapor deposition (CVD) processes employed among others 
hydrogen reduction of metal pentachloride gases.  These processes worked well for coating 
ceramics with a tight metal film but could not be used for coating the many alloys (such as 
uranium) that do not resist chloride corrosion and leads to the formation of an underlying 
chloride salt layer below the metal coating [13]. 
 



Based on a 1962 BMI proposal [14]  and from BMI work with niobium (Nb) coating of UO2 
particles in the early 1960s [15], ORNL fabricated, destructively inspected, and then irradiated in 
the Engineering Test Reactor (ETR) Al-HEU fuels using Nb-coated uranium dioxide-15% 
zirconium dioxide particles [16, 17].  The makeup of the irradiated specimens is described as “56 
weight percent Nb-coated UO2-ZrO2 with 0.16 weight percent B4C.”  The oxide particles had 
been coated using hydrogen reduction of Nb pentachloride gas. 
 
Detailed destructive post-fabrication inspections of the fuel plates showed that the Nb coatings 
on spherical UO2-15 weight-percent ZrO2 particles can be maintained during roll-bonding with a 
hot reduction of 84 percent at 500°C and a subsequent cold reduction in thickness of 20 percent.  
In the rolled plate, the coated fuel particles retained their shape and resisted degradation in the 
form of stringering and fragmentation.  There was also no indication of Nb-Al interactions from 
the 500°C operations during fabrication.  
 
Post-irradiation testing of Nb-coated HEU particles demonstrated excellent retention of fission 
products during irradiation, no evidence of substantial reaction between the Nb and Al and no 
evidence of diffusion of the Al through the Nb during irradiation.  However, the post-irradiation 
examinations of the plates did show excessive swelling (11.8 percent) at high burn-up (~65 
atom-percent HEU) compared to swelling observed from the equivalent irradiation of HEU-Al 
fuels fabricated with uncoated U3O8 dispersed particles (7.3 percent swelling) and UAl3-alloy 
fuels (5.1 percent swelling).  One plate showed warping attributed to an uneven distribution of 
coated particles.  The maximum nominal clad temperatures during irradiation varied between 
198°C and 268°C, and the fission density varied from 8.1 to 17x1020 fissions per cm3.  Post-
irradiation anneal experiments showed that the breakaway swelling temperature for a test plate 
with Nb-coated UO2-ZrO2 particles with nominally the same 235U and 10B content as the U3O8 
and UAl3 test articles was 260°C at a fission density of 11x1020 fissions per cm3.  The breakaway 
swelling temperatures for the U3O8 and UAl3 test articles were respectively 400°C and 428°C at 
a burn-up of 15x1020 fissions per cm3.  The findings reported in [17] state: 

“The niobium-coated UO2 plate cores more nearly approach the anticipated 
swelling. As an example, Plate 0-4-844 had an observed volume change of 11.8 
percent compared to an expected 12.0 percent. At first appraisal this would 
indicate that the UO2-ZrO2 particles had very little capacity to accommodate 
fission products. Examination of the microstructures revealed matrix cracks 
developing and particle cracking voids enlarging with increased irradiation which 
must be accounted for in the observed swelling. Based on the measured increase 
in particle diameters, 7.3 percent swelling was produced within the Nb casings.  
The remaining swelling (11.8 - 7.3 = 4.5 percent) then was produced outside the 
Nb shells primarily by a growth interaction of the agglomerated particles on one 
another.” 

 
The swelling of the coated particles indicates that the Nb coating should be applied either to a 
less dense fuel kernel or to a more accommodating swelling-resistant fuel material for the target 
burn-up.  The additional swelling of the plates indicates that an improved particle distribution is 
needed to avoid the agglomeration of coated particles and the resulting matrix cracks; however, 
Reference [17] also states in conclusion that “the individual particles swelled to the degree that 
matrix cracking was obtained” and “post-irradiation annealing showed that matrix cracking 



permitted the fuel core to swell substantially at reactor operating temperatures.”  Thus particle 
swelling impacts matrix cracking but more so where particles can agglomerate.  The authors 
have not attempted to correlate the observed neutron-irradiation-induced swelling in the UO2-
ZrO2 Nb-coated particles with data on U-Mo swelling as a function of the fission density to see if 
Nb-coated particles might make sense for an all metallic fuel.   Depending upon the options 
considered for HFIR, this attempt at correlating swelling data may be done in the future. 
 
4. Relevant Related Research at Atomics International (AI), 1955-1966 
 
As indicated earlier in this paper, AI was interested in developing diffusion barriers to support 
the use of less expensive Al clad for U-Mo alloy fuels to be used in organic moderated and 
cooled power reactors.  A key focus of the AI program was the development and testing of 
diffusion barriers to prevent aluminide formation at the interface of the Al clad and the LEU-Mo 
alloy fuel meat.  A wide range of candidate diffusion barrier coatings was evaluated, with the 
two most promising candidates identified to be nickel (Ni) and Nb. Starting in the late 1950s, AI 
focused initially on electroplated-Ni as the diffusion barrier in its fabricated fuel with Al clad.  
The fuel irradiations in both the experimental and demonstration versions of the organic 
moderated and cooled reactors were to very low burn-up (~2500 MWD/MT) at peak clad 
temperatures of ~400°C.  These irradiation tests resulted in ~20% of the 254 micron thick 
electroplated-Ni diffusion barrier being consumed by aluminide formation [18, 19].  Out-of-pile 
isothermal soak-tests of unirradiated fuel elements at 400°C for times ranging from 1000 to 4000 
hours show complete consumption of the Ni diffusion barrier at 4000 hours and the initiation of 
the diffusion of Al into uranium [20].  The testing demonstrates that Ni reacts readily with Al but 
much less so with uranium.  Out-of-pile diffusion couple tests indicate that the penetration depth 
of Al into Ni follows a parabolic curve varying with the square root of time and decreasing with 
decreasing temperature.  The Al-Ni penetration coefficient drops by an order of magnitude as the 
temperature is reduced from 400°C to 300°C.  This implies that Ni may work just fine as a 
diffusion barrier in an Al-clad research reactor with U-Mo alloy fuel if the temperatures and 
exposure times are reduced compared to the AI test conditions; however, high-burn-up fuel 
irradiation data are lacking for Ni diffusion barriers along with a quantification of the effects of 
Ni aluminide formation on thermal conductivity of the clad and on possible cracking/debonding 
at the clad-barrier interface during irradiation.  Additional testing is needed to assure the integrity 
of an electroplated-Ni diffusion barrier in the irradiation conditions expected in a high-
performance research reactor such as HFIR. 
 
No irradiation tests are reported by AI for Nb diffusion barriers [21].  The Nb work followed the 
initial work with Ni and was focused primarily on the development of a bonding mechanism to 
the LEU-Mo alloy and Al clad.  AI did report that, after reviewing the literature at the time on 
Nb-Al, “Diffusion couple studies subsequently indicated insignificant interdiffusion between 
aluminum and niobium, and that high-strength bonds could be attained.”  These findings are 
consistent with the results of both the ORNL fabrication work and the ETR irradiation tests of 
the Nb-coated UO2-ZrO2 particles discussed above.  Several techniques were tested by AI to 
apply Nb to the U-Mo alloy.   The most promising techniques for Nb diffusion barrier 
application reported by AI are electron beam vacuum deposition (that is, physical vapor 
deposition or PVD) and isostatic pressure bonding where in the latter case Nb foil is bonded to 
the surfaces of a U-Mo plate by applying gas pressure at elevated temperatures.   The isostatic 



pressure bonding was performed after vacuum degassing all components at 900°C and acid-
pickling the Nb and U-Mo components.  The isostatic pressure bonding was then performed 
between steel sheaths in a vacuum at 1050°C and 82.5 MPa (12,000 psi) for one hour. 
 
Apparent good bonding of Nb to U-Mo was achieved in the cases of both Nb PVD and isostatic 
pressure bonding.  A contaminant inclusion caused a small debonding of the Nb and U-Mo on 
one plate produced using isostatic pressure bonding.  However, the subsequent application of Al 
clad by roll-bonding left discontinuities and pinholes in both sets of Nb diffusion barriers.  
Accelerated heated soak tests at 540°C for 198 hours showed diffusion of Al through the Nb 
barrier discontinuities leading to the formation of a UAlx layer inside the diffusion barrier where 
the aluminide was considered by the AI researchers likely to have been UAl4.   
 
Since AI reported no further work in this area, additional research is needed to develop better 
techniques for applying a tight layer of Nb to uranium and for avoiding the production of 
discontinuities during roll-bonding of the clad.  Alternately, for metallic-coated particle fuels, the 
PVD technique or another coating mechanism would need to be developed to the point of 
providing high-quality leak tight Nb-coated particles assuming that electroplated-Ni is 
insufficient or undesirable for the application. 
 
The AI reports also cite the contemporaneous European work that was being performed on the 
development of diffusion barriers; however, the patent [22] emerging from the European work, 
which looked at vanadium and chromium as well as Ni and Nb, applies to fuel rods and is not 
particularly relevant to the fuel configuration in HFIR or in the other U.S. high-performance 
research reactors. 
 
5. Conclusions 
 
The impetus behind producing this paper is to make sure that the vast amount of historically 
relevant technical information is made available for consideration and use during the upcoming 
studies of the feasibility of HFIR conversion to use LEU.  This information provides useful 
scientific, engineering and manufacturing details on the experience and approaches that may 
have been abandoned in the past because the technology at the time lacked the ability to execute 
the realization of concepts with merit or to quantify key aspects of those concepts.  An example 
of progress is in the current synergism that exists among the materials, computational and 
manufacturing sciences which have made great advances since the 1950s and 1960s.  This is 
especially true for the ability to model fabrication processes and to model equilibrium and non-
equilibrium phase formation in either a fabrication or a radiation environment.  Phase formation 
is most important since understanding the formation dynamics of UAlx in terms of the variations 
in such parameters as density and thermal conductivity and the behavior in the presence of 
phase-formation-impeding elements such as Si directly impacts the ability to predict fuel 
performance.  In an irradiation environment, the diffusion of metal atoms driven by neutron 
knock-on or fission product recoil collisions as well as temperature directly impacts the timing 
for non-equilibrium phase formation just as time and temperature at pressure drive the diffusion 
and phase formation in fabrication.   The Atoms for Peace results from work performed at ORNL 
and elsewhere suggest that 1 to 10 weight-percent alloying additions of solutes such as Si, Zr, Ge 
and Sn can be effective in improving the fabricability and irradiation performance of U-Mo 



dispersed fuels, but high flux (high nuclear heating rate) conditions may increase atomic mobility 
and lead to breakaway swelling problems. These historical results suggest for dispersed U-Mo 
fuels that multiple approaches such as additions of the listed alloying elements to the Al matrix 
and use of particle diffusion barrier coatings such as Ni or Nb should be investigated in order to 
obtain a more radiation resistant fuel form for the demanding conditions of high-flux LEU 
reactors. 
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ABSTRACT  
 

This paper presents the irradiation and PIE results for a test fuel element irradiated at the 
High Flux Reactor (HFR) in Petten Site – The Netherlands. The fuel element (LCC 01) was 
manufactured by CCHEN, and consisted of 16 flat fuel plates of U3Si2 – Al with a density 
of 3.4 g/cm3. The objective of this irradiation test was to qualify the manufacturer of these 
LEU fuel elements for research reactors.   
 
The irradiation, which started in May 2003 was successfully ended on November 2004, and 
no irregularities were observed during all 16 irradiation cycles. The final calculated burnup 
was approximately 65%. After cooling, the LCC-01 had been dismantled and submitted to 
PIE at the hot cell facility in Petten. PIE has involved visual inspections and gamma 
scanning for the fuel element and visual inspection, gamma spectrometry - and plate and 
oxide layer thickness measurements in one removed plate. 

 
1. Introduction 
 
The Chilean Commission for Nuclear Energy – CCHEN, has two research reactors: RECH-
1 designed and operated to 5MW and RECH-2 designed to operate at 10 MW. [1] 
The operation of RECH-1 started in 1974 with HEU fuels, with 80% of 235U. During the 
eighties, fuel with 45% of 235U were provided by UKAEA. According to a contract signed 
with DOE, after May 2006, this open pool research reactor will be fully converted to LEU 
fuel [2]. The current loaded core configuration consists of 14 HEU (45% of 235U) fuel 
assemblies made by the UKAEA Dounreay, Scotland, and 20 LEU (19,75% 235U) fuel 
assemblies made by the Chilean Fuel Fabrication Plant – PEC.  
 
Since the mid-80´s CCHEN has been involved in the R&D of LEU fuel for research 
reactors. In the framework of the RERTR Program, considerable efforts have been made in 
Chile to implement the RERTR policy using equipment and experts provided by IAEA As 
a result, CCHEN currently has a licensed and ISO 9001 certified Fuel Fabrication Plant. 
This facility is devoted to research, development and fabrication of MTR fuels. 
 
At the end of 2004, PEC has finished a fabrication program to supply 46 LEU fuel elements 
for the RECH-1 reactor. These LEU fuel elements were fabricated with a U3Si2 – Al meat 
with an uranium density of 3.4 gU/cm3. The first four fuel elements, called leaders, were 
fabricated and loaded into the RECH-1 core by the end of 1998. They are being monitored 
in order to follow up their behavior under irradiation. However, according to the present 



reactor’s operating schedule, the foreseen 50% discharge burn up will be attained only in 
2007 [3]. Besides, CCHEN does not have a facility for post irradiation examinations (PIE) 
to evaluate the irradiation behavior of these fuels. 
 
1.1 Under Irradiation Qualification 
 
As the time required for local qualification was longer than the fabrication stage, and in 
order to advance the RECH-1 LEU fuels conversion, an external qualification was required. 
Several international nuclear facilities were inquired by CCHEN, and in 2001 a contractual 
agreement between IAEA, CCHEN and Nuclear Research and consultancy Group (NRG) 
was established and signed in order to qualify the manufacturing of these LEU fuel 
elements in a world reference facility as the High Flux Reactor (HFR) in Petten – The 
Netherlands. The HFR is operated by NRG under contract with the Joint Research Centre 
(JRC) of the European Community [4]. In this contract, supported by IAEA under TCP 
CHI/4/021, an irradiation program was established. The general objective of the irradiation 
program and subsequent PIE, was to provide sound experimental evidence needed to 
qualify CCHEN as a manufacturer of LEU fuel for research reactors. This qualification has 
been achieved and it has been demonstrated that, throughout their entire irradiation period 
at nominal nuclear and thermal HFR operation conditions [5], the test fuel element: 
 

 Has had sufficient rigidity to withstand the mechanical and hydraulically forces 
associated with normal handling and irradiation; 

 Has been sufficiently resistant to local or general deterioration by normal corrosion 
(scaling, pitting and cracking) of the fuel plate cladding; 

 Has not released either fuels or fission products to the reactor coolant; 
 Has not deformed due to swelling, blistering or other irradiation or temperature induced 

mechanisms to such an extent that the minimum cooling channel dimensions required 
for safe heat removal could not be maintained; 

 Has not deformed (twisting, bowing, etc.) due to swelling, differential thermal 
expansion, hydraulic forces, etc. to such an extent that the proper fitting of the elements 
in the core grid structure could not be maintained; 

 Has not reached fuel or cladding temperature levels, such that the mechanical properties 
required for proper fuel plate strength and rigidity could not be maintained; 

 Could be handled, stored, and after a reasonable decay period, transported to hot cell 
laboratories (HCL) without deformation, fission product release or other defects. 

 
The test program was addressed to all qualification requirements listed above and all 
required measurements and analyses were performed to determine the conditions at which 
the test irradiation was carried out. 
 
2. Experimental Set-up and Results 
 
2.1. Fuel Fabrication 
The RECH-1 test fuel was fabricated at PEC based on drawings supplied by NRG together 
with an agreed Technical Specification [6]. This fuel assembly was designed and 
manufactured according to the basic specifications of the current HFR LEU fuels. Details 



of the fuel core compositions, dimensional and comparisons with the standard HFR HEU 
fuels are given in Table 1. During the qualification of the LCC-01 element the HFR fuel 
was HEU fuel, while currently a conversion to LEU is ongoing in the HFR. 
 
Table 1.- Main features of RECH-1 (LEU) compared to the Standard HFR (HEU) fuel 
assemblies. 
 

Type RECH-1/ LEU Standard HFR /HEU 
Number of fuel plates 16 flat plates 23 curved plates 
235U mass [g] 229.1 450
TotU mass  [g] 1159.7 483.87
Enrichment [%] 19.75 93
Burnable poison [g] Not applicable 1.0 (10B) 
Upper inlet section  Open, square area Cylindrical piece 
Fuel matrix U3Si2-Al UAlx-Al 
Uranium Density [g.cc-1] 3.4 1.2
Fuel volume fraction [%] 32 20
Porosity [%] 3 < 5
Meat thickness [mm] 0.61 0.51
Plate thickness [mm] 1.53 1.27 
Coolant gap [mm] 2.46 2.18
Total heat transfer surface [m2] 1.26 1.74
Total coolant cross [cm2] 27.18 33.5

 
Other features of RECH-1 test fuel element as compared to a standard HFR HEU element 
are the following: 
 

 The orientation of the RECH-1 test fuel plates is perpendicular to the orientation of the 
standard HFR fuel plates 

 Extra side plates are provided containing no fuel. These extra side plates are thicker 
than the fuel plates located inside. 

 
Before, during, and after test fuel fabrication, each structural part, fuel plates and final 
assembly was inspected and approved by a NRG qualified inspector [7], [8], [9] 
 
Figure 1.  RECH-1 test fuel element  
   ready to be shipped 
 
 
 
 
 
 
The RECH-1 test fuel element was shipped and transported to Petten in April, 2003. Prior 
to start the irradiation, a hydraulic test was carried out to verify, qualify and compare the 
hydraulic behavior of the mechanical assembly with reference measurements of standard 
HFR fuel elements [10]. 



2.2.  Hydraulic Test 
 
During the initial phase of the hydraulic test, a remarkable difference between the 
theoretical RELAP results [11] and the actual measurements was observed. The RECH-1 
test fuel element had an increased hydraulic resistance compared to the RELAP 
calculations as indicated in Figure 2. Visual inspection after the test showed that the fuel 
plates separation comb was bend and partly blocked the fuel element outlet section. This 
explained the higher measured resistance of the element. After carefully removing the fuel 
plate separation comb, the hydraulic test was repeated. The results of these second 
hydraulic measurements, without the comb closely follow the results of the RELAP5 
modeling and the standard HFR fuel element number F1466. Figure 2 presents the 
hydraulic resistance for both series of measurements. 
 
Figure 2.Hydraulic characteristics (resistance) of both series of measurements  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.3. RECH-1 Test Fuel Irradiation Programme 
 
 
 
 
 
 
 
 
After passing by the hydraulic test, the test fuel element was loaded into the HFR core to 
irradiate until an initial target burnup of 55%. The initial target burnup was achieved after  
13 HFR cycles of approximately 25 full power days for each cycle. To achieve a higher 
burnup level of 65% 235U the irradiation programme was extended by 3 cycles until 16 
HFR cycles.  
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2.4. Follow Up during irradiation 
 
The RECH-1 test fuel was visually inspected prior to the first start and randomly during the 
irradiation program. Besides, cooling channel gap measurements with a caliper were 
carried out at regular intervals throughout the entire irradiation period. Every time this 
measurement was done, the test fuel was removed from the reactor core to an underwater 
table in the storage pool and placed back in a storage underwater facility. The caliper, a go-
no go type caliper, had an upper limit of 2.15 mm and was made of stainless steel. The 
coolant gap measurements of the RECH-1 test fuel showed no deviations from the initial 
values. In table 2 [12] an overview of the coolant gap measurements is given. 
 
Figure 3. Coolant gap measurements and visual inspection of RECH-1 fuel 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2. Overview of gap measurements of RECH-1 fuel  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



2.5. Irradiation and burnup calculations 
 
Using the HFR core management code, HFR-TEDDI, an overview of the calculated burnup 
history and the irradiation locations in the core are presented in Table 3 [12]. From this 
table it can be concluded that after 16 cycles the total calculated burnup is approximately 
65% 235U [13]. It should be noted that HFR-TEDDI tends to overestimate the burnup by a 
maximum of 10 % [14]. This uncertainty was considered the main reason to extend the 
irradiation to an increased calculated HFR-TEDDI burnup level of 65 % 235U. As indicated 
in table 3 [12], the RECH-1 test fuel element was moved in irradiation cycle 2004-03 from 
H7 position and irradiated in core position H3 until the end of the irradiation test. H7 and 
H3 core positions are symmetrical and flux levels are identical in both locations, with 
respect to the center of the core. Moving the RECH-1 test fuel element to position H3 
resulted in a more homogeneous burnup of 235U in the entire element.  When located at 
position H7 the element was irradiated slightly more from the North, and when located at 
its final irradiation position H3 slightly more from the South. According to HFR staff, the 
HFR-TEDDI results were in very good agreement with the MCNP results. 
 
Table 3. Overview of irradiation data of RECH-1 test fuel 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Burnup of 235U of the RECH-1 test fuel after 16 HFR cycles 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
2.6. Post Irradiation Examination PIE 
 
After seven months of cooling, the irradiated RECH-1 test fuel was transported dry to the 
Hot Cell Laboratories (HCL) in Petten for Post Irradiation Examinations (PIE). Before the 
transport, the end pieces of the fuel element were removed by sawing under water in the 
storage pool of HFR. According to the contract, PIE consisted of: Visual inspection and 
gamma scanning of complete fuel element, gamma spectrometry, thickness measurement 
and oxide layer measurement of a removed plate. The PIE results are given in the 
followings figures [15]: 
 
Figure 5. Visual inspection of RECH-1 test fuel (LCC-01) at  HCL 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Gamma scanning of RECH-1 test fuel. (a) Fuel assembly in gamma scanning 
holder in front of gamma spectrometry detector. (b) Gamma scanning profile of fuel 
element. 
 
        (a)       (b)    
 
 
 
 
 
 
 
 
 
 
 
 
 
One external fuel plate was removed by machining of side structural plates. Currently, this 
plate has been analyzed by gamma spectrometry, thickness measurement and finally the 
oxide layer will be measured for completing the PIE.  



 
3. High density fuels developing 

 
In relation to high-density fuel, in the beginning of 2005 an U-Mo developing program was 
presented and approved at CCHEN. Based on exploratory tests carried out during 2002-
2004 and preliminary results that had been achieved in local research and development 
projects, the planing for next five years is: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4. Discussion 
 
After HFR cycle 2004-05 the irradiation of the RECH-1 test fuel was interrupted for one 
cycle. The formal advice given by the Reactor Safety Committee (RSC-Petten) was based 
on an irradiation up to an initial burnup of 55% or 13 irradiation cycles. Since the fuel 
element burnup after 13 irradiation cycles (end of cycle 2004-05) was 58% 235U, it was 
formally impossible to approve the continuation of the irradiation in cycle 2004-06. To 
restart the irradiation an updated report was prepared and submitted to the RSC in order to 
achieve a new regulatory approval to irradiate the fuel element to an increased burnup level 
of about 65 % 235U. After consent of the RSC, the irradiation was restarted in HFR cycle 
2004-07. As long as the coolant gap measurements showed no deviations, which meant that 
the caliper fitted smoothly into the coolant gaps, the irradiation could be continued until a 
calculated HFR-TEDDI burnup of approximately 65% 235U. Finally, this desired burnup 
was reached at the end of irradiation cycle 2004-09, with a total of 16 irradiation cycles and 
388.30 accumulated full power days. The total calculated burnup for the RECH-1 test fuel 
was approximately 65,75% 235U. The irradiation was successful and no deviations from the 
initial values were observed during the periodic coolant gap measurements and visual 
inspections. 
The periodic coolant gap measurements showed no indications of swelling, blistering or 
other irradiation or temperature induced mechanisms for the RECH-1 fuel. 



Current HFR monitoring during RECH-1 fuel irradiation has shown that either fuels or 
fission products were not released to the reactor coolant 
With regard to the PIE, the visual inspections revealed the usual light grey oxide layer 
surface over the exposed surfaces. It also shown that the fuel assembly has been resistant to 
local or general deterioration by normal corrosion and has been sufficiently rigid to 
withstand the mechanical and hydraulic forces associated with normal handling and 
irradiation in the HFR core. The fuel assembly was not deformed due to swelling, 
differential thermal expansion, hydraulic forces, etc.  
The gamma scanning analysis showed a relatively normal distribution of fission products 
along the fuel meat. The spectrum in figure 7 (b) and (c) have a discontinuity (lower 
counts) due to an aluminum clamp and fix screw. In general, the current PIE results shown 
an excellent performance until the final burning level for the entire test fuel.  
 
5. Conclusions 
 
The final conclusion is that the irradiation test was successful and no deviations from the 
initial values and specifications for the fuel element were observed. This irradiation test 
fuel element at the HFR in Petten qualifies CCHEN as a LEU silicide fuel producer. 
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ABSTRACT 
 

Interdiffusional reaction phase between U-Mo fuel particles and an Al matrix is 
known to degrade thermal properties of a U-Mo/Al dispersion fuel. Coupled with 
high power ratings and geometry, reaction phase growth in a rod-type dispersion 
fuel has more influence than in a plate type fuel. The feed-back effect between 
reaction phase growth and degradation of thermal properties and in turn fuel 
temperature increase for rod-type dispersion fuels were investigated. Radial 
temperature distribution due to reaction phase growth during irradiation was 
calculated iteratively by varying fission density, reaction phase volume fraction, 
thermal conductivity, and oxide thickness with burnup. Microstructural evolution 
estimated based on temperature calculations showed a reasonable agreement with 
the PIE results for rod-type U-Mo/Al dispersion fuels irradiated in the HANARO 
reactor under various power histories. The fuel particle size was revealed to be a 
dominant factor that determined the fuel temperature. For an average fuel particle 
size smaller than 75 μm an undesirable temperature jump that can lead to melting 
of the Al matrix was predicted, whereas for a fuel particle size larger than 150 μm 
the fuel temperature gradually decreased toward the end of life without a break-
away temperature increase. 
 
* On assignment to ANL (hjryu@anl.gov) 

 
 
1. Introduction 

 
Irradiation behavior of U-Mo/Al dispersion fuel has been investigated to develop high 

performance research reactor fuel[1]. Rod-type dispersion fuel has been used as driver fuel of the 
HANARO research reactor in KAERI[2]. Rod-type fuel has different heat dissipation routes 
compared to plate-type fuel. Temperature distribution at the beginning-of-life (BOL) can be 
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calculated based on the initial condition of irradiation and as-fabricated microstructure of fuel 
material. Centerline temperature of a dispersion fuel rod goes up to high temperature when 
thermal conductivity of fuel meat becomes low. Unfortunately, thermal conductivity of fuel meat 
decreases during the irradiation mainly because of interaction layer formation at the interface 
between the U-Mo fuel particle and Al matrix. The thermal conductivity of the interaction layer 
is not as high as the Al matrix. The growth of interaction layer is interactively affected by the 
temperature of fuel because it is associated with a diffusional reaction which is a thermally 
activated process.  It is difficult to estimate the temperature profile during irradiation test due to 
the interdependency of fuel temperature and thermal conductivity changed by interaction layer 
growth. PLATE code is developed for the performance evaluation of plate-type fuel[3], but there 
is no counterpart for rod-type dispersion fuel. In this study, temperature histories of rod-type U-
Mo/Al dispersion fuels during irradiation tests were estimated by considering the effect of 
interaction layer growth on the thermal conductivity of fuel meat.  

 
 

2. Analysis Procedures 
 
The temperature histories of the second irradiation tests (KOMO-2) in HANARO were 

analyzed by using reactor operation histories, fuel fabrication specifications and post-irradiation 
examination (PIE) results[4]. KOMO-2 tested a U-7Mo/Al dispersion fuel of 6.35 mm in 
diameter with 4.5 g-U/cc (494L2) and a U-7Mo/Al dispersion fuel of 5.49 mm in diameter with 
4.5 gU/cc (494H2) in 2003 and KOMO-2 was irradiated up to 71.2 at% U-235 burn-up without 
the break-away swelling. PIE was carried out in the Irradiation Material Examination Facility 
(IMEF) facility in KAERI in 2004. Radial microstructure of the 494H2 fuel rod from clad to 
center of fuel rod at end-of-life (EOL) was shown in Fig. 1. Dispersion fuel near to center of fuel 
rod became fully reacted zone and the Al matrix is completely consumed by the reaction. End-
of-life temperature was calculated by using the microstructural information obtained from the 
post irradiation examination. Fuel rod was simulated into four concentric rings with different 
thermal conductivity according to volume fraction of the interaction layer for the calculation by 
an axisymmetric finite element analysis as shown in Fig. 2.  

Thermal conductivity of fuel meat was calculated based on the modified Hashin and 
Shtrikman relation developed by CEA and employed in the PLATE code as shown in Eq.(1). 

4

)323(8
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Interaction layer thickness was calculated based on a well known correlation used in the PLATE 
code as shown in Eq. (2), 

⎟
⎠
⎞

⎜
⎝
⎛ −⋅Δ⋅⋅−⋅×= −

RT
tfWy Mo

10000exp)25.6625.1(102442.2 192 &    (2) 

where y is the interaction layer thickness (cm), WMo is the weight fraction of Mo in the U-Mo 
fuel, f&  is the fission rate density (f/cm3-sec), Δt is time (sec), R is the ideal gas constant (1.987 
cal/mole-K), and T is absolute temperature (K). Thermal conductivity of U-Mo alloys used in the 
calculation is a function of temperature as shown in Eq.(3). 

56.0034.0 −=− Tk MoU  (W/mK)       (3) 
Figure 3 shows a flow chart for fuel temperature calculation procedures of this study. First, 

interaction layer thickness corresponding to each fission density was calculated according to the 
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PLATE correlation for interaction layer growth. After considering the swelling from fission gas 
bubble, fission product, and interaction layer, thermal conductivity of the dispersion fuel meat 
was calculated by considering volume fraction of interaction layer, U-Mo fuel and Al matrix at 
each fission density. Fuel temperature was obtained from a cylindrical heat transfer equation by 
using the estimated thermal conductivity of the dispersion fuel meat, Al clad, and oxide film. 
Oxide film thickness outside of the clad was obtained from the Griess model[5]. 

  

 
Fig. 1. End-of-life microstructure of 494H2 fuel. (Left side is clad and right side is center of fuel 

rod.)  

 
Fig. 2. Temperature calculation for 494H2 using microstructure-based axisymmetric finite 

element method. 
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Fig. 3. Flow chart of fuel temperature calculation procedures. 
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2. Results and Discussion 
 

HANARO irradiation test condition for rod-type U-Mo/Al dispersion fuel was quite different 
from RERTR irradiation test. Fission density (~1.36x1021 f/cm3) and fission rate (~1.26x1014 
f/cm3-s) for HANARO irradiation were lower than RERTR irradiation test. Fuel temperature of 
rod-type dispersion fuel was higher than plate-type fuel, and then the volume fraction of 
interaction layer can be increased up to 100%. Therefore the PLATE correlation for interaction 
layer growth developed from the results of RERTR irradiation test needs a modification. A 
constant was introduced to modify the correlation by comparing the end-of-life fuel temperature 
estimated from the calculation presented in this study and the microstructure-based finite element 
analysis. Factor of 2 was selected as a multiplying constant as shown in Eq.(4) by considering 
the end-of-life temperatures of top section and middle section of the 494H2 fuel rod as listed in 
Table 1. This constant can be corrected after in-detail verification study by using interaction 
layer thickness, swelling, and oxide thickness of irradiated dispersion fuel.  

⎟
⎠
⎞

⎜
⎝
⎛ −⋅Δ⋅⋅−⋅××= −

RT
tfWy Mo

10000exp)25.6625.1(102442.22 192 &     (4) 

Fuel temperature histories with increasing burnup were calculated for the 494H2 fuel rod by 
using the modified correlation. Linear power histories for each fuel and each section in a fuel rod 
with burnup were plotted in Fig. 4(a). Fig. 4(b) represents the variation of normalized volume of 
U-Mo, interaction layer and Al matrix with increasing interaction layer thickness.  

  
Table 1. Comparison of end-of-life temperature calculated by microstructure-based finite 

element method and temperature calculation developed in this study. 
Calculation Methods 494H2 Top 494H2 Middle 

FEM based on Microstructural 
Information of End of Life 348oC 290 oC 

This Study 360 oC 265 oC 
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Fig. 4. (a) Linear power histories of top, middle and bottom section of 494H2 fuel rods in the 
KOMO-2 irradiation test.(b) The variation of volume fraction of interaction layer, U-Mo 
fuel, and Al matrix. 
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Figure 5(a) shows the temperature histories for top section of the 494H2 rod. Centerline 
temperature increased sharply after 20% U-235 burnup and reached a peak temperature around 
480oC after 40% U-235 burnup. The variation of normalized volume of U-Mo fuel, interaction 
layer and Al matrix was plotted in Fig. 5(b). Circumferential zone (3/4ro) adjacent to clad did not 
showed an abrupt temperature jump similar to plate-type dispersion fuel because the lower 
temperature in the region keeps the interaction layer thinner and the thermal conductivity lower. 
U-Mo fuel and Al was completely consumed after 30% U-235 burnup as shown in Fig. 5(b). 
Then thermal conductivity did not change much after whole area of dispersion fuel meat is 
converted to interaction layer and fuel temperature simply follow the trend of linear power 
history. Swelling of fuel meat calculated according to the RERTR irradiation test results [3], and 
the oxide thickness of clad calculated by the Griess model increased as a function of linear power 
and burnup as shown in Fig. 6.  
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Fig. 5. Variation of (a) fuel temperature and (b) normalized volume of U-Mo, interaction layer 
and Al matrix bat top section of a 494H2 fuel rod in the KOMO-2 irradiation test 
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Fig. 6. Variation of (a) fuel meat swelling and (b) oxide thickness at clad surface in top, middle 
and bottom sections of a 494H2 fuel rod in the KOMO-2 irradiation test. 
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Figure 7 shows the effect of fuel particle size on the centerline temperature and meat 
swelling when the average diameter of U-Mo fuel particles in 4.5 gU/cc dispersion fuel varies 
from 35 μm to 150 μm.  Centerline temperature and meat swelling was decreased by the increase 
in the average diameter of fuel particles because the specific interfacial area for interaction 
decreases and then volume fraction of less conducting interaction layer increases slower. The 
effect of fuel particle size was already experimentally confirmed in the KOMO-2 irradiation test 
as presented in Fig. 8.  When the end-of-life microstructure of U-Mo/Al dispersion fuel with 
small-sized fuel particles (33 μm) and large-sized fuel particles (74 μm) was compared, 
dispersion fuel with large-sized particles exhibited less volume fraction of interaction layer. 
Completely reacted zone was expanded to 3/4 ro for dispersion fuel with small-sized particle, 
whereas only center to 1/4 ro area was converted in the dispersion fuel with large-sized particle.  
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Fig. 7. Variation of (a) fuel temperature and (b) fuel meat swelling of a 4.5 gU/cc dispersion fuel 

as a function of fuel particle size.  
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Fig. 8. End-of-life microstructure of dispersion fuel with (a) small fuel particles (33 μm) and (b) 

large fuel particles(74 μm) in the KOMO-2 irradiation test. 
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Effect of uranium loading on the thermal conductivity and centerline temperature of U-
Mo/Al dispersion fuel with a 494L2 irradiation condition was calculated as plotted in Fig. 9. A 
dispersion fuel rod with higher uranium loading density keeps lower thermal conductivity as 
burnup proceeds. The maximum centerline temperature increased with increasing uranium 
loading density. When the uranium loading density is higher than 6 gU/cc, fuel temperature was 
estimated to exceed the melting temperature of the Al matrix.  
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Fig. 9. Effect of uranium loading on (a) the thermal conductivity of fuel meat with increasing 

interaction layer thickness and (b) the variation of fuel temperature with increasing 
burnup. 
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Fig. 10. (a) A cross-section image of a 
failed fuel rod of KOMO-1 test 
and (b) a scanning electron 
micrograph of a failed fuel rod 
of KOMO-1 test. (c) A scanning 
electron micrograph of out-of-
file annealing test at 600oC for 
24 hrs. 



 
2005 International Meeting on Reduced Enrichment for Research and Test Reactors, Boston, November 6-10, 2005 

 

8 / 9 

Figure 10(a) shows a cross-section image of a dispersion fuel rod with 6 gU/cc failed at 8% 
burnup in the KOMO-1 irradiation test[6]. When a scanning electron micrograph for that fuel 
meat was compared with an out-of-pile annealing tested dispersion fuel meat at 600oC for 24 hrs, 
microstructural similarity such as multiple ring and absence of Al matrix was found as shown in 
Fig. 10(b) and Fig. 10(c). This result supports that the fuel temperature of a dispersion fuel with 
6 gU/cc increases abruptly as calculated in this study and the failure of the fuel rod in the 
KOMO-1 irradiation test is attributed to temperature jump related volume expansion of fuel meat 
due to the abrupt formation of interaction layer.   

To overcome the limitation of uranium loading density in U-Mo/Al dispersion fuel, very 
large U-Mo particle with 100-500 μm in diameter were fabricated by centrifugal atomization 
process as shown in Fig. 11(a)[7]. Centerline temperature of U-Mo/Al dispersion fuel with 8 
gU/cc was calculated with varying average fuel particle size from 40 μm to 200 μm as plotted in 
Fig. 11(b). When the average fuel particle size is ranging from 40 to 100 mm, undesirable  
temperature rises were predicted due to the active interaction layer growth, while stable fuel 
temperature history was calculated when the average fuel particle size is larger than 150 μm. 
Dispersion of U-Mo fuel particle larger than 150 μm is expected to be a remedy to release 
temperature-related problems in rod-type dispersion fuel with a high uranium loading density.  

Verification and validation of the fuel temperature calculation program developed in this 
study will be carried out further by using various post-irradiation examination results obtained 
from the HANARO irradiation tests. This performance analysis program for rod-type dispersion 
fuel will be used for a safety analysis of the KOMO-3 irradiation test focusing on the dispersion 
fuel with very large fuel particles up to 500 μm. 
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Fig. 11. (a) Morphology of atomized U-7Mo particles larger than 150 μm. (b) Calculated fuel 

temperature of 8 gU/cc U-Mo/Al dispersion fuel with varying fuel particle size.  
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4. Conclusions 
 

Fuel temperature history of rod-type U-Mo/Al dispersion fuel was calculated by using a 
modified correlation of interaction layer growth. Fuel temperature of rod-type dispersion fuel 
showed strong feedback behavior due to the lower thermal conductivity of the interaction layer. 
As the uranium loading density increases up to 8 gU/cc, unacceptable temperature increase 
above 600oC was predicted. It was found that dispersion of large fuel particle (>150 μm) was 
effective in mitigating thermal degradation associated with the interaction layer.  
 
 
Acknowledgements  
 

This study was supported by the National Nuclear Research Program by the Ministry of 
Science and Technology of Korea.  
 
 
References 

 
[1] G.L. Hofman et al., “Post-irradiation Analysis of Low Enriched U-Mo/Al Dispersion Fuel 

Miniplate Tests, RERTR 4&5,” in the Proceedings of the 26th RERTR meeting, Vienna, 
Austria, 2004 

[2] C.K. Kim, H.J. Ryu, D.B. Lee, S.J Oh, K.H Kim, J.M Park, Y.S. Choo, D.G. Park, H.T. 
Chae, C.S. Lee, D.S Sohn, “PIE of the 2nd Irradiation Test (KOMO-2) for the Atomized U-
Mo Dispersion Rod Fuels at KAERI”, in the Proceedings of the 26th RERTR meeting, 
Vienna, Austria, 2004 

[3] S.L. Hayes, M.K. Meyer, G.L. Hofman, J.L. Snelgrove “Modeling RERTR Experimental 
Fuel Plates Using the Plate Code”, in the Proceedings of the 25th RERTR meeting, Chicago, 
USA. 2003. 

[4] J.M. Park, H.J. Ryu, Y.S. Lee, D.B. Lee, S.J. Oh, B.O. Ryu, Y.H. Jung, D.S. Sohn, and C.K. 
Kim, “An Investigation on the Irradiation Behavior of Atomized U-Mo/Al Dispersion Rod 
Fuels”, in the Proceedings of the 26th RERTR meeting, Vienna, Austria, 2004 

[5] Y.S. Kim, G.L. Hofman, N.A. Hanan, J.L. Snelgrove, “Prediction model for oxide thickness 
on aluminum alloy cladding during irradiation”, in the Proceedings of the 25th RERTR 
meeting, Chicago, USA. 2003. 

[6] C.K. Kim, Y.S. Lee, D.B. Lee, S.J. Oh, K.H. Kim, H.T. Chae, J.M. Park, D.S. Sohn, “Status 
of the back-end optional advanced research reactor fuel development in Korea”, in the 
Proceedings of the 25th RERTR meeting, Chicago, USA. 2003. 

[7] C.K.Kim, K.H.Kim, J.M.Park, H.J.Ryu, Y.S.Lee, D.B.Lee, S.J.Oh, H.T.Chae, C.G.Seo, 
C.S.Lee, “Progress of the KOMO-3 Irradiation Test for Various U-Mo Dispersion and 
Monolithic Fuels to Overcome the Interaction Problem in U-Mo/Al Dispersion 
 



ANALYSIS OF FACTORS INFLUENCING FORMATION OF PORES AND 
PILLOWS IN UMO FUEL  

 
A.M. Savchenko, А.V. Vatulin, I.V. Dobrikova, G.V. Kulakov, S.A. Ershov, Y.V. Konovalov  

A.A. Bochvar All-Russia Research Institute of Inorganic Materials (VNIINM) 
123060, P.O.B. 369, Rogova St., 5A, Moscow, Russia, sav@bochvar.ru 

 
 

ABSTRACT 
 

Consideration is given to stages of irradiation induced UMo fuel-aluminium matrix interaction resulting in pores and pillows. 
They involve fission fragments releases out of fuel into matrix to form a damage rim, growth of interaction layer in the matrix 
direction with fission fragments displacement to interaction layer – matrix boundary, fission products concentration at interaction 
layer – matrix boundary, formation of “shears” on interaction layer, fission gas products piling up in voids, pressure increases, 
formation of pillows. Interaction mechanism at each stage and factors influencing interaction are discussed in detail. 
The analyses of the results in pile test investigations take us to the conclusion that additional factor, influencing interaction is 
technologic factor, i. e. the local pileups of fuel particles. Irradiation produced pores and discontinuities are most often 
encountered either between UMo fuel particles or within their pileups. In those regions rims of fission fragment effected 
damages overlap and the value of the local burnup in those regions related not to an individual particle but to the microregion of 
a fuel component is much higher. Estimation of pileups influence for various types of fuel elements is made and methods 
reducing the non-uniformity of fuel in local regions are suggested. 
The expense of thermal spikes induced by fission products leads to formation of an intricate structure of (U,Mo)Al7 type with 
excess of Al. To our view it is a finely dispersed mixture of phases consisting of UAl3 phase, pure Al and a small amount of 
UMo2Al20. It has been shown that depending on irradiation conditions such a structure might transform to a thermodynamically 
stable structure of (U,Mo)Al3 type. Experimentally acquired data are presented, that pertain to formation of identical type 
structures with excess Al in binary U-Al system without Mo. Under out of pile conditions structures were obtained that simulate 
those of intermetallic compounds having Al microinterlayers. 

 
 
1. Introduction  
 
Currently the interaction between U-Mo fuel and Al is the basic factor that limits the serviceability 
of fuel elements. The interaction results in extra swelling of fuels, disappearance of a heat 
conducting matrix, a temperature rise in the fuel element centre and penetration porosity and so on. 
Intermetallic compounds formed via interaction under irradiation have not been produced so far 
under out-of-pile conditions, which makes studies of those processes difficult. Due to interaction 
UMo fuel has limitations under some conditions, which requires searching for new solutions in this 
direction. 
It might be gathered from examining the dynamics of the UMo fuel - aluminium interaction under 
irradiation that after some time the stage of relatively uniform fuel swelling is followed by the 
commencing stage of accelerated swelling. It is attended with matrix disappearing, through pores 
and so-called pillows formation, which results in a fuel element fracture [1-3]. At this stage the 
largest part is played by the fission gas product (FGP) behaviour. The fuel elements serviceability is 
determined by the onset of this stage. 
At each stage the interaction processes have specific features and distinctive characteristics and 
effect the fuel element serviceability in different ways. The duration of each stage depends on 
irradiation conditions. Some factors that provide for the interaction layer growth, e.g., irradiation 
temperature, when specifically combined with other irradiation characteristics (time, burnup, heat 
flux, fission rate) as well as with technologic and structural features may prolong the initial stages 
of interaction, elongating in this way the time of the transition to the accelerated swelling stage. 
Hence, studies into the interaction specific features may reveal extra ways of improving the 
serviceability of fuel elements. 
Many factors influence on the commence stage of accelerated swelling. They are irradiation 
temperature and time, burnup, burn ups rate, which is determined by fission rate and heat flux. 

 



Some technologic factor such as fractional composition, volume fraction of fuel and uniformity of 
its distribution can be also added. The latter due to availability of local pileups of fuel particles, 
strongly influences on interaction rate, since the concentration of thermal spikes in area of fuel -
matrix interaction increases. 
Irradiation scenario has can be also taken into account as one of the factors influence on the 
commence stage of accelerated swelling. Schematically factors influence on the commence stage of 
accelerated swelling is illustrated in fig. 1. 
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Fig. 1. Factors influence on the commence stage of accelerated swelling 
 
Therefore determination of fuel – matrix interaction mechanisms and investigation of the interaction 
processes will lead to determine the optimal ways of reducing interaction. 
 
2. Stages and Mechanisms of Interaction 
 
Now consider the interaction stages leading in the end to FGP piling up in resultant pores and 
pillowing. 
The following interaction stages might be arbitrarily singled out: 
1. Fission fragment releases out of fuel into matrix. 
2. Growth of interaction layer in the matrix direction with fission fragment displacement to 
interaction layer – matrix boundary. 
3. Fission fragment piling up on interaction phase – matrix boundary, “shears” formed at the 
interfaces with Al matrix as well as FGP concentrating within “carcass” pores. 
4. FGP build-up in voids, pressure increases, formation of pillows. 
Consider those stages in more detail. 
 
2.1. Fission fragment releases into matrix 
Due to small sizes of fuel granules (60-150 μm) significant amounts of fission fragment get into an 
aluminium matrix. The free path of a fission fragment in a U-Mo alloy makes up 6-10 μm, in 

 



aluminium it is 10-15 μm. In aluminium matrix fission fragments form the so-called rim of 
damages up to 15 μm thick that is clearly visible in fig. 2. The total volume fraction of fission 
fragments in an aluminium matrix is the larger, the less is the fuel particle size. 

  
a b 

Fig. 2. Damage rim formed around fine (a) and coarse (b) fuel granules, 40 % burnup, IVV-2M reactor, 
Zarechny [4-5]. 
 
The release of fission fragments into the matrix from interaction layer is several times less and is 
dependent of the interaction phase composition. It is usually described by the (U,Mo)Alx formula 
where x is equal to 3-7. That is why, a compound of the (U,Mo)Al7 type shall release lower 
quantities of fission fragments into a matrix in comparison to (U,Mo)Al .  3
Fission fragments available in the matrix might form either aluminides or substitutional solid 
solutions or, as is in the case of FGP, might be more or less distributed within a damage rim (fig. 3). 
In this case they are scattered within the damage rim and do not induce significant swelling 
increases or a lower serviceability of a fuel element. 
 

 

   
FissiumAl    

a b c 
Fig. 3. Schematic fission fragment distribution within damage rim; 
a – formation of aluminides, b – formation of substitutional supersaturated solid solutions,  
c – isolated state (FGP) 
 
2.2. Growth of Interaction Layer 
The next stage of fuel composition structure change is an interaction layer growth in the matrix 
direction with fission fragment displacement from the damage rim to the interaction layer – matrix 
boundary. 
The interaction layer is primarily growing in the direction to the aluminium, since its content of 
aluminium is a factor of 3-7 higher than that of uranium. In this way the damage rim around fuel 
particles decreases when the interaction phase is growing. Fig. 4 is a schematic presentation of the 
formation of interaction layers of the (U,Mo)Alx type (with account for volume changes proceeding 
at the time). 
 

 



 
Fig. 5. Growth dynamics of interaction phase Fig. 4. Schematic presentation of (U,Mo)Alx type structure 

with account for volume changes. 
 

Since aluminium has a higher diffusion mobility in comparison to uranium, upon interacting it is 
the process of the aluminium diffusion into uranium that prevails, not the reverse. As it will be 
shown below it is due to this fact fission fragments pile up in intergranular pores. The growth 
dynamics of the interaction layer is illustrated in fig. 5. 
First, a thin layer of (U,Mo)Alx is formed, then aluminium atoms diffuse through this layer and 
reach UMo to form the next layer putting off the previous one to the Al matrix side. Thus, the 
interaction layer continues its growth in the matrix direction. 
Now, consider what occurs to fission products specifically FGP, available in the damage rim that is 
left by aluminium for UMo fuel. 
Fission gas products do not interact with uranium, hence, do not diffuse through the intermetallic 
uranium – aluminium layer in the direction of U-Mo fuel. Therefore, as the interaction layer is 
growing they are gradually displaced to the interaction layer – Al matrix boundary. This process is 
schematically presented in fig. 6. 
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Fig. 6. Schematic pileup of fission fragments on fuel-matrix boundary. 
 

As the interaction layer is growing fission gas products are piling up in a higher concentration on 
the interaction phase – aluminium boundary which is repeatedly pointed out in the CEA work [2] 
(fig. 7). 
The boundary concentration of fission fragments also depends, in particular, on the growth 
dynamics of an interaction layer phase. The longer time it grows the more fission fragments manage 
to leave fuel granules for an aluminium matrix before it “absorbs” the damage rim. The quantity of 
fission fragments that are added from the interaction layer itself is much less.  
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Hence, the most acceptable version would be a version, when the interaction layer is quickly 
growing at the beginning and is decelerating at the end. This scenario is realized with the most 
intensive irradiation at the beginning of a cycle at the low concentration of fission fragments in a 
matrix. 
However, the worst irradiation scenario was realized in IVV-2M reactor tests, where at the 40% 
burn up the main part of fission fragments released out of fuel into matrix. The irradiation layer 
don’t impede this process since of its small value (3-4 μm). That is why it situated inside the 
damage rim. Then, during the last third part of irradiation at accelerating fission rate from 3.6 х1014 
to 4.6х1014 f/cm3/s interaction layer grew rapidly up to 12 μm, with fission fragments displacements 
(concentration) to the interaction layer – matrix boundary. Interaction layer growth dynamics via 
burn up is shown in fig. 8.  
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Fig. 7. Higher concentration of fission gas 
products on interaction layer – aluminium 
matrix boundary [2] 

Fig. 8. Interaction layer growth dynamics via burn up 
 

 
One of the most “successful” versions of design and irradiation scenario is a rod type fuel element 
designed in KAERI [6], where the critical interaction layer value of 10-13 μm that is a free path of a 
fission fragment in a matrix is attained rather quickly. This is not feasible in standard plate fuel 
(ANL and CEA) having the volume content of fuel more than 50 %. In this instance, the matrix 
completely disappears at the interaction layer thickness of 10-15 μm. 
 

2.3. Fission fragment concentration on interaction layer – matrix boundary, formation of 
“shears” on interaction layer. 
The next interaction stage results in concentrating fission fragments on the interaction layer – 
matrix boundary, the interaction phase “shearing” and fission fragments concentrating in “carcass” 
pores. 
Shearing is clearly visible in fig. 9a [3], in CEA tests as well as in fig. 9b where the similar effect 
was obtained on fuel tubes in reactor tests carried out in Zarechny [4-5]. 
It might be assumed that the FGP piled up in some sites of the fuel – matrix boundary restricts the 
access of aluminium to the fuel and serves the barrier against aluminium diffusion. Hence, the local 
growth of the interaction phase in the particular site terminates. At the expense of diffusion 
aluminium atoms bypass the obstacle and a void remains in place of aluminium atoms and this leads 
to the formation of cavities – shears in the interaction phase.  
It can be pointed out that concentration of FGP forming barrier around fuel particles is larger in 
cold regions. That is why voids appear preferential in the heat flow direction, i. e. in the direction to 
the cladding and to excess of Al matrix. This is clearly evident from fig. 9a. 
 

 



 

 
a b 

Fig. 9. Lenticular shape porosities at the interfaces with Al matrix as a result of piled up fission fragments,  
a – CEA tests [3], b – Zarechny tests [5]. 
 
Another sinking site for FGP is intergranular pores that might sometimes form by the so-called 
“carcass” mechanism. It consists in the fact that due to the growth of the interaction layer the fuel 
particles commence to repulse with the resultant formulation of intergranular pores. This 
mechanism is realized under out-of-pile conditions completely and partially under irradiation since 
irradiation induced creep leads to little changes in fuel particle shapes and filling the pores formed. 
 
2.4. Pileup of FGP in voids, pressure increase, pillowing. 
The resultant fission fragment concentration on the interaction layer – aluminium matrix boundary 
produced a higher gas pressure. This pressure results in the propagation of a continuous inner void 
along the fuel rod height. Gas filled voids of individual fuel particles merge, and brittle intermetallic 
links between particles break down. After the attainment of the critical pressure that depends on the 
crack length, strength characteristics of a fuel rod, its shape (plates or rods) etc, the internal pressure 
gives rise to pillowing and lowering down the serviceability of a fuel rod (fig. 10) [5]. 
It is to be noted that the region of a continuous crack in the fuel component covers not only the 
pillowing region but also the adjoining regions. That is why fission gas products available in a 
pillows come from both the pillowing region and the boundary ones (fig. 11) [5]. 
The critical pressure resulting in pillowing depends on a defect length. Small-size defects are 
known to be capable of withstanding high pressures of FGP without substantial plastic strains or 
pillows. It is natural that the occurrence of pillows on the rigid design fuels (rod ones) is unlikely 
[8]. 
 

 
Fig. 10. Pillows formation in fuel component [5] 

 

 
Fig. 11. Continuous porosity in continuous pillowing region of fuel component [5] 

 



 
3. Technologic factors, influencing UMo fuel – Al matrix interaction 
 
Ones more factor, that influence on character and extent of interaction and as well as on the porosity 
formation in the fuel component is technologic factor, i. e. fuel element fabricating technology. We 
bear in mind not only fractional composition and volume fraction of fuel, but practically haven’t 
taken into account earlier the local pileups of fuel particles, which are determined by fuel element 
fabricating technology. A specific part of fuel composition in-pile tested in IVV-2M reactor 
(Zarechny) is shown in fig. 12. It can be seen that many local micro regions exist in the fuel, where 
fuel particles concentration is distinguished by several times. Naturally, the less is volume fraction 
of fuel the more is segregations of fuel particles. 

 
 

 Fig. 12. Longitudinal section of fuel composition at 0,25Н of fuel element [5] 
 

As it was be observed after investigation of irradiated fuel tubes in IVV-2M reactor, that pores and 
discontinuities, resulting from interaction under irradiation are most often encountered either 
between fuel particles or within their aggregates. Just there the processes of gas swelling and arise 
of stresses in fuel component start up, that latter spread along the whole fuel element. 
In other words serviceability of fuel is determined not only by the average characteristics of the 
whole fuel, but precisely by the characteristics of the local regions of fuel, where the maximum 
location of the fission gaps exists. For average uranium density of 5,4 g/cm3 the deviation from 
uniformity estimates ~110%, that at uranium density of 8,0 g/cm3, applicable in CEA and ANL fuel 
elements, the deviation from uniformity estimates ~40%. 
These estimations conform by the results of metallographic analyses as well as by the 
measurements of fuel composition thickness along the fuel element (fig. 12, 13) [5]. 
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Fig. 13. Changes in thickness of fuel element, fuel cladding and fuel composion along the inner fuel tube, 
face Ν1 [5]  

 
It can be seen from fig.13 that practically in each cross section the thickness of fuel composion 
ranges from 0.25 to 0.5 mm, i. e. the deviation makes up 100%. 
Although the temperature, burnup in atomic percent and fission rate in those local pileups regions 
practically the same as in average fuel composition, however the value of local burn ups related to 
the micro region of fuel composion, not to the isolated particle itself, is much larger.  

 



In those local regions at large areas, rims of damages from the neighbour particles overlap and local 
burnup increases. It is well known fact that UMo fuel – Al matrix interaction propagates at large 
extent by FGP, than by temperature. Without irradiation the interaction doesn’t start even at 4000C. 
Several ways of reducing the interaction influenced by the pileups of fuel particles are under 
consideration now. The simplest one – to use the mono fraction of fuel granules. For instance, mono 
fuel size fraction of 160, 100 and 60 μm respectively can be used separately in fuel elements (for 
fuel elements, fabricated in Russia). 
The other method – coating fuel granules with aluminium. This method eliminates the occurrence 
of fuel granules conglomeration. 
Elimination of fuel granules contact may be reached by application of super fine powder (10 – 15 
μm) (Si for instance). When fabricating fuel composion (mixing and rolling) Si powder occupies 
intergranular space and move fuel granules apart. Necessary quantity of powder – 2-3%. 
 
4. Analyses of UMo – Al interaction structures 
 
One of the impotent aspects that determinate the character of interaction is the structure and 
composition of UMo – Al interaction layer. 
According to the U-Al phase diagram only three intermetallics, viz., UAl , UAl  and UAl2 3 4, are 
available. However, in a reactor irradiated at certain conditions, intermetallic compounds had the 
content of Al varied from 6 [10] to 7-8 [1, 11]. This structure has not been produced under out-of-
pile conditions. It has been assumed [1] that molybdenum stabilizes this structure since the Al-Mo 
system contains both MoAl  and MoAl6 7. Latter investigations of the phase diagram of U-Mo-Al 
system [9] revealed a ternary Al rich intermetallic compound UMo2Al20, which approximately 
corresponds to the (U,Mo)Al7 formula. However, this equilibrium phase in the U-Mo-Al system is 
not identical to the UMo/Al interaction layer for the following reasons: 
1. In U-Mo alloy, e. g., UMo9 the U:Mo ratio equals 8:2, while in the novel equilibrium compound 
it is 1:2. Hence, for it to form, Mo has to concentrate in a local zone where an interaction with Al 
shall proceed. This is impossible in terms of thermodynamics since the Al diffusion rate is higher 
than that of molybdenum. 
2. The U-Mo ratio in the detected interaction layer and on UMo fuel is the same as in original UMo 
fuel, i.e., 8:2, in other words Mo available in the interaction layer is much lower than U. Hence, the 
open ternary UMo Al2 20 compound has nothing to do with the interaction layer. 
In our view, (U,Mo)Alx where x=6-8 resulting from the Al-UMo alloy interaction is actually not a 
stoichiometric compound of (U,Mo)Al7 type but is a complex structure that consists of a fine 
mixture of (U,Mo)Al  or (U,Mo)Al4 3 phases with aluminium, i. e. (U,Mo)Alx/Al, where x=3-4. 
Schematically the formation of such structure is represented in fig 14 [12]. A small amount of 
UMo Al2 20 in this finely dispersed mixture of phases is possibly available. The formation of 
metastable supersaturated solid solution based on uranium aluminide compound is also available, 
but in this case its formation is thermodynamically unprofitable. 
Such a structure is only formed under reactor irradiation at the expense of thermal spikes induced 
by fission products at the (U,Mo)Al -Al or (U,Mo)Al4 3-Al boundary that lead to melting down and 
quick crystallization of this zone to form a finely dispersed (U,Mo)Alx/Al alloy. The driving force 
of this process is the formation of an alloy of the same phase composition consisting of two 
heterogeneous components – UAl  and Al or UAl4 3 and Al, since when the alloy is formed through 
the energy of alloy formation releases, the energy of a heterogeneous system is lowered down [13]. 
Due to the availability of aluminium interlayers, the interaction phase has higher thermal 
conductivity than that of a pure intermetallic phase and under irradiation is fairly sinterable with 
other similar layers available on other fuel particles to form a thermal contact.  
The disadvantages of such structures refer to the fact that it is neither a barrier against the diffusion 
of Al into fuel nor slows down the interaction. Its drawback is also the fact that for it to form a large 
quantity of the heat-conducting matrix is spent. 
 

 



 

 
 
Fig 14. Formation of (U,Mo)Alx/Al type structure with excess of Al by the expense of thermal spikes from 
fission fragments along (U,Mo)Alx-Al boundary, a) melting boundary zone by the expense of thermal spikes, 
b) rapid crystallization of this zone to form finely dispersed mixture of phases (U,Mo)Al /Al [12] x
 

The structure of a similar type although under different irradiation condition was experimentally 
obtained by us via the UAl -Al interaction; UAl3 3 not containing molybdenum. Figure 15 illustrated 
as fabricated and after irradiation UAl3+Al microstructure [12]. X-Ray diffraction analyses found 
the existence of only 2 phases UAl3 and Al under irradiation. 
 

UAl ; x=3 x

  Al 

a b 
Fig. 15. Formation of UAl3/Al type structure under irradiation, a) as fabricated; b) after irradiation [12] 
 

The existence of such structures is determined by irradiation conditions, since two processes occur 
simultaneously – formation of such structures by thermal spikes and Al diffusion process into UMo 
fuel with formation of typical interaction phase, similar to those, that takes place in out of pile 
conditions. If the latter process predominates, the (U,Mo)Al3/Al type structure might transform to a 
thermodynamically stable structure of (U,Mo)Al3, containing approximately 10 volume percent of 
micro precipitates UMo Al2 20 phase. Therefore the ratio fission rate – temperature determines the 
structure of interaction phase. 
Our experiments evidence that the structure of the UAlx type where x>4 may not be obtained under 
out-of-pile conditions by sintering U-Mo and Al even at high temperatures and long exposures. This 
structure results only under the mutual action of temperature and irradiation. Therefore, at Bochvar 
Institute to investigate the properties of the like structures the procedure was tried out involving 
simulators of similar structures, in which the crystal structure of the UAlx type contains excess 
aluminium and x might be varied within 4 to 6 [12-14]. This type of the structure might be obtained 

 



not only as interaction layers on U-Mo fuel but also as compacts, which facilitates studying their 
properties. Structures of simulators based on UAl  compound are shown in fig 16. 3

  

a b 

UAlx ;x=3 U(Al,Si)x x=5-6 
 Si 
 
Fig. 16. Structure of simulator of interaction phase UAl /Al, a) as fabricated UAl3 3 + Al structure, b) after 
heat treatment - UAl /Al type structure [12-14]. 3
 
It can be mentioned that the initial value of measured microhardness for UAl3 phase was 5000 – 
5500 MPa, as for simulated structure formed in out pile conditions and represented in fig. 14b was 
the two times lower 2500 – 3000 MPa due to micro interlayers of Al in it.  
 

5. Conclusion 
 
1. Consideration is given to stages of irradiation induced UMo fuel-aluminium matrix interaction 
resulting in pores and pillows. They involve fission fragments releases out of fuel into matrix to 
form a damage rim, growth of interaction layer in the matrix direction with fission fragments 
displacement to interaction layer – matrix boundary, fission products concentration at interaction 
layer – matrix boundary, formation of “shears” on interaction layer, fission gas products piling up in 
voids, pressure increases, formation of pillows.  
2. The importance of the initial stage of interaction, when the main quantity of FGP released out of 
fuel into matrix with formation of damage rim is shown. This stage creates pre-conditions for FGP 
pilling up on interaction phase – matrix boundary, which leads afterwards to fuel composition gas 
swelling. FGP concentration in Al matrix can be decreased either by reducing the interaction, which 
is the separate direction of investigations, or by accelerating interaction layer growth at the initial 
stages of in-pile testing up to value, equal to the fission fragment free path in matrix (which was put 
into practice in the KAERI tests). The latter route is not always feasible at the high volume fraction 
of fuel.  
3. The analyses of the results in pile test investigations take us to the conclusion that additional 
factor, influencing interaction is technologic factor, i. e. the local pileups of fuel particles. 
Irradiation produced pores and discontinuities are most often encountered either between UMo fuel 
particles or within their pileups. In those regions rims of fission fragment effected damages overlap 
and the value of the local burnup in those regions related not to an individual particle but to the 
microregion of a fuel component is much higher. The less are the volume fraction of the fuel in the 
fuel composition, the more is the influence of fuel pileups in it. Estimation of pileups influence for 
various types of fuel elements is made and methods reducing the non-uniformity of fuel in local 
regions are suggested. 

 



4. The expense of thermal spikes induced by fission products leads to formation of an intricate 
structure of (U,Mo)Al7 type with excess of Al. To our view it is a finely dispersed mixture of phases 
consisting of UAl  phase, pure Al and a small amount of UMo Al3 2 20. The driving force of this 
process is formation of an alloy since with alloy formed via release of formation enthalpy, the 
energy of heterogeneous system is lowered down. It has been shown that depending on irradiation 
conditions such a structure might transform to a thermodynamically stable structure of (U,Mo)Al3 
type. Experimentally acquired data are presented, that pertain to formation of identical type 
structures with excess Al in binary U-Al system without Mo. Under out of pile conditions structures 
were obtained that simulate those of intermetallic compounds having Al microinterlayers. 
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ABSTRACT 
 

IRRADIATION TESTS HAVE SHOWN THAT U-MO DISPERSION FUEL SUFFERS 
FROM INTERACTION BETWEEN THE FUEL AND THE ALUMINUM MATRIX AT 
HIGHER TEMPERATURE. A POTENTIAL SOLUTION TO MITIGATE THESE 
PHENOMENA IS TO USE A FUEL ALLOY FOIL IN PLACE OF THE FUEL-
ALUMINUM DISPERSION. THIS MONOLITHIC FUEL PROVIDES A LOWER FUEL-
MATRIX INTERFACIAL SURFACE AREA AND A MUCH HIGHER URANIUM 
DENSITY THAN DISPERSION TYPE FUEL. INTERNAL STRESSES WILL ARISE, 
DURING FABRICATION AND OPERATING CONDITIONS, IN THE INTERFACE 
BETWEEN FUEL AND CLADDING MATERIALS DUE TO THE DIFFERENCE IN 
THERMAL EXPANSION COEFFICIENTS AND ELASTIC CONSTANTS. OUR AIM IS 
TO ASCERTAIN THESE PROPERTIES FOR THE GAMMA PHASE IN THE U-MO 
ALLOY FROM THE KNOWLEDGE OF ITS INTERNAL ENERGY AS A FUNCTION OF 
DEFORMATION. INTERNAL ENERGY OF THE DISORDERED PHASE IS OBTAINED 
AS A CLUSTER EXPANSION FROM AB INITIO CALCULATED INTERACTION 
PARAMETERS IN EACH OF THREE DEFORMATION MODES: HYDROSTATIC, 
TETRAGONAL AND TRIGONAL. PRELIMINARY RESULTS ARE PRESENTED THAT 
HAVE SERVED AS A PROOF OF METHOD SUITABILITY. 

 
1. Introduction 
 
Low enrichment reactor fuel program is greatly based in the development of a 
dispersion fuel with density between 8 and 9 gU/cm3. Actual elements consist in a 
dispersion of U(Mo) bcc powder (20 at. % approx) in an Al matrix. The resultant 
compact material is placed between Al cladding and laminated. Though it seemed a 
promising device, post irradiation examination exhibit problems related to interdiffusion 
between Al and UMo alloy [1]. 
An alternative for fixing this problem has been proposed by the use of monolithic fuel, 
this is, by placing a thin sheet of monolithic fuel between Al cladding and thus reducing 
U alloy–Al interaction surface. The whole set is friction welded [2]. In this case 



problems arise from internal stresses produced by temperature changes during 
fabrication and later use inside reactor, due to differences in elastic constants and 
thermal expansion coefficients. If elastic constants are known, element behaviour can be 
evaluated a priori. Although elastic constants can be experimentally measured, we have 
not found that information in literature for U(Mo) alloys.  
The present work is an effort to obtain estimations of these quantities from first 
principles thermodynamics. Results are shown for lattice parameter (a0) and the three 
independent elastic constants of the cubic solid solution U(Mo) as a function of uranium 
concentration.  
Interactions energies of a set of basic clusters are obtained from ordered compounds 
total energy first principles calculations via an inversion method. Afterwards, a 
calculation model is used to reproduce elastic energy that is based in a cluster expansion 
of internal energy of the binary alloy. 
 

2. Model 
 
Internal energy of a multicomponent crystalline structure G can be written as a lineal 
expansion in known binding energies of clusters taken as a basis set [3]:  
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where, G is a crystalline structure characterized by geometry and site occupation; z  is 
the matrix containing the base vectors descibing the lattice; x  is the composition vector; 

)(xG
iζ  is the Structure Correlation Function (SCF) containing geommetry information 

and cluster configuration for structure G; ( )zei  is the Energy Cluster Interaction (ECI) 
depending on the alloy and cluster, and not on the other G characteristics. Sum is 
extended over the (N+1) clusters in the selected approach.  
To stablish the (N+1) values )(zei , at least (N+1) known internal energies ( )zE

jG  are 
needed. These energies can be experimental measured or, as in our case, theoretically 
calculated. We have chosen to use a first principles method based in the Local Density 
Approximation (LDA) [4]. 
The present approach for bcc U(Mo) sustitutional solution includes the empty cluster, 
the point and one pair of first neighbours (N=2). Calculated structures are the pure bcc 
solutions U and Mo (A2, cI2, W type) and the intermetallic compound with B2 structure 
(cP2, CsCl type).  
SCFs from Eq 2 corresponding to U (A2), Mo (A2) and UMo (B2), and structures 
energies ( )zE UA ,2 , ( )zE MoA ,2  and ( )zE UMoB ,2 , can be introduced in either sides of Eq 1 to 
obtain the ECIs by inversion. 
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The SCF corresponding to U(Mo) A2 solid solution is: 
 

( ) ( ) ( )[ ]22 121221 −−= xxxAζ ,       (3) 
 
then we can write the internal energy of the disordered bcc solid solution U(Mo) in 
terms of ECIs and structure corresponding SCF: 
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If dependence of ( )zE UA ,2 , ( )zE MoA ,2  and ( )zE UMoB ,2  with z  base vectors is known, then 
we have a description of variation of internal energy with orientation and magnitude of 
those vectors, this is to say, we can describe variation of internal energy with lattice 
deformation. 
From elasticity theory it is known that change in energy due a small deformation ε  in 
the harmonic approximation can be written as a function of the elastic constants tensor 
C . For cubic symmetry only three constants are needed: 
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We need three sets of independent calculations to determine C11, C12 and C44. 
Deformations can be considered that change the primitive equilibrium lattice vectors 

0
z  

as 
0

.)1( zz ε+= , with 100
az = for the cubic structure, where 1 is the unity tensor and 0a  

is the equilibrium lattice parameter. 
Finally, if we consider an equivalence between variation in elastic energy due to 
macroscopic deformation (Eq (5)) and variation in internal energy due to deformation in 
structure base vectors (Eq (4)), we have a tool to calculate elastic constants for the bcc 
solid solution U(Mo) from first principles thermodynamics. This hypothesis has been 
previously used by other authors and applied to pure elements and intermetallic 
compounds [5-7]. We want to emphasize that it has not been previously used for solid 
solutions.   
Next we can focus on the particular choice of deformations we have employed.  
Applying an hydrostatic deformation (Fig 1) to the crystal gives us the Bulk modulus 
(B0) value and the first relation between C11 and C12:  

3/)2( 12112

2

00

0

CC
V

EVB
V

+=⎥
⎦

⎤
⎢
⎣

⎡
∂
∂

=       (6) 

The remaining elastic moduli can be obtained by applying tetragonal and trigonal 
distorsions (Fig 1). 
A tetragonal distorsion can be obtained with a deformation tensor defined as: 
 
 

 
Applying the tensor for several values of δ, and calculating energy density U=E/V, 
another relation between elastic constants and energy can be obtained: 
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The remaining C44 modulus can be calculated from variation in energy after applying a 
trigonal deformation: 
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a)    b)    c) 

Figure 1. Schematic representation of deformations: a) hydrostatic; b) tetragonal; c) 
trigonal. Dashed lines in schemes represent original cubic cell, while solid lines 

represent cell after the corresponding deformation. Plots show Mo Total Energy vs 
volume for hydrostatic deformation, and Mo Total Energy vs deformation parameter δ 

in the other two cases. 

 
The procedure is as follows: deformations in the three modes are applied to the three 
base structures, U, Mo and UMo B2. For each mode Eq (4) is written, thus obtaining the 
dependence of internal energy of the disordered bcc phase with volume, for hydrostatic 
deformation, and with deformation parameter of the bcc solid solution δ in the other two 
cases. Through equations (6) to (8), the corresponding modulus or elastic constants are 
calculated. 
 

3. Results and discussion 
 
Total energy (internal energy) calculations have been performed for the pure U and Mo 
crystals and the ordered compound with equiatomic composition B2 UMo via the Full 
Potential Linearized Augmented-Plane-Wave (FP-LAPW) method implemented in the 
WIN 97.8 code [5]. k mesh consisted in  286 k points in the Brillouin irreducible zone 
for hidrostatic deformations, 792 k points for tetragonal deformations and 2820 k points 
for trigonal deformations. Convergence in energy could be obtained for 0.01 mRy/at in 
hidrostatic and tetragonal deformations, and 0.1 for trigonal deformations.  
Validation of calculations can be found in a previous work [6] (determination of U-Mo 
phase equilibrium diagram) while validation of method was performed through its 
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application to Mo experimental parameters. The reported experimental values for Mo 
lattice parameter and bulk modulus are respectively 3.15 Å [7] and 268 GPa [8], whose 
differences with the calculated in this work (Table I) are within 0.4% and 2%, 
respectively. Thus, the agreement is excellent since typical LDA lattice parameter 1%-
2% smaller than experimental ones [7]. 
Results of our calculations for ordered structures are summarized in Table I. As our 
results come from first principles calculations, uncertanties mostly arise from the fitting 
process. They are in all cases between 2 and 6 GPa for elastic constants, and between 2 
and 5 10-4 Å for lattice parameter.  
 

Structure a0 (Å) B0 (GPa) C’ (GPa) C11 (GPa) C12 (GPa) C44 (GPa) 
Mo(A2) exp. [7, 8] 3.15 268 302 469 167 107 

Mo(A2) 3.1655 262 299 461 162 112 
U(A2) 3.4520 93 -85 37 122 71 

UMo(B2) 3.3980 147 68 192 124 3 
 

Table 1. Results for equilibrium lattice parameter a0, Bulk modulus B0, C´, and elastic 
constants C11, C12 and C44. 

 
3.1 Lattice parameter, Bulk modulus and elastic constants of the disordered 

phase. 
 
As a first result, volume dependence (hidrostatic deformation) of disordered bcc phase 
energy was calculated. In order to determine equilibrium value of volume or lattice 
parameter, we used a second order fit of internal energy to the atomic volume as 
proposed by Birch [8]: 
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where ( )xE G
0 , ( )xV G

0  and ( )xBG
0  are respectively the equilibrium values of internal 

energy, atomic volume and Bulk modulus,  for an ordered intermetallic structure G with 
concentration x of a given atomic species. The function was then minimize and derived 
to obtain equilibrium values of lattice parameter and bulk modulus. Predictions as a 
function of composition are shown in Fig 2 together with experimental values [9]. 
Reported lattice parameter values were measured at room temperature in samples 
quenched from high temperature where U(Mo) disordered bcc phase is stable. The good 
agreement encourages us to rely on bulk modulus calculations. 
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Figure 2. Lattice parameter (a) and bulk modulus (b) as a function of U content xU for 
U(Mo) phase. 

 
As an expansion based in tetragonal and trigonal deformations of the basic clusters, we 
obtained dependence of disordered bcc phase internal energy with deformation. 
Therefore, constant elastic values for C´, C11, C12 and C44 could be derived as a function 
of composition as shown in equations (6), (7) and (8) and plotted in Figure 3. 
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Figure 3. Calculated values of a) C´, and b) C44, for the bcc disordered phase as a 

function of U content. 

 
Our first principles calculations predict a negative value for C´ of U cubic phase. This 
result agrees with experimental knowledge of equilibrium orthorrombic phase at low 
temperatures, reflecting the instability of γ phase with respect to tetragonal distortions. 
This instability is extended in the binary U-Mo system to γ U(Mo) phase, giving also 
place to a negative value of C´ for high values of U content in the disordered solution. 
For smaller values, closer to Mo phase, bcc phase is predicted as stable and positive 
values are obtained. The result implies that a deformation of a retained γ U(Mo) phase 
at low temperature can produce a phase transformation to a more stable structure. 
 
3.2  Finite element analysis.   
 
We can now profit from our calculations to evaluate other thermal and mechanical 
properties. Work is being devoted to estimate mechanical stresses due to differences in 
volume changes between meat and cladding. A Finite Elements Simulation (FES) model 
has been tested for estimation of stresses related to deformation (Fig. 4).  
A diffusion pair was considered under the conditions that there was perfect contact 
between Al surface and U(Mo) surface and that there were no previous residual stresses 
nor diffusion products remaining from the fabrication process. A two dimensional 
rectangle of Al was considered with a hole of were U(Mo) meat was placed. Stresses 
between U(Mo) meat and Al cladding at 530°C are shown in Fig 4 as obtained by FES. 
As it can be seen that in this model, stress are greater along hardest material for stresses 
parallel (x axis) or perpendicular (y axis) to meat,  and concentrate mainly in the 
extremes of the rectangle simulating the U(Mo) foil. 
We are now able to calculate Young (Y) and Poisson (ν) modulus based in our more 
accurate values of elastic constants and obtain a more reliable depict of stresses.   
 



a

b
 

 

Figure 4. Scheme from Finite Elements Simulation of stresses between meat and Al 
cladding under thermal expansion: a) sy, b) sx. 

 
4. Conclusions 

 
We have implemented a method to accurately calculate elastic constants from first 
principles methods. The method can be used to predict mechanical properties even in 
unstable phases, such as U(Mo) bcc phase at low temperature. In combination with 
finite element simulation it can be extended to predict stresses in fuel elements.   
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ABSTRACT 
 

Diffusion bonding and other solid-state joining processes have been proposed and demonstrated for the 

fabrication of monolithic U-Mo fuel plates.  An innovative new process, named Electroconsolidation® 

Process Technology, has been studied for the diffusion bonding of monolithic fuel plates.  The main 

advantage of this process over conventional diffusion bonding is the minimization of time-at-temperature 

due to the rapid heating inherent to the Electroconsolidation® Process.  Bonding results of surrogate fuel 

plates made with stainless steel and depleted uranium monolithic fuel plates are presented.  One or more 

fuel plates fabricated by Electroconsolidation are planned to be tested in upcoming irradiations. 

 

 

Introduction 

 

The next generation of highly loaded fuel for research reactors with low power and high neutron 

flux will use recently developed advanced materials such as U-Mo alloys that have high uranium 

density, outstanding strength, radiation resistance, and stability at low irradiation temperatures. 

Experiments with foil type and monolithic fuel in Al cladding have shown promising results [1-

3].  Diffusion bonding and other solid-state joining processes have been proposed and 

demonstrated for fabrication of monolithic U-Mo plates [4]. 

 

The established industrial methods for pressure-assisted bonding are hot pressing (HP) and hot 

isostatic pressing (HIP).  HP is limited to very simple joints.  Parts with complex joints can be 

made by gas pressure sintering by the HIP process, but HIP autoclaves are expensive, heavy, and 

difficult to operate.  HIP processing is also slow.  In addition, the fuel plates to be densified by 

HIP must be pre-sintered, welded, or coated to seal the porosity so that the gas can exert pressure 

on the part.  HIP has been used to make prototype fuel plates, but it is very expensive.  

Fabrication by friction stir welding requires extensive machining and surface preparation after 

bonding. 
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In contrast to HIP, heating by the Electroconsolidation® Process is very rapid and requires short 

cycle times.  Much higher temperatures are readily achieved than possible with HIP.  Expensive 

pressure vessels are not needed. 

 

 

Experimental 

 

Sample Preparation 

 

Using neutronic, thermodynamic, and thermochemical calculations, Idaho National Laboratory 

determined the compositions of plates and the processing temperatures.  All sample cleaning and 

preparation before Electroconsolidation were done at Argonne National Laboratory using 

standard fuel fabrication procedures [5]. 

 

Experimental plates were placed in a graphite die cell for treatment in the Electroconsolidation 

equipment at up to 600ºC for times as long as 2 hours.  An initial low heating rate was used to 

prevent rapid out-gassing of the graphite powder chamber.  The first set of control samples was 

fabricated by a low-pressure sintering approach (<25% of capacity).  This provides a 

measurement to gauge the experimental results and correlations with thermodynamic predictions.  

Subsequently, a second set of samples will be fabricated under higher electrical current and 

higher pressure-assistance (Electroconsolidation) conditions. It will be also possible to roughly 

estimate reaction/melting temperatures.   

 

Electroconsolidation 

 

Electroconsolidation is one of several methods of pressure-assisted densification referred to as 

“soft tooling” or psuedo-isostatic pressing, in which a part to be densified is surrounded by an 

inert particulate medium that serves as a pressure-transmitting agent.  The part and the 

particulate medium are contained within a die, and movement of one or more rams that are in 

contact with the particulate medium exerts pressure for densification.  The movement of the rams 

and the degree of compaction of the medium are generally controlled by a hydraulic press as 
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illustrated in Figure 1.  Electroconsolidation differs from other soft-tooling methods in the way 

the part is heated to the sintering temperature.  Instead of heating the die chamber and having the 

heat transfer from the die wall to the part to be densified, an electrically conductive material such 

as graphite is selected as the pressure-transmitting medium.  Current is made to flow through the 

medium, which resistively heats, thereby transferring heat directly to the part by conduction and 

radiation.  Resistive heating provides rapid temperature rise, which enables rapid cycle times for 

Electroconsolidation.  It has temperature capability to above 3000ºC.  It also has the ability to 

diffusion bond all interfaces of clad fuel plates and provides more rapid cooling than HIP for the 

assembly in one cycle.  The method has been described previously [6, 7]. 

 

 

 

 

 

 

Figure 1.  Diagram of the Electroconsolidation equipment and die cell. 
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Processing Procedure 

 

The sample was wrapped in graphite foil and immersed in the graphite particulate medium.  The 

foil acts as a safety precaution to contain any possible molten Al that might escape during  an 

off-normal condition and to isolate the assembly from the graphite medium. The temperature was 

controlled by thermocouples installed below the sample.  A pressure of 3 ksi (21 MPa) was 

applied prior to the heating.  The temperature was increased at a nominal rate  up to the set point 

temperature of Tbonding +/-5ºC.  The temperature and pressure required to initiate bonding depend 

on processing time and the interface composition.  To avoid oxidation of the graphite die cell at 

these temperatures, it was enclosed in a flexible bellows filled with flowing nitrogen gas. 

 

The heat treatment was followed by rapid cooling of ~150ºC /minute for 3 minutes then tapering 

off to room temperature.  The applied pressure and temperature need to be carefully controlled to 

obtain maximum possible densification of the samples yet avoid stress cracking and deformation 

of the plate and to slow the quenching effect by reducing the thermal conduction between 

graphite particles. 

 

X-ray Imaging System 

 

The x-ray inspection system  (designed and constructed by Bio Imaging Research, Inc., 

Lincolnshire, Illinois) enables real-time imaging and is capable of resolving dimensions to 0.07 

mm (0.003 in.) during the densification process.  A 160-kV, 2-ma x-ray generator (tube) and 

image intensifier are attached to the hydraulic press frame, as shown in Figure 2.  A clear image 

can be displayed on the monitor every 10 seconds. 

 

The x-ray imaging system serves as a useful control during processing and allows the real-time 

observation of melting-point indicators and monitoring of the densification process during 

Electroonsolidation. 
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Image
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X-ray Source

Hydraulic Press Frame

Die Chamber

 
Figure 2. Top view of the press and x-ray system showing the cone angle of the x-ray passing 

through the graphite die chamber. 

 

 

Future experimental cycles will use very small pellets of an Al-Si or Al-Mg eutectic distributed 

at various locations throughout the pressure-transmitting medium.  These pellets are angular in 

shape and placed on edge with respect to the x-ray path.  This arrangement provides the best 

view of the sudden shape change that occurs when the well-defined eutectic temperature is 

attained.  The observation of the melting event will allow the temperature-time combination to 

be determined very accurately and will warn of over-temperature that would prevent melting of 

the assembly.  From such measurements, very accurate temperature distributions throughout the 

die at various times can be calculated.  The pellets will be used in various experiments to 

determine the reproducibility of the experiments as well.  For the same applied current, the 

resulting temperature-time plot in volume distributions will show melting to occur within a few 

seconds of each replicated experiment. 

 

Various eutectic materials, stable in the presence of carbon, with a wide range of melting points 

will be used to determine the temperature of the pressure-transmitting medium. These indicators 

are small enough to be placed in the medium without interfering with the sample. The computer 

based analytical system was programmed to take a sequence of x-ray images at  

fixed time intervals and record them to provide a history of densification.   
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Results and Discussion 

 

The initial experiments were performed to estimate the elongation of samples and bonding of Al 

plates.  Results were positive, and the applicability of Electroconsolidation was tested with a 

monolithic plate.  Figure 3 is a cross section of an Al/stainless steel surrogate plate inside a 

metallographic clamping device.  The top has a rough surface as a result of pressing by the 

graphite particles.  The bottom surface is a smooth replica of the polished graphite block.  The 

block can be modified and used as a contouring press or/and embossing die for outward flanging 

or cooling fins. 

 

 

 

Figure 3.  Cross section of Al/stainless steel surrogate plate inside clamping device. 

 

 

The sample was polished and examined with an optical microscope.  As expected, a thin reaction 

zone between the Al and stainless steel was formed with thickness of ~ 10 microns. Figure 4A 

shows the middle of the Al/ stainless steel surrogate plate and Figure 4 B, the same thickness of 

reaction zone at the edge of the plate. 
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Figure 4.  Cross section of Al/ stainless steel surrogate plate with reaction zone in 

middle (A) and at edge (B). 

 

 

The microstructure of the boundary between the two Al parts of the plate was studied after deep 

etching.  Grain growth across the interface was observed, but excessive grain growth did not 

develop because the two Al parts of the upper and lower cladding plates had different grain sizes.  

Figures 5 and 6 represent the typical microstructure of the boundary in different experiments. 

 

 

 

 

Figure 5.  Cross section of Al/Al interface of stainless steel surrogate plate outside reaction zone. 

A B 
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Figure 6.  Typical microstructure of boundary between two Al parts of plate with grain growth 

across the interface of two plates of different grain size. 

 

 

Grain growth at the interface was observed in the heat-affected welding zone also (Figure 7).  

The process of growing grains was connected with changing of the boundary profile. 

 

 

Figure 7.  Typical microstructure of boundary between two Al parts in heat-affected welding 

zone. 

Al/Al  Interface
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Conclusions 

 

These preliminary results have demonstrated that the Electroconsolidation® Process is a 

promising candidate to produce diffusion-bonded monolithic fuel plates with contoured and/or 

complex surfaces.  The main advantage of this process over conventional diffusion bonding is 

the minimization of time-at-temperature due to the rapid heating inherent to the process.  This is 

important for uranium alloys with metastable structures such as U-10 Mo.  Bonding results of 

surrogate fuel plates made with stainless steel and depleted uranium monolithic fuel plates 

demonstrated the important role of aluminum alloy selection with small grain size to obtain the 

required cross-boundary grain growth.  One or more fuel plates fabricated by 

electroconsolidation are planned to be included in upcoming irradiations. 
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ABSTRACT 

At present All-Russian Scientific Research Institute of Experimental Physics (VNIIEF) operates 
six unique aperiodic pulse nuclear reactors. The peculiarity of these facilities is in their rather 
compact core and high-enrichment fuel (90 % of 235U). Practically null burnup and null fission 
product buildup in operation, as well as relatively low residual background radiation, make these 
facilities attractive for terrorists from the viewpoint of stealing the strategic fission materials 
suitable for manufacturing low-power nuclear charges. The authors of this paper and ISTC project 
# 3128 share the objectives of the RERTR program and propose to consider the possibility of 
reducing the enrichment of fuel used in the VNIIEF facilities. 
The theoretical, design and technological studies on developing the neutron- and gamma-radiation 
sources based on the pulse nuclear reactors equipped with uranium-graphite and uranyl sulphate 
aqueous solution (UO2SO4) fuel enriched by 20 % are intended being carried out under the 
project. The characteristics of radiation to be produced in the facilities to be designed should be 
similar to those of high-enrichment facilities.  

Introduction 
Since the early sixties, the experts of the RFNC-VNIIEF nuclear reactor department take an 

active part in searching the ways to design high-power laboratory pulse neutron sources capable 
of simulating nuclear explosion radiation. These works brought the unique park of aperiodic 
pulse nuclear reactors into being [1, 2]. The first facilities were placed into operation in 1964. 
First, the reactor VIR-1, which operated on the aqueous solution of high-enrichment uranium 
salt as the fuel, was started up. The reactor BIR-1 equipped with the compact metal core was 
placed into operation almost at the same time. Both facilities were under permanent 
improvement. Their last modifications operate up to now. 

The advanced study of nuclear radiation impact, which was accomplished in the period from 
1970 to 1980, brought the special pulsed reactors BR-1 and GIR into being. They were involved 
in special complexes for synchronous operation together with the high-power pulse electron 
accelerators [3]. 

The intent to achieve high intensive energy release resulted in the need to solve the problem on 
reducing the heat shock effect on the reactor fuel elements. The joint efforts of the designers, 
theoreticians and experimenters made it possible to find the original and effective solutions. The 
fuel of the reactor BR-1 was composed of several lays consisted of coaxial rings. This permitted 
achieving the record-high fission rate in the metal-fuel fast reactors. In the reactors TIBR and 
GIR the heat shock was eliminated owing to the localized neutron moderator, i.e. to the inner 
layer of zirconium hydride, introduced in the core in the first case, and to the outer 
polypropylene reflector in the second case. 

The quest for producing the intensive ionizing radiations inside large volumes gave impetus to 
the development of new materials applied as the pulsed reactor fuel. The manufacturing methods 
were developed and a unique high-temperature ceramic fuel, i.e. the pressed homogeneous 
mixture of high-enrichment uranium (90 % in 235U) dioxide and graphite, was fabricated at the 
plant of chemical concentrates in Novosibirsk. Owing to composition and original design of the 
fuel components the reactor BIGR has a status of one among the most high-power fast-neutron 
pulsed reactors in the world [4].   

The peculiarity of the VNIIEF facilities is in relatively compact core and high-enrichment (90 
% in 235U) fuel. The core, as a rule, is located at the upper part of the reactor bench. The facility 
can be transported from the storage position to the working position. 

The fuel solution of the reactor VIR is contained in the safe steel vessel, which provides storing 
and confines the solution within the vessel during the fission bursts. The reactor is stationary. 



The mentioned reactors are characterized by low reactivity margin needed for regulating and 
producing the fission pulses. The static operating mode of the facilities (usually a short-term 
one) is provided in the range from 1 up to 100 kW. The facilities are located inside the safe and 
secured building, which shields people and environment from the radiation effects. 

 
The current view of the facilities is shown in figure 1.  
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Figure.1. RFNC-VNIIEF pulse nuclear reactors 
  

The characteristics of the reactors are given in table 1. 



Table 1 – Characteristics of pulse nuclear reactors designed at VNIIEF 
 Reactor VIR-2M BIR-2M TIBR    BIGR BR-1 GIR-2 BR-K1

Commencement of 
operation: 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

1st modification  1965 1965 1970 1977 1978 1984 1995 
Last modification 1979 1991   1990 1993  
State in 2005  In operation In operation Deeded  In operation In operation In operation Temporary 

inoperative 
Core material* UO2SO4+H2O 

solution 
U+6%Mo 

alloy 
U+9%Mo,ZrH1,9

multipart  
UO2+C 

ceramics  
U+9%Mo 

alloy 
U+9%Mo 
multipart 

U(36%)+9%Mo 
alloy 

Weight of fuel material in 
core, kg 

160 (150 l) 121 124 833 176 178 1511 

Core dimensions, cm ∅55х63 ∅22х21.7 ∅27.5 ∅76х67 ∅27х27 ∅30 ∅62х75 
Energy release, MJ 64 3 7 280 11 7 30 
Exposure cavity, cm ∅14.2, ∅30.0 ∅4.0 ∅2.8 ∅10.0 ∅10.0 - ∅30.8х36.0 
Energy release, MJ 64 3 7 280 11 7 30 
Fuel maximum 
temperature, °С 

250       300 700 900 700 400 200

Pulse width, µs 2650       55 480 2000 53 300 1000
Neutron fluence, 1014cm-2:        
inside cavity 7 5 10 120 10  5.1 
at core surface 1 1.5 2.5 10 3.5 1  
γ-radiation dose, 103 Gy:        
inside cavity 5 1 2 30 2  0.65 
at core surface 0.5 0.15 0.25 2.4 0.5 0.6  
* Uranium enriched by ~ 90% in 235U is used as fission material, unless otherwise specified. 

 
 



 
The design features of the described facilities, which depend on the separate slugs constituting 

the core, exposure cavities inside the core, fuel slug jackets and bearing components, make the 
amount of fission material used in the reactor much greater than the minimum critical mass of 
the same material. Practically null fuel burning and null fission product buildup in operation, as 
well as relatively low residual radiation background, make these reactor facilities attractive from 
the viewpoint of stealing the fission materials suitable for manufacturing low-power nuclear 
charges. The authors of this paper and ISTC project # 3128 share the objectives of RERTR 
program and propose to consider the feasibility of reducing the enrichment of fuel used in the 
VNIIEF facilities. 

Discussion 
As known, decreasing the fuel enrichment increases the dimensions of critical assembly 

capable of providing self-maintaining fission reaction. The characteristics of spherical critical 
systems charged with fuel similar to that of VNIIEF reactors changed due to the decrease of 
uranium enrichment from 90 % down to 20 % are estimated in table 2.  

 
Table 2 - Characteristics of spherical critical systems charged with various fuels 

Fuel 
 

Enrichment in 
235U, % 

Fuel density, 
g/cm3

Sphere 
radius, cm 

Sphere 
weight, kg 

Mean time 
between fission 

events, s 

89 15 12 102 10-8
Uranium 

metal 
containing 9 

wt% Mo  20 17 25 1112 4·10-8

90 2.9 40 780 2.5·10-7
Uranium 
dioxide- 
graphite 

homogeneous 
mixture  
Nucleus 

ratio,С/U~16 
20 2.9 84 7000 1.5·10-6

90 1.07 20 36 4·10-5
Aqueous 

solution of 
uranyl 

sulphate  
0.23 moles of 
salt per 1 l of 

solvent 

20 
subcritical 

system 
1.07 ≤ 200 ≤ 36000 1·10-4

 
As follows from the data presented in the table, decreasing the uranium enrichment (from 90 % 

down to 20 % of 235U) in the existing reactors increases the critical mass of the material more 
than by an order, as well as the lifetime of neutrons in the assembly. So, making the nuclear 
explosive assembly leaves no prospects from the physical viewpoint. However, redesigning of 
the existing facilities by increasing the weight of low-enrichment fuel actually results in the 
necessity of creating a new reactor. May be this is the only way for the unmoderated reactor. The 
mentioned facility to be used as the laboratory physical facility will be larger, more complicated 
and expensive than the existing metal-fuel reactors.  

At the same time the small-size and inexpensive pulsed reactors having the core characterized 
by the optimal composition of low-enrichment fuel and moderator can be successfully used for 
research and training purposes. The parameters like energy release in the fission pulse, neutron 
fluence and gamma-radiation dose in the fission pulse are comparable or superior to the 



parameters of the unmoderated reactors operating on high-enrichment fuel. Using the neutron 
moderator in the reactor core considerably decreases the emergency consequences due to the 
excess reactivity and enhances the pulsed reactor safety. These facilities producing pulses of 
various shape and width and providing relatively high static power are rather attractive for 
commercial application. 

Two reactors VIR–2M and BIGR having the cores equipped with moderator have been built at 
VNIIEF. The fuel composition used in the pulsed reactors should meet the specified 
requirements. Developing a new type of fuel is rather long and expensive process. So we shall 
try to use the known and available fuels in our investigations. Theoretical, technological and 
design studies are planned to be carried out under the project # 3128 aimed at developing the 
pulsed reactors operating on uranium-graphite and uranyl sulphate (UO2SO4) dissolved in the 
light water enriched to 20 % and having the integral radiation characteristics similar to those of 
high-enrichment assemblies. As show the preliminary estimates, increasing the concentration of 
uranyl sulphate (20 % of 235U) from 0.23 up to 1.75 moles per liter of solvent allows creating the 
spherical critical system having the dimensions similar to those indicated in the table 2 for the 
high-enrichment solution (R = 20 cm). It is well known that in this case the solution keeps 
stability and can be used as the pulsed reactor fuel. However the weight of the solution increases 
up to 50 kg. Using this solution in the reactor VIR-2M changes the efficiency of the control 
system and increases the dynamic loading of the reactor vessel. The research to be carried out 
under the ISTC project # 3128 should provide the answer on the possibility of using the new 
solution in the available vessel together with the existing or partly modified equipment. As for 
using the low-enrichments uranium-graphite fuel, reducing the fuel weight owing to 
hydrogenous moderators to be used in the core is very promising. For example, the reactor may 
be arranged as the common lattice composed of the cylindrical fuel elements immersed in water. 
In the pulsed reactor the fission pulse energy is accumulated by the fuel material, which 
gradually transfers the energy to the water due to forced reducing of heat transfer power. The 
preliminary calculations give some hope and prospects of using the combined low-enrichment 
metal and uranium-graphite fuel in the pulsed reactor cores. 

Conclusions 
Making the nuclear reactors practically unattractive for the terrorists and thus eliminating the 

real terrorist threat by decreasing the enrichment of fuel used in the research nuclear reactors, 
which will nevertheless retain their physical characteristics essential in the scientific and applied 
research, can be considered as an urgent problem to be solved in terms of civil liability to 
enhance the safety of operating hazardous facilities. 
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ABSTRACT 
 

IN OCTOBER 2005, A SHIPMENT OF 175 TRIGA FUEL ELEMENTS OF FRESH 20% LOW 
ENRICHED URANIUM (LEU) WAS SUCCESSFULLY SHIPPED FROM FRANCE TO THE 
INSTITUTE FOR NUCLEAR RESEARCH IN PITESTI, ROMANIA. THIS WAS THE SECOND FRESH 
FUEL SHIPMENT RESULTING IN A TOTAL OF 225 FUEL ELEMENTS DELIVERED UNDER THE 
IAEA TECHNICAL COOPERATION PROGRAMME. 
 
THE GLOBAL THREAT REDUCTION INITIATIVE “GTRI” IS TO REDUCE, AND ELIMINATE, 
THE USE OF AND STORAGE OF HIGHLY ENRICHED URANIUM IN CIVIL NUCLEAR 
ACTIVITIES. THIS IAEA PROJECT IS FUNDED BY US-DOE CONTRIBUTING OVER $ 3.6 
MILLION; ROMANIA CONTRIBUTING $ 0.5 MILLION AND IAEA $ 0.3 MILLION AND THE 
COORDINATING ROLE. THROUGH THE TRILATERAL CONTRACT SIGNED IN 2003 AMONG 
THE PARTIES, THE FRENCH COMPANY CERCA WAS SELECTED TO MANUFACTURE THE 
LEU FUEL IN ACCORDANCE WITH THE ORIGINAL DESIGN FROM GENERAL ATOMICS 
 
THIS PAPER DESCRIBES THE GOOD PROGRESS ACHIEVED (PROJECT SCHEDULE, 
MANUFACTURING STATUS, REGULATORY REQUIREMENTS AND LESSONS LEARNED). 
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ABSTRACT 
The irradiation of UMo fuel dispersed in a matrix of aluminum results in the formation of 
a reaction product that coats the fuel particle surface. In some instances pores form at the 
interface between the reaction product and the aluminum matrix. Depending on the 
irradiation conditions the pores may grow, link-up to form larger pores and in severe 
cases form a continuous network that results in unacceptable pillowing of the fuel plate. 
Such observations have been made in US and other international irradiation experiments. 
Evaluation of the irradiation conditions and the nature of porosity formation in these 
experiments permit us to draw some conclusions on the influence of various parameters 
such as fission density, fission rate, temperature and composition. In particular, the 
irradiation experiments RERTR-4 and RERTR-5, conducted in the Advanced Test 
Reactor (ATR) are reviewed. 

 
I. Introduction 
 
Post irradiation examination of mini-plates irradiated in the ATR in experiments RERTR-
4 and 5 revealed the formation of porosity in the fuel meat.  Porosity was found to occur 
in two discrete locations (Figure 1).  This pattern was repeated in every mini-plate 
observed to contain porosity.  The irradiation conditions and power histories from the 
RERTR-4 and 5 experiments have recently been finalized and now permit a more 
quantitative assessment of the influence of various irradiation parameters such as fission 
density, fission rate and temperature on porosity formation and growth. 
 

 
 
Figure 1. Transverse cross section of mini-plate R6003F-7Mo from RERTR-4.  The two 
zones of porosity are readily apparent. 
 



  

II. ATR and Experiment Details 
 
The ATR in Idaho, USA has a complicated core as shown in Figure 2. The fuel 
assemblies follow a serpentine pattern that flow around the irradiation positions. The 
three B positions that were used for RERTR-4 and 5 are shown in Figure 2 and listed in 
Table 1. The experiment basket was positioned in the irradiation position so that the 
edges of the fuel plates always face the core.  At the end of each cycle the basket was 
rotated through 180° so that the opposite edge faces the core.  A strong neutron flux 
gradient exists across the width of the mini-plates and by rotating the fuel plates at the 
end of each cycle the burn-up becomes more uniform.  The power profile is tabulated in 
Table 2. 
 

  
 
 

Figure 2. The ATR core and the design of the RERTR irradiation basket. The three B-
holes used for RERTR-4 and 5 are B-09, B-11 and B-12. 
 
Table 1. Experiment position and irradiation history for RERTR-4 and 5. S=South, 
N=North, W=West. 

Cycle Number RERTR-4 RERTR-5 EFPD 
123B S (B-11) W (B-12) 42.2 
123C N (B-09) W (B-12) 13.4 
124A W (B-12) S (B-11) 57.5 
124C S (B-11) Out of pile 40.1 

125A-1/2 S (B-11) Out of pile 54 
125B S (B-11) Out of pile 49.9 

 
Table 2. Local to average ratio of fission power profile from the inner edge to the outer 
edge of the mini-plate.  X1 and X10 are the edges of the fuel meat. 

Position X1 X2 X3 X4 X5 X6 X7 X8 X9 X10 
Dist from Edge (mm) 0 2.2 4.4 6.7 8.9 11.1 13.3 15.6 17.8 20 
Fission Power Profile 1.46 1.27 1.15 1.06 0.97 0.92 0.85 0.81 0.78 0.73 

B-09 

B-12 

B-11 

Basket

Miniplate 

Capsule



  

III. Irradiation History 
  
A number of mini-plates from RERTR-4 and 5 have been selected to illustrate the effect 
of irradiation parameters on the evolution of porosity in UMo fuel. One fuel plate from 
RERTR-3 has also been included as it adds further data of value in this study. They are 
listed in Table 3. 
 

Table 3. Mini-plates selected for study. 
Plate 

Number 
Capsule 
Position 

Composition. 
(a- atomized)

RERTR 
Test No. 

Fission 
Density 

(1021 f/cm3) 

Burn-up 
(%U235) 

Reaction 
Thickness 

(μm) 
V6019G B-4 U-10Moa 5 3.2 49.0 15 
V6001M A-1 U-10Moa 4 4.4 66.2 12 
S6006C C-6 U-6Moa 4 6.1 82.5 22 

Z03  U-10Moa 3 1.8 29.8 5 
 
The goal of this study is to identify differences in irradiation parameters where porosity is 
observed to have formed relative to areas where it has not.  Therefore three positions 
across the fuel width have been selected for study. They are the center and two positions 
equidistant from the centerline.  The exact position of the porosity varies from mini-plate 
to mini-plate based on plate specific variables such as meat width, thickness and local 
loading.  On average however, the center of the porous region is ~3.5 mm from the meat 
edge. Therefore the peaking factors at those two locations are 1.2 or 0.8 (see Table 2) 
depending on which edge is closer to the core. 
 
IV. Fission Density 
 
The data shows that fission density is a prerequisite but not a key determinant in the 
formation of porosity.  There is a minimum quantity of fission gas necessary to drive the 
formation and swelling of porosity, but there are examples where the presence of porosity 
is not linked to fission density. V6001M was irradiated in RERTR-4 and reached a 
fission density of 4.4 ×  1021 f/cm3, considerably higher than 3.2 ×  1021 f/cm3 of V6019G 
in RERTR-5. Yet despite such a substantial difference, porosity had evolved on both 
sides of mini-plate in V6019G while in V6001M it was not observed. Furthermore, the 
fission density achieved in Z03 (RERTR-3) was 1.8 ×  1021 f/cm3 and yet porosity has 
formed as shown in Figure 3. 
 
It should be noted that each mini-plate was sectioned only once, in the transverse 
direction at the mid-plane.  To be conclusive it would be necessary to make numerous 
sections or at least repeatedly grind and polish the metallographic samples to ensure that 
porosity had not been missed.  
 
IV.  Temperature 
 
Temperature is an important consideration in the formation of porosity because it exerts a 
strong influence over the rate of reaction between fuel and matrix. It is also intimately 



  

related to the fission rate.  There are examples however that indicate that temperature is 
not the primary driving force for porosity formation. In Fig. 4 the fuel meat centerline 
temperature has been calculated for V6019G in the two regions of porosity, and also in 
the pore free region in the center. The center of the plate maintains a temperature greater 
than the right side of the plate for the entire irradiation, excluding the 14 days of the 
second cycle. Despite maintaining an elevated temperature the center region of the fuel 
plate failed to develop any porosity. The temperature differential between the location of 
porosity and the center remains less than 15°C for the period of the irradiation.  
 
 

 
 
Figure 3. SEM image of Plate Z03 from RERTR-3. Porosity evolution is evident on the 
outer surface of the spherical U-Mo particles. 
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Figure 4. Graph of mini-plate V6019G centerline temperature calculated at the left, 
center and right positions across the width of the plate. . 



  

At the interface between the fuel meat and the cladding the temperature drops due to the 
higher conductivity of the cladding and the lack of a heat source. Porosity is observed to 
form at this location in addition to the hotter centerline in some cases despite the 
temperature drop as shown by Lemoine et al. [1] in Figure 5. 

 

 
 
Figure 5. OM image of the interface between the fuel meat and cladding; FUTURE [1]. 
 
V.  Fission Rate 
 
Fission rate, like temperature is an important irradiation variable that is expected to exert 
an influence on the evolution of porosity as it is intimately linked to heat generation and 
consequently temperature. Like temperature however, it does not appear to be the sole 
reason why porosity forms in different locations.  In Fig.6 it is clear that the fission rate 
in the fuel particles is largely constant throughout the irradiation and is greater in the 
center of the plate than the right side for almost the entire irradiation. Similarly, the 
fission rate of mini-plates in high flux positions is considerably higher across the entire 
plate than mini-plates of lower flux and still no porosity forms in the center of the plate. 
However, one should consider the fission rate (i.e., damage rate) in the interaction 
product itself rather than in the U-Mo fuel, because this is where the porosity forms. 
 
Figure 7 shows the damage rate history for mini plate V6019G as calculated with the 
TRIM code [2]. 
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Figure 6.   V6019G fission. 
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Figure 7. V6019G effective fission rate 

 
 
VI.  Interaction Layer Thickness 
 
As mentioned previously there needs to be a minimum reaction thickness and quantity of 
fission gas present to nucleate and grow the pores.  Based on Figure 3 it would appear 
that the threshold for this event is very low. The measured reaction thickness for mini-
plate Z03 is ~5μm.  However, thickness alone does not dictate whether porosity forms or 
not.  For example, in V6019G, the reaction thickness is reasonably constant over the full 
width of the fuel meat.  However, porosity was observed to form in two discrete locations 
approximately 3.5 mm from the edge of the meat but not in the center. 
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Figure 8. Interaction layer thickness in V6019G measured across the width of the mini-

plate at the midplane. 
 



  

VII. Composition 
 
Given the quantitative information in the preceding sections it appears that neither the 
fission rate and fission density nor temperature can independently account for the 
location of porosity. Composition and its potential variation is the other readily 
identifiable variable that may be the key determinant. Fabrication variables such as 
uranium density have been considered as well but shown to be indeterminant. 
 
Since the (U-Mo)Alx interaction product is a fissionable material − a fuel − its 
composition, specifically its Al content expressed by ‘x’, could have a strong effect on its 
irradiation behavior; recall the vastly different fission gas bubble growth between U3Si 
and U3Si2. 
 
A measure of the composition of the interaction layer, i.e., its Al content is reflected in 
the ratio of the measured volume of interaction and the volume of matrix Al consumed in 
the formation of the former, VI/Vc

Al. 
 
This ratio is plotted in Figure 9 for several mini-plates of RERTR 4 and 5. The ratio, and 
therefore x in (U-Mo)Alx, changes with temperature and loading presumably because 
when the available volume fraction of Al is diminished, more rapidly at higher 
temperature and/or higher fuel volume loading, U and Mo from the fuel particles 
continue to diffuse into the interaction layer, hence a decrease in x. 
 
This is corroborated by EPMA analysis on irradiated fuels from the FUTURE [3] and 
IRIS [4] tests where, depending on the temperature and fission rates, x was found to 
decrease from ~6 to ~4. 
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Figure 9. Volume changes RERTR-4 and 5 mini-plates during irradiation. VI is the 
volume fraction of the interaction product and Vc

Al is the volume fraction of the 
consumed Al. 



  

V  Discussion 
 
As the irradiation parameters and postirradiation measurement entities by themselves 
cannot explain the observed patterns in porosity, we have attempted to develop a simple 
multi-parameter function that captures the observations. We propose that there exists a 
critical damage rate, I

crF , above which value fission gas pores, that nucleate at the Al-
interaction layer interface, can readily grow into the interaction product by rapid 
accumulation of fission gas from the surrounding interaction product implying a low 
viscosity − high fission gas mobility behavior. 
 
The function consists of two parts; one part simply accounting for the dependence on the 
mobility and viscosity of the interaction product, the other part representing the 
accumulation of interaction product volume, the amount of fission gas, and the change in 
composition. 
 
The function takes the following form: 
 

∑ Δ⎟
⎠
⎞

⎜
⎝
⎛−⎟

⎠
⎞

⎜
⎝
⎛−

=
t

RT
QexpF

RT
Qexp

AF
.
I

lI
cr

21

11

&
    (1) 

 
where Al is a rate constant, that includes a factor accounting for different fuel loading, 

IF&  is the fission rate at the Al-interaction layer interface, 
Q1 is an activation energy characterizing the temperature dependence of the 
interaction product properties, 
Q2 is a compound “activation energy” characterizing the accumulation process, 
T is the fuel temperature, and 
Δt is the incremental increase in irradiation time. 

 
Example calculations of I

crF  with the best-fitted parameters (Al = 0.052, Q1 = 7500 cal, 
Q2 = 100 cal, IF&  is in 1014 f/cm3/s, R = 1.987 cal/mol-K, T is in K, and Δt is in day) for 
several mini-plates from RERTR-4 and 5, which span the operating range of temperature 
and fission rate, are compared with the fission rate histories of these mini-plates in Figure 
10. 
 
The locations of observed porosity or absence there of coincide with whether the critical 
fission rate is reached.  
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Figure 10. Comparison of calculated fission rate histories and critical fission rate function  
 
 
VI. Conclusions 
 
Given the quantitative information in the preceding sections it appears that neither the 
fission rate and fission density nor temperature can independently account for the 
location of porosity. However, the porosity patterns suggest that some critical 
combination of operating parameters is a prerequisite for the pores to nucleate and grow. 
This critical combination can be expressed by a rather simplified function of time, 



  

temperature and fission rate as shown in Eq. (1). The parameters in Eq. (1) are fitting 
constants and are, as well as the functional form of Eq. (1), likely to change when more 
details of the porosity phenomenon become available. Two particular issues are: the 
composition and properties of the interaction product, and the fuel temperature during the 
course of the irradiation. Fuel temperature calculations rely on thermal conductivity data 
from ex-reactor measurement and may be subject to substantial uncertainty. The 
evaluation presented here may, with appropriate caveats, delineate an operational range 
for acceptable behavior. It is clear that for high temperature − high fission rate fuel 
operational conditions, a solution to the porosity problem can only be obtained by 
metallurgical changes to the fuel design. 
 
As fission rate and temperature are given parameters for a particular reactor application 
the only possible independent change lies in eliminating fuel-Al interaction altogether 
through the use of a diffusion barrier between matrix and fuel particles, or by stabilizing 
the (U-Mo)/Al interaction product through alloy additions to either or both fuel and 
matrix. These subjects are dealt with in detail in several papers at this conference. 
 
References 
 
[1] P. Lemoine et al., RRFM 2004. 
[2] J. F. Ziegler et al., TRIM, www.SRIM.org, 2005. 
[3] A. Leenaers et al., J. Nucl. Mater., 335 (2004) 39. 
[4] F. Huet et al., RRFM 2005. 



 
PHASE STABILITY AND DIFFUSION CHARACTERISTICS OF  

U-MO-X (X=SI, AL, ZR) ALLOYS 
 
 

J.M.Park, H.J.Ryu, G.G.Lee, H.S.Kim, Y.S.Lee, C.K.Kim 
Korea Atomic Energy Research Institute 

150 Dukjin-dong, Yuseong-gu, Daejeon 305-353, Korea 
 

and 
 

Y.S.Kim, G.L. Hofman 
Nuclear Engineering Division 

Argonne National Laboratory, 9700 S. Cass Ave. Argonne, IL 60439, USA 
 
 

ABSTRACT 
  

As a means to reduce the reaction between the U-Mo and Al in U-Mo/Al dispersion 
fuels, a third element addition to U-Mo was proposed recently by Argonne National 
Laboratory. As preliminary tests before an in-reactor irradiation, we investigated by 
laboratory tests the efficacy of an addition of an X (= Si, Al, or Zr) element to U-7Mo 
in light of the gamma phase stability and diffusion reaction behavior. By using a 
vacuum induction melting technique, a third element was added to the U-7Mo. 
Gamma phase stability of the quenched specimens was tested by high temperature 
annealing tests. X-ray diffraction showed that the addition of a small amount (~0.2 
wt%) of Si improved the gamma stability of the U-7Mo significantly whereas Al 
worsened it. Other elements revealed no effects. To examine the diffusion behavior, 
diffusion couples were made by encapsulating U-7Mo-X plates with pure Al plates 
and hydraulically pressing the layers. After an annealing at 550oC, the reaction layer 
thicknesses were measured. Annealings of 4.5 gU/cm3 U-7Mo-X/Al and U-7Mo/Al-
Si dispersion fuels at 550oC and 580oC were carried out for 2 - 50 hrs to measure the 
growth rate. Reaction layer compositions of each diffusion couple were also 
measured by an electron probe microanalysis. The diffusion behavior of the U-7Mo 
was compared to that of U-7Mo-X alloys. 

 
 
1. Introduction 
 

In the reduced enrichment for research and test reactors (RERTR) program, uranium-
molybdenum alloy fuel with high uranium density is being developed for high performance 
research reactors[1]. Although gamma phase U-Mo alloys have the best irradiation performance, 
U-Mo/Al dispersion fuels have shown an unacceptably large pore formation during an irradiation 
due to the unstable properties of an interaction layer (IL) between the U-Mo fuel particle and the 
Al matrix[2]. As the IL grows, the fuel temperature increases because its thermal conductivity is 
lower than matrix Al[3]. Moreover, since the IL has a lower density than the average of the 



participating reactants, its growth causes a significant volume expansion of the fuel meat. It is 
necessary to develop a modified U-Mo alloy that is capable of either forming a more stable IL or 
reducing its growth. A method proposed by ANL is adding stabilizing elements to the U-Mo fuel 
and the Al matrix[4].  

In this study, Si, Al, or Zr was added to U-7Mo alloy and Si was added to matrix Al. Gamma 
phase stability tests of the U-Mo-X alloys, diffusion couple tests between U-Mo-X and Al, and  
compatibility tests with U-Mo-X/Al and U-Mo/Al-Si dispersion fuels were performed.  
 
 
2. Experimental Procedures 
 

U-7Mo-X(=Si, Al, Zr) alloy was vacuum-induction melted in a zirconia crucible and casted 
into a rod for diffusion couple tests. Centrifugally atomized U-7Mo-X(=Si, Zr) alloy powder was 
fabricated for compatibility tests[5]. The average size of the U-7Mo-X powder ranged 200-300 
㎛. The U-7Mo-X powder and the aluminum alloys in a powder form (i.e. pure Al powders, Ai-
0.4wt%Si, and Al-2.0wt%Si) were mixed in a V-mixer with a rotation speed of 90 rpm for 1 hr 
and hot-extruded at 400oC. The uranium loading density in the U-7Mo-X/Al(-Si) dispersion fuels 
was 4.5 gU/cm3. The as-cast U-7Mo-X ingots were heat-treated in a vacuum at 950oC for 24 hrs 
and then quenched to stabilize the gamma uranium phase for the diffusion couple test. Gamma 
stabilized U-7Mo-X specimens were annealed at 500oC from 30 mins to 48 hrs to examine the 
stability of the gamma phase. U-7Mo-X vs. Al diffusion couples were also annealed at 550oC 
and 580oC from 2 hrs to 50 hrs in a vacuum atmosphere by using simple clamping equipment as 
shown in Fig. 1. The growth behavior of the ILs in U-7Mo-X/Al dispersion fuel was observed by 
annealing at 550oC and 580oC for up to 50 hours in a vacuum-sealed quartz tube. X-ray 
diffraction (XRD) techniques were used to compare the stability of the gamma phase in U-7Mo-
X after annealing tests. The microstructures of the ILs in the diffusion-couple-test specimens and 
the annealed dispersion fuel samples were characterized by scanning electron microscopy (SEM). 
Concentration profiles of the ILs in the diffusion couples and in the annealed dispersion fuels 
were obtained by using a JEOL JXA8600 microprobe equipped with an energy dispersive 
spectrometer. 

 
3. Results and Discussion 
 
3-1. Gamma Phase Stability 
 

As shown in the phase diagram of the uranium and molybdenum system in Fig.2[6], the  
gamma phase is not stable below about 600oC for a U-7Mo alloy. As a result, the gamma phase 
of U-7Mo alloy decomposes when annealed at temperature below 600oC. Annealing of U-7Mo 
or U-7Mo-X alloys at 500oC, as tested in this study, results in a transformation into a mixture of 
an alpha uranium phase and a gamma prime U2Mo phase. Figure 3 compares the effects of Al 
and Si on the stability of the gamma phase of the U-7Mo-X ternary alloys. When 1-wt% Al is 
added to a U-7Mo alloy, the gamma phase decomposed earlier than a U-7Mo alloy and a U-
7Mo-1Si alloy as shown in Fig. 3(a). Only the U-7Mo-1Al alloy was transformed to the alpha 
phase and a gamma prime phase after 1 hour at 500oC. Silicon, however, showed an excellent 
gamma stabilizing ability as shown in Fig. 3(b). Even after 24 hours of an annealing, U-7Mo-1Si 



alloy did not show a typical diffraction pattern of a transformed uranium alloy when compared to 
U-7Mo and U-7Mo-1Al.  

 

    
Fig. 1. Schematic illustration of the diffusion couple test equipment. 

 

 
Fig. 2. Phase diagram of U-Mo system. 
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 (a)        (b) 

Fig. 3. X-ray diffraction patterns showing the stability of the gamma phase in the U-7Mo, 
      U-8Mo-1Al, and U-8Mo-1Si annealed at 500oC for (a) 1 hour  and (b) 24 hours.  
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Fig. 4. X-ray diffraction patterns showing the stability of the gamma phase of U-7Mo-
X(X=Si,Zr). 

 
Since gamma phase uranium has a superior irradiational behavior, an addition of a ternary 

element which stabilizes the gamma phase is recommended. Moreover, Al which has been used 
as a matrix material for the dispersion fuel, may degrade the gamma stability during irradiation. 
Another reason for adding a ternary element is stabilizing the ILs of the U-Mo/Al dispersion fuel 
so as not to subject it to an unacceptable pore formation during irradiation. Based on a 
thermodynamic analysis, Zr was selected as a candidate element for the ternary U-Mo-X alloys. 
Si was also selected again as a candidate, but the amount was restricted down to 0.1 - 0.2 wt% 
due to the solubility limit of Si in Uranium alloys. Figure 4 shows the transformation behavior of 
the Si and Zr added U-Mo-X ternary alloy annealed at 500oC. Contrary to the literature data that 
Zr has been known to reduce the time for a transformation of U-7Mo from a gamma to an alpha 
phase, U-7Mo and U-7Mo-Zr showed similar decomposition behaviors in this study[7]. Si added 
ternary alloy showed retarded transformation behavior when compared to U-7Mo. It has been 



reported that Si also stabilizes UAl3 up to 600oC and the transformation of UAl3 into UAl4 is 
suppressed when 0.1 wt% of Si is added into a U-Al alloy[8]. 

Scanning electron micrographs of the decomposed gamma phase after an annealing are 
shown in Fig. 5. In the U-Mo-Si alloy, the gamma phase surrounding the Si rich precipitates at 
the grain boundaries was transformed into a lamella structure primarily because Si forms 
precipitates with Mo and a Mo-depleted zone was formed. The decomposed boundaries can act 
as a penetration path for an interaction with the Al matrix in a dispersion fuel. The decomposed 
microstructure of the U-Mo-Zr alloy was similar to that of a U-Mo alloy as shown in Fig. 5(b). 
 
3-2. Microstructural Analysis 
 

Microstructures of the ILs between the U-Mo-X fuel and the Al matrix after diffusion tests 
at 550oC and 580oC were examined by using SEM. Most of the ILs grow inhomogeneously at 
550oC due to a decomposition of the gamma phase in the U-Mo-X alloys. To analyze the 
interdiffusion behavior of the gamma phase, the results were compared with those from the tests 
at 580oC. Figure 6 shows the ILs between the U-Mo-X alloys and the Al matrix after annealing 
at 580oC for 2 hrs. The U-7Mo vs. Al diffusion couple test results are presented in Fig. 6. The 
ILs are not uniform, there thickness in the same specimen measures from 65 μm to 80 μm. The 
variation of the thickness of the ILs is attributed to an inhomogeneous contact pressure and 
surface oxidation. The U-7Mo-0.2Si vs. Al diffusion couple and the U-7Mo-0.5Zr diffusion 
couple have ILs of a similar thickness range when compared to the U-7Mo vs. Al diffusion 
couple. The minor alloying of a ternary element such as Si and Zr does not seem to change the 
growth kinetics of IL between the U-Mo-X and the Al.  

Interaction behavior of the U-Mo-X/Al(-Si) dispersion fuel at 550oC and 580oC was 
observed as shown in Fig. 7 and Fig. 8. When annealed at 550oC for 50 hrs, U-7Mo alloy, U-
7Mo-0.2Si alloy and U-7Mo-1Zr alloy showed similar interaction behavior as shown in Fig. 
7(a)-(c). In the U-7Mo/Al-2Si dispersion fuel, however, an irregular IL was frequently observed 
as shown in Fig. 7(d). The Al-Si matrix is more likely to penetrate into the U-Mo fuel because Si 
has a higher affinity for with U than Al does. All of the dispersion fuel annealed at 580oC for 10 
hrs showed similar IL morphologies. In some areas of the fuel/matrix interface, there are highly 
grown regions when compared to the rest of the interface area. This area may be associated with 
a local decomposition of the gamma phase or an especially clean interface due to a peeling of an 
oxidation film on the U-Mo-X fuel particles during the extrusion.    
 
3-3.Compositional Analysis 
 

Chemical composition of the ILs in the diffusion couples and the dispersion fuels annealed 
at 580oC for 2 hrs and 10 hrs, and 550oC 5 hrs and 25 hrs were measured by using an electron 
probe micro-analysis. Fig. 9 shows the composition profiles silicon for the U-Mo-X vs. Al 
diffusion couples. In this analysis, especially the amount of Si cannot be measured precisely due 
to an overlap of Si peak with that of Al. Ryu et al.[9] observed two or three layers of interaction 
phases consisting of UAl3 and UAl4 type intermetallic phases showing 78-82 at% of Al. In the 
current study, none of the test samples showed the multilayers reported in Ref. 9. The Mo/U and 
Zr/U ratio in the U-7Mo-1Zr vs. Al diffusion couple were not changed in the U-7Mo-1Zr and in 
the IL. Compositional of Al in the IL in U-7Mo-1Zr vs. Al diffusion couple annealed at 550oC 
for 2 hrs increased from 82 to 87 at% towards Al. 



Compositional profiles of the IL in the U-7Mo/Al, U-7Mo-0.2Si/Al, U-7Mo-1Zr/Al and  
U-7Mo/Al-2Si dispersion fuels annealed at 580oC for 10 hrs were plotted in Fig. 10. U-7Mo/Al, 
U-7Mo-0.2Si/Al and U-7Mo-1Zr/Al dispersion fuels showed similar compositional profiles to 
the diffusion couple. The composition of Al was measured as 77-82 at%, whereas the U-7Mo/Al 
and U-7Mo-0.2Si/Al dispersion fuels showed a flat composition profile in the IL. The U-7Mo-
1Zr/Al dispersion fuel showed a compositional gradient of Al in the IL from 77 to 82 at% 
towards Al as shown in Fig. 10(c). Fig.10(d) shows a steeper compositional gradient observed in 
the IL of the U-7Mo/Al-2Si dispersion fuel from 68 to 87 at%. 

Figure 11 shows the compositional profiles of the IL in the U-7Mo-1Zr/Al and  U-7Mo/Al-
2Si dispersion fuels annealed at 550oC for 25 hrs. Zr/U ratio in the IL and in the fuel was 
virtually unchanged. Al content in the IL in U-7Mo-1Zr/Al dispersion fuel annealed at 550oC for 
25 hrs increased from 78 to 81 at% towards Al. U-7Mo/Al-2Si dispersion fuel annealed at 550oC 
for 25 hrs shows higher Si content in the ILs than in the fuel and the matrix. This behavior has 
been predicted thermodynamically at ANL[4]. Contrary to the 550oC tests, U-7Mo/Al-2Si 
dispersion fuel annealed at 580oC for 10 hrs do not show Si accumulation in the IL. This 
temperature effect on Si diffusion requires a further study.  
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Fig. 5. Scanning electron micrographs for (a) U-7Mo-0.1Si and (b) U-7Mo-1Zr annealed at 
500oC for 48 hrs . 
 

 
(a)      (b)    (c)      (d) 

 
Fig. 6. Scanning electron micrographs of ILs in (a) (b) U-7Mo vs. Al, (c) U-7Mo-0.2Si vs. Al, 
and (d) U-7Mo-0.5Zr vs. Al diffusion couples after annealing at 580oC for 2hrs. 
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Fig. 7. Scanning electron micrographs of ILs in (a) U-7Mo/Al, (b) U-7Mo-0.2Si/Al, (c) U-7Mo-
1Zr/Al and (d) U-7Mo/Al-2Si dispersion fuels after annealing at 550oC 50 hrs. 
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Fig. 8. Scanning electron micrographs of ILs in (a) U-7Mo/Al, (b) U-7Mo-0.2Si/Al, (c) U-7Mo-
1Zr/Al and (d) U-7Mo/Al-2Si dispersion fuels after annealing at 580oC 10 hrs. 
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(c)        (d) 

Fig. 9. Compositional profile of IL in (a) U-7Mo-0.2Si vs. Al and (b) U-7Mo-1Zr vs. Al 
diffusion couple annealed at 580oC for 2 hrs, and (c) U-7Mo vs. Al and (d) U-7Mo-1Zr vs. Al 
diffusion couple annealed at 550oC for 5 hrs. 
 

0.0

0.2

0.4

0.6

0.8

1.0

 Al
 Zr
 Mo
 U

0.0

0.2

0.4

0.6

0.8

1.0

 Al
 Si
 Mo
 U

0.0

0.2

0.4

0.6

0.8

1.0

 Al
 Mo
 U

0.0

0.2

0.4

0.6

0.8

1.0

 Al
 Zr
 Mo
 U



    
(a)        (b) 

     
(c)        (d) 

Fig. 10. Compositional profile of IL in (a) U-7Mo/Al, (b) U-7Mo-0.2Si/Al, (c) U-7Mo-1Zr/Al 
and (d) U-7Mo/Al-2Si dispersion fuel annealed at 580oC for 10 hrs. 
 

  
(a)        (b) 

Fig. 11. Compositional profile of IL in (a) U-7Mo-1Zr/Al and (b) U-7Mo/Al-2Si dispersion fuel 
annealed at 550oC for 25 hrs. 
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4. Conclusions 
 

Gamma stability of U-Mo-X alloy was enhanced by the addition of Si, while Zr did not show 
any distinguishable effect. Diffusion Couple tests showed that the IL growth behaviors of the U-
Mo-Si and U-Mo-Zr ternary alloys were similar when compared to the U-7Mo vs. Al diffusion 
couple test. Annealing tests of a dispersion fuel using U-Mo-Si and U-Mo-Zr alloy fuel showed a 
similar interaction behavior with a U-Mo/Al dispersion fuel. When Al-0.4Si or Al-2.0Si alloy is 
used as a matrix material, a penetration of the IL into a fuel particles became inhomogeneous.  
High Si content was measured in an IL of U-Mo/Al-Si dispersion fuel annealed at 550oC.  
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Abstract 
 
High-density U-6wt%Mo/Al and U-10wt%Mo/Al dispersion fuel 
samples have been irradiated by heavy ions in order to simulate 
fission fragments. The dose was set to 1017Ion/cm², which 
corresponds to a low burn-up as compared to in-pile irradiation. 
The aim of the irradiation is to investigate the cause of the 
interdiffusion layer, which develops between the U-Mo fuel 
particles and the surrounding Al-matrix. Post irradiation analysis 
has shown an interdiffusion layer due to irradiation by heavy ions. 
This interdiffusion layer has similar properties as found by reactor 
irradiation. 

 



Introduction  
 
The high density U-Mo/Al dispersion fuel suffers mainly from the unfavourable 
interdiffusion layer (IDL) between the fuel and the Al-matrix, which tends to break up at the 
transition to the Al-matrix. Up to now this IDL was observed only by in-pile reactor 
irradiation and could not be created in out-of-pile experiments. Annealing experiments 
showed a diffusion behaviour as well, see for instance [1,2], but thermally activated diffusion 
should be excluded as a reason for in-pile diffusion, because a much higher temperature is 
required (at least 400°C) and diffusion would be much faster than in-pile.  
 
Why an irradiation by heavy ions? 
 
During in-pile irradiation of nuclear fuels, fission takes place. Per thermal fission of 
Uranium-235 energy of around 204MeV is released. The main part (167±5MeV, more than 
80%) of energy is carried away by the kinetic energy of two fission fragments [3]. These two 
fission fragments have an atomic mass number of around A ≈ 95 respectively A ≈ 137 (heavy 
ion)[4]. Fission fragments are usually not stable and therefore cause a high radiation and dose 
rate after in-pile irradiation, which hampers the post irradiation examination significantly.  
 
Our approach is to irradiate U-Mo/Al dispersion fuel with typical fission fragments which are 
stable. For practical purposes we have chosen I-127 as projectile at 120MeV. This projectile 
has several advantages in comparison to others: first it is a typical fission fragment, secondly 
it can be accelerated to a typical energy of fission. And thirdly the Munich tandem 
accelerator at Garching, Germany can provide a high flux with this isotope.  
 

Experiments 
 
Three samples have been investigated which have been provided by the RERTR-team 
(Argonne, USA), see table. Before irradiation the samples have been polished in order to 
uncover the meat-layer and to obtain a clean surface of 5 x 5 mm². The beam size was set to 
2 x 1 mm² and the heavy ion flux was limited in order to not exceed a meat temperature of 
200°C, measured close to the irradiation position by a thermal couple. A final fluence of 1 x 
1017 ion/cm² was achieved after max. 13h of irradiation. This fluence corresponds to a low 
burn-up as compared to in-pile irradiation. While fission fragments are emitted isotropically, 
the 

Sample (label)  ANL#2 ANL#6 ANL#7 

Fuel U-6wt%Mo U-10wt%Mo U-10wt%Mo 

Matrix AL AL AL 

Fluence 1x1017 ion/cm² 0,5x1017 ion/cm² 1x1017 ion/cm² 

Flux  
(maximum) 3x1011 ion/s 

Temperature 
(maximum) 200°C 



heavy ion beam is vectored [7]. Alike in vacuum the divergence of the beam in matter is still 
marginal, but the penetration depth differs, see diagram 1. Because fuel particles and matrix 
are hit by the heavy ion beam in the same way an effective penetration depth for the meat 
could be defined in order to compare fission density and fluence. Henceforth a comparison of 
orders of magnitudes is possible. For instance the final fission density in the fuel meat of the 
FRM-II research reactor in Germany is 2x1021fission/cc [6] i.e. 4x1021 fission fragments/cc. 
Assuming that the effective penetration depth perpendicular to the surface is 5µm (for an 
irradiation angle of 30° between beam and surface) a fluence of 1017 ion/cm² corresponds to a 
fission fragment density of 2x1020 fission fragments/cc. However, the latter value has to be 
corrected at least by the volume fraction of the fuel in the meat and the influence of the 
direction. 
 

Discussion 
 
Since the samples are not activated, post irradiation examination can be done easily and 
immediately after the irradiation. 
 
Optical microscopy  
 
Because of the irradiation by iodine and the penetration depth of only some micrometers, the 
irradiated surface appears very dark. Furthermore due to the viscose wavelike pattern which 
develops on the surface, optical microscopy is difficult. Nevertheless pictures 1, 2, and 3 
show irradiated samples ANL#2, ANL#6, and ANL#7 respectively. Each picture shows the 
centre of the irradiated area, and clearly three separated phases – fuel particles, matrix and an 
interdiffusion layer in-between. While the diameter of the fuel particles varies between some 
µm and approximately 80µm, the thickness of the interdiffusion layer seems to be constant at 
about 10µm to 30µm depending on the direction of the beam and on the sample. 
 
Scanning electron microscopy and EDX 
 
Picture 4 shows a SEM image of an U-6wt%Mo particle in Al (sample ANL#2), which was 
irradiated under an angle of 30°. Like the optical microscopy three phases are visible, again. 
They are separated by sharp borders. The U-6wt%Mo fuel particle in the middle has a 
diameter of around 60µm and some ripples on the surface are visible. This wavelike pattern 
is an irradiation effect and did not exist before the irradiation. Surrounding the fuel particle, 
an interdiffusion layer is observable, which is particularly pronounced in the direction of the 
heavy ion beam (from bottom-left to top-right). The maximum thickness is around 30µm. 
Within the interdiffusion layer the chemical composition is almost homogeneous as found by 
EDX (energy dispersive X-ray spectroscopy), see diagram 2. 
 
Picture 5 shows two SEM images of the samples ANL#6 and ANL#7. In principal they can 
be characterised in the same way as the sample ANL#2. But both samples show a significant 
smaller interdiffusion layer (max. 16µm for ANL#6 and max. 21µm for ANL#7) of its 
thickness with a strongly reduced dependence on the ion beam direction. EDX has shown 
also a better homogeneity of the interdiffusion layer compared to sample ANL#2. 



Conclusion 
 
Up to now only three samples have been irradiated in the same manner and they show 
promising results, but nevertheless further irradiations and examinations have to be done. 
 
The observed new interdiffusion layer has properties in common with the interdiffusion 
layer, which was found by in-pile irradiation. Optical properties, chemical composition and 
dimensions are comparable. Optical and SEM-pictures of in-pile irradiated U-Mo/Al 
dispersion fuel can be found for instance in [5]. 
 
Assuming that the interdiffusion layer which has been found by irradiation with heavy ions 
and the interdiffusion layer, which was observed after in-pile reactor irradiation are the same, 
this technique will give a possibility to support the development of U-Mo/Al dispersion fuels. 
 
The advantages compared to in-pile irradiation would be:  

- very quick results (some hours of irradiation by heavy ions are sufficient to simulate a 
moderate burn-up)  

- no activation of the sample (handling and post irradiation examinations will be much 
easier)  

- less expensive 
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Picture  3:  

optical microscopy of U-
10wt%Mo/Al after 
irradiation (ANL#7) 

Picture  1:  

optical microscopy of U-
6wt%Mo/Al after 
irradiation (ANL#2) 0,1 mm0,1 mm0,1 mm

0,1 mm0,1 mm0,1 mm

Picture  2:  

optical microscopy of 
U-10wt%Mo/Al after 
irradiation (ANL#6) 



 
 

Diagram 1: penetration depth of iodine –127 into different materials [7] 
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Picture 4: 

SEM of irradiated U-
6wt%Mo/Al sample (ANL#2)  

at position #1..9 EDX 
measurements have been 
carried out, see diagram 2 

at position 0 pure Al has been 
found  

the ion beam direction was 
from bottom-left to top-right 

Picture 5:  SEM-Pictures of sample ANL #6 (left hand side) and ANL#7 (right hand side) 





 

Diagram 2: EDX- measurements of sample #2 (U-6wt%Mo/Al)  at different position, see Picture 4   
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ABSTRACT 

 
In this work we apply an atomistic modeling tool for dealing with interfacial phenomena and the 
effects of selected additives in the behavior of the Al/UMo interface. The basic features characterizing 
the real system are identified in this modeling effort such as: the increased Al and U interdiffusion with 
temperature, the Al stopping power of increasing Mo concentration, and the formation of interfacial 
compounds. Moreover, significant results were also obtained in the case of Si additions to Al, once 
again reproducing the main features observed experimentally: the trend indicating formation of 
interfacial compounds, much reduced diffusion of Al into UMo due to the high Si concentration, Si 
depletion in the Al matrix, and an unexpected interaction between Mo and Si which avoid the Si 
diffusion to deeper layers in the UMo solid solution thus improving the stopping power for Al 
diffusion. The effects of other additives, such as Ge, are also discussed in the present work. 
 

1. Introduction 
 

Research and development programs based on the synergy between theory, modeling, and 
experiment, are growing both in number and strength. Their growth, however, relies heavily on a 
number of factors which favor certain fields of research more than others, as the theoretical 
complexities, the availability of computational modeling tools, and the ease to acquire 
experimental evidence rarely converge to provide a uniform platform for any given program, 
thus limiting the added value that arises from an optimum balance between them. One area of 
relevance where this is apparent is in the development of nuclear fuels for research and test 
reactors that meet current needs and concerns at a global scale.  

The development of high density U-alloys with an increased concentration of U is one of the 
key ingredients for high neutron flux research reactors with low enriched uranium (LEU, 235U < 
20 at%) fuel. Of particular interest is the UMo solid solution in the γ-phase dispersed in an Al 
matrix or in a monolithic form, which generated high expectation due to its acceptable irradiation 
behavior, low to moderate fuel/matrix interaction, and stable fission gas bubble growth for 
moderate neutron fluxes. However, unexpected failures like pillowing and large porosities in 
high neutron fluxes irradiation experiments have been reported, probably due to the formation of 
ternary compounds and large porosity located at the interface between the interaction product 
and the Al matrix under high power operating conditions [1-3].  

Several basic issues must be addressed in order to have a better understanding of the causes of 
the failures and the fundamental behavior of the different fuels as, for example, the processes 
involved in the interaction between the aluminum matrix and the UMo solid solution, or the 
interdiffusion or interfacial reaction with the Al matrix or cladding. Other basic questions relate 



to the role of new additives in the stability of the bcc phase, as well as their influence on the 
thermal compatibility with the Al matrix and on potential porosity formation. 

The complexities associated to each one of these questions require a considerable 
improvement  to the traditional method for developing or improving specific alloys mostly based 
on extensive experimental trial and error work, which is both expensive and time-consuming. 
Recently, however, the increasing role of atomistic computational modeling in the development 
of structural materials has shown promise as a valuable tool to aid the experimental work. If 
theoretical modeling could also be included in the development of nuclear fuels, then the 
experimental process could be better directed and experiments could be reduced to specific ones 
correlated in number and nature to the guidance provided by the theoretical predictions. 

While the virtual design of new materials through complex computer simulations is yet a goal 
to be achieved, its success will depend on the availability of a unified approach that provides the 
same level of simplicity and accuracy for any possible application. Although first-principles (FP) 
approaches provide the most accurate framework for such studies, the complexity of the tasks 
involving actinides and their substantial computational requirements impose limitations that still 
prevent these approaches from becoming economical predictive tools. In fact, the theoretical 
description of actinide metals and their alloys poses a severe challenge to modern electronic 
structure theory and has eluded accurate treatment by semiempirical or quantum approximate 
methods (qam). The purpose of qam is to provide an efficient and accurate way to compute the 
energy of arbitrary atomic systems in terms of their geometrical configuration in an economical 
computational way. Almost independently of their foundation and formulation, these methods 
rely on simplifications which, as a result, inevitably require the introduction of parameters that in 
some cases limit their use due to nontransferability problems that exist in their formulation. 

A recently developed qam is the Bozzolo-Ferrante- Smith (BFS) method for alloys [4], which 
fulfills several requirements for applicability in terms of simplicity, accuracy, and range of 
application, as it has no limitations in its formulation on the number and type of elements present 
in a given alloy. Moreover, it has shown promise in describing diverse problems, particularly in 
the area of surface alloys [4] and high-temperature intermetallics [5-7]. The purpose of this work 
is then to apply the BFS method for describing the basic features observed in nuclear fuels that 
are currently under development with the aim to understand the basic behavior of each one of 
their components. A brief description of BFS method is presented in section 2 while section 3 
shows the modeling results, obtained through Monte Carlo (MC) simulations, on the role of 
additives such as Si and Ge in the interface Al-U and Al-UMo systems. Conclusions are 
presented in Section 4. 
  
2. The BFS method for alloys 
 

The BFS method replaces the exact process of alloy formation with two virtual processes 
where the end result is, or is expected to be, a good description of the result of the real process. 
Thus, it is expected that BFS reproduces the essential features of the equation of state of the solid 
at zero temperature and, in particular, around equilibrium providing structural information that is 
ultimately, contained in the binding energy curve describing the solid under study. Basically, the 
BFS method provides a simple algorithm for the calculation of the energy of formation ΔH of an 
arbitrary alloy (the difference between the energy of the alloy and that of its individual 
constituents), written as the superposition of elemental contributions, εi, of all the atoms in the 



alloy, where εi denotes the difference in energy between a given atom in the equilibrium alloy 
and in an equilibrium single crystal of species i, ∑=Δ

i
iH ε . 

In principle, the calculation of ΔH would simply imply computing the energy of each atom in 
its equilibrium pure crystal and the total energy in the alloy. In BFS, a two-step approach is 
introduced for the calculation of εi in order to identify contributions to the energy due to 
structural and compositional effects computed as isolated effects. Therefore, εi is broken up in 
separate contributions, each one related with a corresponding equivalent crystal (EQ): 1) a strain 
energy (εS) that accounts for the change in energy due only to the change in geometrical 
environment of the crystal lattice, ignoring the additional degree of freedom introduced by the 
varying atomic species in the alloy, 2) a chemical energy (εC), and 3) a chemical reference 
energy (εCo), where these last two terms take into account the real chemical enviroment in the 
alloy and decoupling between structural and chemical effects, respectively. It is precisely in the 
BFS chemical energy where the set of parameters describing the pure element are perturbed in 
order to account for the distortion introduced by the nearby presence of a different element or 
defect. While there is a certain level of arbitrariness in how this separation is implemented, it is 
only meaningful when a good representation of the initial and final states of the actual process is 
obtained by properly linking all contributions. This is achieved by recoupling the strain, 
chemical and chemical reference contributions by means of a coupling function, gi, properly 
defined to provide the correct asymptotic behavior of the chemical energy contribution. 
Summarizing, the contribution to the energy of formation of atom i is then ( )0C

i
C
ii

S
ii g εεεε −+=  . 

It can be shown that BFS predictions that result from this scheme are identical to FP 
calculations at or near equilibrium of the system under study, as shown in Fig. 1 for UMo B2 and 
the Ni2AlTi Heusler alloy [8]. 

 

           
 
Figure 1. Comparison of the FLAPW results (solid curves) and BFS predictions (dashed curves) for the 

difference between the total energy and strain energy (in eV/atom) as a function of lattice parameter (in angstroms) 
for UMo B2 and Ni2AlTi L21 structures. The vertical lines denote the equilibrium lattice parameters of the 
individual elements (in the symmetry of the alloy, dashed line) and the lattice parameter of each ordered structure 
(solid lines), as predicted by first-principles methods. 

 
From a computational standpoint, the usefulness of the method relies on the simplicity of the 

calculations needed for the determination of the three EQ associated with each atom i. The 
procedure involves the solution of a simple transcendental equation for the determination of the 
equilibrium Wigner-Seitz radius (rWSE) of each EQ. The BFS strain energy contribution, εS, is 
obtained by solving the Equivalent Crystal Theory [9] (ECT) perturbation equation  
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while the BFS chemical energy is obtained by a similar procedure by solving the equation  
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where N and M are the number of nearest-neighbors (NN) and next-nearest neighbors (NNN) at 
distances R1 and R2 (in the equivalent crystal), respectively ), r denotes the distance between the 
reference atom and its neighbors, S(r) describes a screening function, and the sum  runs over  NN 
and NNN. A matrix of perturbative BFS parameters, Δji, describes the changes in the electron 
density in the vicinity of atom i due to the presence of an atom j (of a different chemical species), 
in a neighboring site. The single element parameters describing any arbitrary reference state for a 
given atom are related to the equilibrium values for rWSE, the cohesive energy, Ec, and the bulk 
modulus, B0, (or the scaling length l, used to replace B0 in order to allow for a closer 
correspondence with the universal binding energy relationship [10] (UBER)). Additional ECT 
parameters (p, l, α, and λ) are derived from them [9]. These equations are used for the calculation 
of the lattice parameter aS or aC of a perfect crystal where the reference atom i has the same 
energy as it has in the geometrical environment of the alloy under study. Once the lattice 
parameter of the strain or chemical equivalent crystal are determined, the BFS contribution to the 
strain or chemical energy are computed using the UBER, which contains all the relevant 
information concerning a single-component system. Finally, the BFS strain and chemical energy 
contributions are linked by a coupling function gi, which describes the influence of the 
geometrical distribution of the surrounding atoms in relation to the chemical effects and is given 
by )exp( *S

ii ag −= . 

The BFS parameters are determined from FP calculations by using the full potential linearized 
augmented plane wave (FLAPW) method, as implemented in the WIEN2K package [11], but 
their validation depends on their ability to describe basic known features of the binary 
combinations of these elements. Unlike other systems for which there is abundant theoretical or 
experimental information, the background available for U-X compounds (X = Al, Si, Mo, Ge) is 
very limited. The validity of the parameters are tested against basic structural information and 
experimental data available in the literature. For example, in the UMo system we checked the 
Dwight measurement [12] of the UMo solid solution lattice parameter versus Mo: a(x)/aU = 1 - 
0.0009021x (x in at%Mo)   content for the range 12.7 to 35.5 at.% Mo at 1173 K. The BFS 
prediction, is a(x)/aU = 1 - 0.0009044x, in excellent agreement with the Dwight's results. 
 
3. Role of additives in the Al/U and Al/UMo interface 
 

The BFS-based methodology assumes no a priori information on the system at hand and none 
of the experimental information that could be possibly available is used in the formulation and 
application of the method. The only input necessary consists of the lattice structures and the 
parameterization of the participating elements provided by FLAPW calculations. Although in 
this work the calculations are restricted to a rigid bcc cell with the lattice parameter of the U 
portion, it is also true that for the purpose of this study, focused on determining qualitative trends 
and changes in behavior for different additives, the proposed framework is largely appropriate. It 
should also be noted that the low temperature results are a consequence of the simulation scheme 
used, based on a Monte Carlo - Metropolis algorithm where atoms ‘diffuse’ based only on the 



energetics of the initial and final state, and not due to their ability to overcome diffusion barriers. 
In other words, the simulation results just say that there are lower energy accessible states to 
which the system can evolve, but accurate diffusion rates can only be obtained if diffusion 
barriers are properly taken into account. In spite of these limitations, if the parameterization and 
general modeling scheme is correct, it is possible to obtain information on general trends and the 
driving forces for the processes found experimentally. 

 
3.1 The role of Mo in Al/U interface 
 

The experimental results for Al/(U,Mo) show that the U-2 wt% Mo/Al dispersions increase in 
volume by 26% at 673 K after 2000 h. This large volume change is mainly due to the formation 
of voids and cracks resulting from nearly complete interdiffusion of U-Mo and Al. Fuel particles 
containing 4 wt% Mo reacted extensively with the matrix aluminum during fuel fabrication and 
irradiation but fuels with 6 wt% or more Mo content performed well during irradiation, 
exhibiting low to moderate fuel/matrix interaction and stable fission gas bubble growth [1-3]. 
Others experimental results show that the U–7 wt% Mo alloy previously homogenized retains 
the γ-(U,Mo) phase, and the formation of (U,Mo)Al3 and (U,Mo)Al4 at 853 K is observed [3]. 

In spite of the rigid cell limitation in the simulations, based on a bcc cell with a lattice 
parameter characteristic of the U-Mo portion of the cell, it is possible to gather the necessary 
information to understand the behavior of Al in terms of Mo concentration. Fig. 2 shows 
concentration profiles obtained through MC simulations using BFS method for the atomic 
energetics for Al/U-5 wt% Mo and Al/U-5 wt% Mo. The results indicate reduced diffusion of Al 
in U-Mo relative to the binary Al/U case. The effect of Mo on Al diffusion can be observed at 
400 K, where substantial differences between cells with 5 and 10 wt% Mo can be seen. In the 
first case, Al diffuses to layers far from the interface, with barely 20% in its vicinity. For 10 wt% 
Mo, however, Al preferentially goes to regions near the interface with low Mo concentration. Far 
from the interface, Al concentration at 400 K varies from 50% for pure U, 15% for U-5 wt% Mo, 
to nearly zero for U-10 wt% Mo. The simulations and the concentration profiles at T = 400 K 
also reveal that Al and Mo show a tendency toward compound formation. However, this effect 
could also be understood as a result of Al diffusion to Mo-defficient regions which, statistically, 
populates sites in the vicinity of Mo atoms. Either way, the Al and Mo count would show peaks 
and valleys of the same nature in the concentration profiles. These results show that the ‘stopping 
power’ of Mo for Al interdiffusion is limited, resulting in the formation of interfacial ternary 
compounds of varying composition, depending on their location relative to the interface. 
 
3.2 The role of Si in the Al/U interface 
 

There is no experimental evidence for this system. It is in cases like this where it is important 
to fill the knowledge gaps with modeling results that assure consistency with known cases. More 
importantly, analyzing every possible situation with the same modeling scheme allows us to gain 
detailed insight on the role played by each atomic species and the interactions between them. The 
MC simulations show that Si additions to the Al matrix have a striking effect even in the basic 
case (Al/U). The results for this system, shown in Fig. 3, can be summarized with two distinct 
examples, namely, Al-5 wt% Si/U and Al-10 wt% Si/U, for which simulations were performed 
in the range 1 < T < 400 K. In contrast with the Al/U system, Al diffusion in U is drastically 
affected by Si. The simulations show higher diffusion rates for Si than for Al. As shown in Fig. 3 
for T = 190 K, Si inhibits Al interdiffusion at low temperature. This effect is more noticeable in 



regions with higher Si concentration. As T increases, Si diffuses to deeper layers allowing for Al 
diffusion to the interfacial region. There is a noticeable difference between the 5 and 10 wt% Si 
in Al cases, as seen in Fig.3, but both show Al depletion in near-interfacial regions and the 
formation of ordered compounds where Si is in the majority. For 10 wt% Si in Al, there is a 
noticeable effect in the diffusion of Al to U mainly in the regions where Si is in the majority. The 
simulations show that the diffusion path of Al is through Si-poor regions (particularly for T = 
400 K), or where U-Si precipitates disappear. 
 

 
 
Figure 2. Composition profiles of the computational cells representing (a) the interfacial region between Al and U, 
(b) Al and U-5 wt% Mo, and (c) Al and U-10 wt% Mo. The composition profiles, from left to right, denote the 
changes of concentration (in at%) in each plane in the vicinity of the interface. The different plots, from top to 
bottom, indicate the stable profiles at 90, 140, 190, 300 and 400 K. U and Mo profiles are indicated with solid black 
and grey lines, respectively. Al is indicated with a dashed line. The arrow indicates the original interface location. 
 
 



 
 
Figure 3. Composition profiles of the computational cells representing (a) the interfacial region between an Al-
5wt%Si and U, and (b) Al-10wt%Si and U. The composition profiles, from left to right, denote the changes of 
concentration (in at%) in each plane in the vicinity of the interface. The different plots, from top to bottom, indicate 
the stable profiles at 90, 140, 190, 300 and 400 K. U profiles are indicated with black solid lines. Al and Si profiles 
are indicated with black (dashed) and grey (dot-dashed) lines. The arrows indicate the original interface location. 
 
3.3 The role of Si in the Al/UMo interface 
 

Experimental results suggest that Si additions to Al introduce important changes in relation 
with the phases found inside the interaction layer: (U,Mo)(Al,Si)3 near the Al alloy, a two-phase 
zone consisting of (U,Mo)(Al,Si)3 and, probably, (U,Mo)(Al,Si)2-x near U-Mo alloy. No 
(U,Mo)Al4 was found [3]. (U,Mo)(Al,Si)3, which is the main component of the interaction layer, 
is the phase reported as the interaction product in dispersion Si fuel elements. The simulations 
shown in Fig. 4 address the simultaneous effect of adding Si to Al and Mo to U, their influence 
in the structure of the interface, and in the interactions between the two alloying additions. The 
trends observed in the ternary case Al/UMo are, to a certain extent, conserved. The most striking 
result, due to the interaction between all four elements, is the complete depletion of Si in Al 
regions close to the interface, an effect that is in excellent agreement with experiment. 



 

 
Figure 4. Composition profiles of the computational cells representing (a) the interfacial region between an Al-

5wt%Si and U-5wt%Mo, (b) Al-5wt%Si and U-10wt%Mo, (c) Al-10wt%Si and U-5wt%Mo, and (d) Al-10wt%Si 
and U-10wt%Mo. The composition profiles, from left to right, denote the changes of concentration (in at%) in each 
plane in the vicinity of the interface. The different plots, from top to bottom, indicate the stable profiles at 90, 140, 
190, 300 and 400 K. U and Mo profiles are indicated with black and grey solid lines, respectively. Al and Si profiles 
are indicated with black (dashed) and grey (dot-dashed) lines. The arrows indicate the original interface location. 

 
Results for Al-5 wt% Si and for Al-10 wt% Si (Fig. 4), reproduce the main features of the 

experimental results, highlighting a strong trend towards the formation of interfacial compounds. 
As mentioned above, working on a rigid bcc cell prevents us from properly determining the 
structure and composition of these compounds, but does not hinder the fact that their formation 
strongly depends on the Si and Mo contents. Additional effects due to the interactions between 
the participating elements are also observed, mainly, the interaction between Mo and Si, 
resulting in a region free of Mo and Al where Si (in the majority) forms compounds. This effect, 
where Mo inhibits Si diffusion, is proportional to Mo concentration, allowing for Si-rich planes 
resulting in changes in the composition of the interfacial compounds from U3Si to B2 USi. The 
combined effect of Si and their interactions is a noticeable decrease in Al difusión, more 
noticeable with increasing content of either element. Figure 5 compares experimental and BFS 
predictions showing the main features observed in the Al-Si/U-Mo interface. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
                         T = 0 K               T = 700 K  

                                         (a)                                                                          (b)   
 
Figure 5. a) Al-5.2 wt% Si/U- 7wt% Mo interdiffusion layers showing the zone of depletion of Si precipitates near 
the interdiffusion layer. (Reproduced with the permission of the authors). b) Simulations of 10000 atoms for Al-
20wt%Si / U–10wt%Mo showing the main experimental results: Si depletion in Al side, compound formation in the 
zone between Al and U-Mo sides and an unexpected interaction between Mo and Si which inhibit the Si diffusion to 
deeper layers in the UMo solid solution thus improving the stopping power for Al diffusion. 
 
3.4 The role of Ge in the Al/UMo interface 
 

The observed and computed behavior of Si on Al diffusion raises questions if another element 
of the same group, such as Ge, present the same behavior if it is used as an additive in Al. This is 
yet one more case in which the lack of experimental results or any guiding evidence motivates 
the use of modeling in order to preview qualitative changes before proceeding to experimental 
verification. Therefore, we apply the same modeling tools to establish a comparison between the 
role of Si and Ge, with particular emphasis on the formation of metastable compounds with Al. 
The results of the simulations make it clear that there are noticeable differences between the 
behavior of Si and Ge. In contrast with the behavior of Si described above, the Ge remains 
mainly associated with Al, a consequence of the tendency for metastable compound formation 
observed experimentally in the Al-Ge system. This is rather surprising, given the many 
similarities between the parameterization schemes for each element. The strong tendencies for 
compound formation between Si and U, magnified by the interaction between Mo and Si, is not 
observed for Ge, which remains almost exclusively in the Al side with little Ge diffusion into U. 
In spite of the observed weak trends for the formation of interfacial compounds (especially at 



low temperatures), no major qualitative differences are observed with respect to the pure Al case, 
casting doubt on the ability of Ge additions to achieve the desired effects.  
 
4. Concluding remarks  
 

In this work we applied the BFS method for alloys to model interfacial phenomena and show 
that atomistic computational modeling could become a valuable tool to aid the experimental 
work in the development of nuclear fuels through the understanding of basic features observed in 
the Al/UMo interface and the effect of additives to the Al matrix. This work provides the first 
attempt to tackle some issues in an oversimplified modeling framework. However, several 
questions remain unanswered, as are the crystallographic nature of the interfacial compounds 
that form or how small quantities of alloying additions both in the matrix or fuel particles can 
influence the formation of these compounds and their effect in the overall behavior of the 
system. However, in spite of the fact that all the calculations refer to a rigid environment where 
both the Al matrix and UMo particles are represented by a bcc lattice characteristic of the UMo 
fuel, the basic features characterizing the real system can still be identified: 1) the increased 
Al/UMo interdiffusion with temperature, 2) the Al stopping power of increasing Mo 
concentration, and 3) the formation of interfacial compounds. Moreover, significant results were 
also obtained in the case of Si additions to Al, once again reproducing the main features 
observed experimentally: 1) the trend indicating formation of interfacial compounds, 2) much 
reduced diffusion of Al into UMo due to the high Si concentration, 3) Si depletion in the Al 
matrix, and 4) an unexpected interaction between Mo and Si which inhibit Si diffusion to deeper 
layers in the UMo solid solution thus improving the stopping power for Al diffusion. Also, the 
role of another element, Ge, of the same group as Si, was investigated. In contrast with Si, we 
observed a weak tendency to compound formation and, basically, no differences were observed 
in Al difussion with respect to pure Al. As no experimental results or guiding evidence are 
available for the system Al-Ge/U-Mo, this is a good example of how modeling could help to 
understand the behavior of the system before proceeding to experimental verification. 
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ABSTRACT 
 

Maintaining the interaction layer of U-Mo/Al dispersion fuel as a stable compound appears 
to be the key to avoiding massive pore formation. The stability of the interaction layer can 
be improved if it stays as a low-Al content compound such as (U-Mo)Al3 by adding 
alloying elements in the Al matrix and the U-Mo alloy. The Miedema semi-empirical 
model was used to estimate the stability of the interaction layer when Si is added to the Al 
matrix and transition metal elements such as Zr, Ti, V, and Nb to the U-Mo fuel. The 
minimum Si concentration for stabilization was estimated. A small amount of Zr, Ti, V, 
and Nb addition can reduce the necessary Si amount. 
 
 
1. Introduction 
 
At the 2004 RERTR meeting in Vienna, we presented our evaluation of high porosity 
formation that has occurred in the U-Mo/Al interaction phase of high-power-density 
dispersion fuel. We also proposed a way of increasing the alloy stability of the interaction 
phase through the addition of a fourth element. Earlier work on U-Al alloys had shown that 
elements of group IV B promoted the formation of U(AlX)3 – a relatively stable cubic-
compound. Of the elements in this group, Si appeared to be more suitable, and it was 
therefore selected for testing in the RERTR-6 irradiation test. In order for Si to readily 
diffuse into the interaction phase, it may be either coated on the fuel particles, or added in 
the matrix Al. We have chosen the latter. The key consideration is that the stabilizing 
element should have a tendency of forming a relatively weak bonding with Al and a strong 
bonding with both U and Mo. Diffusion tests with U-Mo/Al-Si couples confirmed that Si is 
depleted from the Al-Si alloy and concentrated in the interdiffusion zone as part of the 
compound; (U-Mo) (Al-Si)3 [1,2]. 
 
The opposite is true if one seeks a stabilizing element to add to the fuel alloy: the bonding 
of element X should be weak with U and Mo, but stronger with Al in the interaction phase. 
This principal argument was neatly demonstrated by our colleagues at KAERI [2]. They 
proceeded to alloy U-8Mo with 1 wt% Si and performed an interdiffusion test. The results 
revealed that all Si ended up in very stable (U-Mo) Si precipitates in the fuel alloy, and no 
Si whatsoever in the U-Mo/Al was found in the interaction layer (IL). This clearly shows 
that Si only works on the Al side of the interdiffusion arrangement. 
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We have looked into which elements may work when added to the U-Mo side. Transition 
elements just to the left of Mo in the periodic table are the most likely candidates from a 
metallurgical standpoint. Elements such as Nb, Ti and Zr form, at most, one weak 
compound with U, but strong compounds with Al. A detailed thermodynamic analysis was 
performed to evaluate the stabilizing effect of the candidate elements. 
 
In this paper, we present the thermodynamic and metallurgical analyses as to how to 
further improve the stability of the IL in (U-Mo)/Al dispersion fuel. Ex-reactor diffusion 
tests showed some positive results and irradiation tests are scheduled to further examine 
the full scope of the effectiveness of the remedy. 
 
2. Thermodynamic analysis method 
 
Gibbs free energy formation of a compound (ΔG = ΔH − TΔS) is the measure of the 
stability of a compound and spontaneity of a reaction. Although non-equilibrium 
conditions prevail during irradiation, current thermodynamic analysis is still a reliable 
method to predict the real situations. Since enthalpy is the dominant part of Gibbs free 
energy, knowing enthalpy of formation of a compound provides an approximate measure 
of how stable the compound is relative to other comparable compounds.  
 
The Miedema model analytically assesses the enthalpy change during mixing of two 
elements by using an empirical correlation. The correlation for the formation enthalpy of 
an AB binary is given by 
 

ΔHf

( ) ( ) ( ){ }RnQP
nn

Vfc /
ws/

Bws
/
Aws

/
AA

BA −Δ+ϕΔ−
+

= −−

2312
3131

322   (1) 

 
where fHΔ  is given in kJ/mol of atoms of A and B with concentrations in the mixture, and 
cA the concentration of A. A

Bf  is the degree to which A atoms are in contact with B atoms. 
V is the atomic volume, nws is the electron density, ϕ  is the electronic charge. P, Q and R 
are constants fitted to experimental data (see Ref. 3 for more details). 
 
3. Effect of Mo in interaction layers 
 
We know from the past experience that UAlx/Al system never developed pores in the 
interaction layers (ILs). This leads us to believe that, if Mo is included the interaction 
product behaves differently from that of the UAlx/Al system; specifically, Mo facilitates 
higher-Al content ILs, such as (U,Mo)Al7 that is not observed in the UAlx/Al system. As 
can be seen in Fig. 1, except for the U2Mo compound and low-Mo content solutions, the 
U-Mo system has positive ΔHf, suggesting that it is thermodynamically unstable. 
 
The stability of ILs that contain Mo will be discussed in the next section.  
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Fig. 1.  Effect of Mo content in U-Mo alloy. 

 
 
4. Stability of Interaction Layers 
 
The data for enthalpy of formation of compounds at 298 K were collected and reviewed. 
Because the Miedema model predicts at 0 K, the literature data were to be revised to apply 
at 0 K. However, the difference between 0 K and 298 K is around 1 kJ/mole of atoms in 
compound so that the data at 298 K can be also applicable to 0 K. 
 
Figure 2 provides a collection of measured data and the prediction results of the Miedema 
method. The U-Si and U-Al data generally follow the trend calculated with the Miedema 
model. The However, it predicts more negative values, meaning that the Miedema model 
over predicts the data. As seen in the figure, the compound stabilities increase from (U-
Mo)Al3 to UAl3, and from UAl3 toUSi3. The U(Al,Si)3 data fall between UAl3 and USi3. 
 
The stability of the ILs with Mo inclusion can be estimated in Fig. 3 (the dashed line). The 
more Mo that is added to the UAlx, the less negative enthalpy of formation the compound 
becomes, meaning that it becomes less stable. From these analyses, Mo in the IL appears 
to play an important role in degrading the IL. However, as also shown in Fig. 3, the 
addition of a proper amount is added, Si stabilizes the (U-Mo)Al3 compound (shown by the 
dash-dot line). The effect of Si in U(Al-Si)3 compound is increasing the stability of the 
compound (prediction in the solid line and measured in the symbol and line) 
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Fig. 2.  Enthalpies of formation of 
compounds and alloys: predictions by the 
Miedema model (lines), measured data 
(symbols). 
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Fig. 3.  Miedema model predictions of 
formation enthalpies. 

 
5. Minimum Si content 
  
From the literature [10,11] the amount of Si necessary to stabilize UAl3 during extensive 
thermal treatments at 605oC is such that it forms compounds in the range U(Al0.86Si0.14)3 - 
U(Al0.75Si0.25)3.  
 
From the above data, we can conclude: 

 
- the minimum Si content in the reaction layer ranges U(Al0.86Si0.14)3 - 
U(Al0.75Si0.25)3. 

- Si diffusion at this high temperature regime is fast and the affinity of Si by the 
reaction product is large. Therefore, as long as the Si supply is continued, the Si 
content in the reaction layer can be maintained above the minimum Si content.  

 
The minimum Si content is calculated by  
 

AlAlAlrrSirr

SirrMin

VfVfV
fV

C
Si ρ+ρ+ρ

ρ
=      (2) 

 
where fSi = mass fraction of Si in (U-10Mo)(Al,Si)3, fAl = mass fraction of Al in (U-
10Mo)(Al,Si)3, ρr = density of (U-10Mo)(Al,Si)3 = 5.8 g/cm3, ρAl = density of aluminum = 
2.7 g/cm3, Vr = volume fraction of reaction product in the fuel meat, and VAl = volume of 
unreacted aluminum in the fuel meat. 
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The volume fractions of the reaction product and unreacted Al are also a function of 
reaction layer thickness. These can be obtained by fitting the PIE results of RERTR-4 and 
5. In Fig.4, the measured volume fractions for RERTR-4 and 5 plates are shown by the 
symbols, and the corresponding fitting curves are also superimposed. 
 
As a result, the correlations for the volume fractions are given by 

 
35242 100534110334710275 y.y.y.Vr

−−− ×−×−×=    (3) 
35232 101261210716711024561280 y.y.y..VAl

−−− ×−×+×−=   (4) 
 

where V is the volume fraction and y is the IL thickness in μm. 
 
The calculated results are shown in Fig. 5 for the two limiting cases:  
(U-10Mo)(Al0.86Si0.14)3 and (U-10Mo)(Al0.75Si0.25)3. We assume that the effect of the 
existence of Mo is negligible in the calculations. The Si content for (U-10Mo)(Al0.75Si0.25)3 
is approximately double of (U-10Mo)(Al0.86Si0.14)3. The Si content for (U-
10Mo)(Al0.75Si0.25)3 is too large but that of (U-10Mo)(Al0.86Si0.14)3 may be acceptable from 
the perspective of reprocessing. The primary source of uncertainty in the analysis 
originates from the assumption that all the Si is consumed in the reaction product, because 
some of Si can be consumed by precipitation in the matrix and reaction with U. In 
addition, the simulated irradiation effects require experimental verification. 
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Fig. 4.  Volume fractions of interaction 
layer (Vr) and unreacted Al (VAl) 
measured for RERTR-4 and 5. 
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Fig. 5.  Minimum Si contents to stabilize the 
IL of U-Mo/Al dispersion fuel.  

 
 
6. Third element addition in U-Mo 
 
To alleviate the burden of too much Si addition, we propose a third element addition in the 
fuel side. The candidates are Zr, V, Ti and Nb. Zr seems to have the strongest effect and 
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the next is Ti. However, Zr reduces the γ-phase stabilizing power of Mo by forming Mo2Zr 
as shown in Fig. 6. As seen in the figure, a small amount of Zr, say 1 wt%, reduces the 
time of γ-to-α phase transformation almost one order of magnitude. Although it is not 
shown here, Nb and V have a similar effect. Ti apparently has the least harmful effect: if 
the amount is 1 wt%, the effect is negligible. Considering the neutron absorption cross 
sections, V and Ti are unfavorable. In order not to deleteriously reduce fuel loading, the 
amount of third element addition to the fuel is obviously restricted below approximately 3 
wt%. By using a generalized Eq. (2), calculations for the minimum Si concentration in the 
case of a third element addition in U-Mo were made assuming all the third element in U-
Mo is preferentially collected in the IL and Zr replaces Si with the same stabilizing power 
in a (U-10Mo)(Al,Si,Zr)3 type compound. An example of the calculations is shown in Fig. 
7. When ~3 wt% Zr is added in U-Mo, the reduction in the Si concentration is ~40% for a 
22-μm IL. The reduction is most pronounced when Ti is used reducing the required Si 
concentration by 47%. 
 

 
Fig. 6.  TTT diagram of U-7Mo with 

addition of Zr [13].  
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Fig. 7.  Minimum Si concentration 
necessary in matrix Al with Zr in U-Mo.

 
 
7. Alloy modification scheme 
 
In order to examine the effect of the additional alloying elements to U and Mo, the 
enthalpies of formation of binary alloys were estimated by the Miedema method. Figure 8 
(a) shows that in contrast to Si the transition elements will not form precipitates with U. 
Conversely, in Fig. 8 (b) all of the candidate transition elements form compounds with Al, 
whereas Si does not. The ability of the candidate elements to stabilize the desirable 
interaction phase is also shown in the figure: in order from weakest to strongest is Si, V, 
Nb, Ti and Zr.  
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Fig. 8.  Enthalpies of formation of binary alloys of (a) U with Nb, V, Ti, Zr and Si,  
(b) Al with Si, V, Nb, Ti and Zr. The larger the negative enthalpy of formation  
(-ΔHf), the stronger is the bond in the alloy. 

 
From this analysis, a positive effect is indicated if transition elements are added to U-Mo, 
and if Si is added to the Al matrix. Figure 9 illustrates a schematic of the likely stabilizing 
action for the case with Si in the Al matrix and Zr in the U-Mo. Si is pulled to the U-Mo 
side because of its affinity for U and repulsion by Al. The Zr affinity for Al is slightly 
greater than that of U. This implies that Zr in U will be attracted to the Al side more than U 
but the driving force should be small. 
 

(U-Mo)(Al,Si,Zr)3Al U-Mo

Al diffusion U-Mo diffusion

Zr
Zr diffusion

Zr precipitates weak
because of small -ΔΗf

Si

Si precipitates weak
because of small -ΔΗf

Large -ΔΗf
for Si, Zr
with (Al,U,Mo)

Si diffusion

Si, Zr
accumulate

 
 

Fig. 9.  Schematic of interdiffusion of U-Mo-Zr/Al-Si. 
 
Experimental evidence to support these thermodynamic predictions was sought at CNEA 
and KAERI. Figure 10 shows the cross section of CNEA diffusion couple specimen 
annealed at 550oC for two (2) hours. The as-fabricated Si content in Al4043 alloy was 5.2 
wt%. A thick (~50 μm) Si-depleted zone in fuel on the IL was observed, and a high-Si 
content IL such as (U,Mo)(Al0.67Si0.33)3 was also observed. The Si, originally in the form of 
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precipitates in this zone, was believed to have diffused to the IL to form the preferred UAl3 
type compound. The significance of this result is that Si preferentially diffuses to the IL to 
form a high-Al content IL and stabilizes the IL. 

 
U-Mo

(U,Mo)(Al,Si)3

Si precipitates
dissolved

Si precipitates

Al 4043

 
 

Fig.10.  CNEA diffusion couple test result with U-Mo/Al-Si [1]. 
 

Mo

10 μm  
Fig. 11.  KAERI annealing test of U-7Mo/Ai-2Si dispersion fuel. Composition of 

the IL in atom fraction is superimposed. [2]. 
 
Figure 11 shows a result from the KAERI U-7Mo/Ai-2Si dispersion fuel annealed at 550oC 
for 25 hours. Si was accumulated in the IL. The EMPA composition analysis result of the 
IL gives the compound type such as stable (U,Mo)(Al,Si)3. These test results confirm the 
trend of the thermodynamic predictions. 
 
In Fig. 12, the IL compositions with modified matrix Al as well as those with pure Al are 
plotted in a ternary diagram. The CNEA and KAERI results differ significantly from the 
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high-Al compounds from irradiation tests that populate at the Al-rich corner. All of the 
irradiation data show some porosity development, and their IL is believed to be unstable.  
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Fig. 12  Interaction product compositions and Si effect 

 
The preliminary results of the diffusion-couple tests of U-Mo-1Zr/Al [2] revealed that Zr 
diffusion to the IL was not preferential compared to U and Mo. No test with the 
combination of a Si-added matrix and a Zr-added U-Mo has yet been performed. In 
RERTR-7 test, the modifications for both fuel and matrix Al are scheduled to be 
implemented. On the basis of U-7Mo up to 2 wt% Zr, Ti and V are to be added and/or up 
to 5 wt% Si is to be included to the matrix.  
 
8. Conclusions 
 
Maintaining the interaction layer of U-Mo/Al dispersion fuel as a stable compound appears 
to be the key to avoiding massive pore formation. Mo inclusion in the interaction layer of 
U-Mo/Al reduces the stability of the interaction zone. This can be compensated by adding 
Si in the Al matrix and the transition metals such as Zr, Ti, V, and Nb to the U-Mo fuel. 
The minimum Si concentration for stabilization was estimated. A small amount (~3 wt%) 
of Zr, Ti, V, and Nb addition can reduce up to about 40% of the required Si. 
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ABSTRACT 
 

IN THE AIM OF EMPHASIZING THE ROLE OF BONDING ENERGY 
BETWEEN ATOMS IN THE DECOMPOSITION OF THE METASTABLE 
GAMMA PHASE AND THE SOLUBILITY OF THIRD ELEMENTS IN U-
MO ALLOY, WE DECIDED TO EVALUATE THE THERMODYNAMIC 
FUNCTIONS OF THE BINARY U-MO AND TERNARY U-MO-X 
SYSTEMS BY USING FIRST PRINCIPLES CALCULATED TOTAL 
ENERGIES IN A CLUSTER EXPANSION METHOD. IN THE PRESENT 
STUDY, WE PERFORMED FIRST-PRINCIPLES ELECTRONIC 
CALCULATIONS OF 10 TOTALLY RELAXED BCC-BASED ORDERED 
U-MO STRUCTURES. THEN, WE DECIDED WHICH CLUSTERS 
SHOULD BE RETAINED IN THE CLUSTER EXPANSION OF THE 
THERMODYNAMIC FUNCTIONS COMPARING THEIR 
PERFORMANCE TO REPRODUCE THE EXPERIMENTAL 
EQUILIBRIUM PHASE DIAGRAM. FINALLY, WE DISCUSSED THE 
CONTRIBUTION OF THE MULTISITE INTERACTIONS IN THE 
PROPER DESCRIPTION OF THE ALLOY ENERGETIC. INTERACTION 
OF THREE BODIES HAS PROVED TO PLAY A FUNDAMENTAL ROLE 
IN STABILIZATION OF GAMMA PHASE, GIVING AT THE SAME TIME 
A USEFUL TOOL FOR PREDICTING TERNARY BEHAVIOR. 

 
1. Introduction 
 
Body-centered-cubic uranium alloys are being investigated to develop a nuclear fuel for 
research nuclear reactors that meets the requirements of low enrichment, high uranium 
density (>15.0 gU/cm3) and good irradiation behavior. The objective is that the fuel 
could remain stable in the body centered cubic phase (γ-U bcc solid solution) during 
fabrication (∼500°C) and irradiation (∼250°C), i.e., at temperatures at which α-U is the 
equilibrium phase [1].  



Several transition metals, particularly 4d and 5d elements in Group IV through VIII, 
form high temperature solid solutions with γ-U and this cubic phase can be retained in 
its metastable state upon cooling. Among them, Mo was recognized as a good 
candidate, showing a high solubility in γ U (∼ 35 at %) and an acceptable amount (∼ 20 
at. %) needed to stabilize γ U during fuel element fabrication at a working temperature 
of ~500°C. Small amounts of a third element such as transition metals, 4d and 5d, from 
groups VII and VIII had a powerful stabilizing effect when added to U-Mo alloys [2, 3].  
Hofmann and Meyer [4] have found an empirical relationship between the measured 
nucleation time for the decomposition of metastable γ U(Mo) phase in α U(Mo) + 
U2Mo (the position of the “nose” in the TTT diagram) and the enthalpy of mixing of the 
γ phase as estimate from  semi-empirical method by Miedema et al [5]. From this, it 
appears that the activation energy of nucleation is proportional to the negative of the 
enthalpy of mixing. Moreover, they show that this correlation can be extended to the 
addition of a third element X (transition metals, 4d and 5d, from groups VII and VIII) 
that replaces atoms of Uranium in the alloy U-Mo. Ternary enthalpy of mixing is 
estimated as the sum of that in the binary alloys U-Mo and U-X. 
Besides, the ultimate effectiveness of third element substitution on γ stabilization 
depends on the solubility limit of this element in γ-U(Mo) alloy and on the value of 
enthalpy of mixing in the ternary system. Unfortunately, solubilities of these third 
elements in the γ-U(Mo) phase are not well known.  
A report was published in 2001 [6] which compiles thermodynamic data on the U-Mo 
alloy, enthalpy and Gibbs energy of formation, and presents them as a function of the 
uranium composition and temperature in the form of a suitable polynomial. The authors 
also stated that there were no previous data on the thermodynamic functions of the 
quenched metastable alloy below the stable γ phase region, and measured the enthalpy 
increment of quenched U0.823Mo0.117 alloy from 299 to 820 K. From this data, together 
with the estimation of the enthalpy of formation at 298.15 K from Miedema model [5] 
and the entropy at the same temperature from the method of irreversible 
thermodynamics, they gave the expression for the Gibbs energy of formation. They 
finally compared these results with estimations obtained by applying the regular 
solution model and an empirical approach [7] to nearest neighbours bond energy. 
In the aim of emphasizing the role of bonding energy between atoms in the 
decomposition of the metastable γ phase and the solubility of third elements in U-Mo 
alloy, we decided to calculate the thermodynamic functions of the binary U-Mo and 
ternary U-Mo-X systems by using first principles thermodynamics [8]. This formalism 
establishes that the thermodynamics properties of an alloy can, in principle, be 
computed as accurately as desired through a technique known as the cluster expansion. 
A cluster is defined as a set of lattice points chosen in such a way that it contains the 
maximum correlation length to be considered. In the present study, we performed first-
principles electronic calculations of 10 totally relaxed bcc-based ordered U-Mo 
structures and then, we decided which clusters are retained in the cluster expansion of 
the thermodynamic functions comparing their performance to reproduce the 
experimental equilibrium phase diagram. Finally, we discussed the contribution of the 
multisite interactions in the proper description of the alloy energetic. 
This paper is organized as follows: First, a brief description of the cluster expansion 
formalism to calculate phase diagram from first principles is presented. We then show 
the bcc-based ordered structures chosen and the conditions of first-principles electronic 
calculations. Finally, the optimal cluster expansion construction and its cluster 
interactions are discussed.  



 
2. The Cluster Expansion Formalism. 
 
Based in the cluster expansion method [9], the formation energy ΔEF of any ordered or 
disordered alloy may be described with a truncated expression of the bilinear form:  

αα
α

ξVEF ∑=Δ               (1) 

in terms of the multisite correlation functions ξα and the expansion coefficients Vα 
which are known in the literature as the effective cluster interactions (ECI). The 
complete cluster expansion of Eq. (1) is formally exact, however, the utility of this rests 
in the possibility of identifying a hierarchy of a small number of clusters whose 
contributions Vα to ΔEF dominates those of the remaining clusters. 
The unknown parameters ECIs of the cluster expansion can then be determined by 
fitting this expression to a set of formation energies of ordered compounds, for which 
the corresponding correlation functions are known. These energies can be obtained, for 
instance, through first-principles electronic calculations. The number of ordered 
compounds in this set can be equal or greater than the number of Vα parameters to 
compute. It has been determined that a better cluster expansion is obtained if the system 
of Eq. (1) is overdeterminated [10], this is, ECIs can be determined from the condition:  
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where n
FEΔ  stands for the calculated energy of formation of the ordered compound n. 

After the energy of formation for a given alloy and parent lattice has been determined, it 
is of interest to examine how phase equilibrium between structures may evolve as a 
function of temperature and average concentration. The equilibrium states at constant 
volume and temperature are obtained by minimization of the Helmhotz free energy of 
formation       configff STEF Δ−Δ=Δ                (3) 
where the configurational entropy configSΔ  is calculated as a cumulant expansion in 
terms of subcluster partial entropies of a maximal cluster αmax  (Cluster Variational 
Method approach [11]). The entropy per lattice site is thus expressed as 

( ) ( )[ ]αααα
ασ

α

α

α
σρσργ ln

max
∑∑=Δ BkS         (4) 

where ( )αα σρ  is the cluster probability, αγ the so-called Kikuchi-Barker coefficients 
and kB the Boltzmann constant. The cluster probability is a function of the correlation 
functions through the expectation value of an orthogonal expansion [8, 9, 11]. The free 
energy functional per lattice site may now obtained, for a maximal cluster αmax , from 
Eqns. (1), (3) and (4) 
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ααα

α

α
σρσργξ ln
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At present, there are no selection criteria for choosing neither the right clusters nor the 
number of known structures that will enter in the cluster expansion. We looked forward 
the combination of set of clusters and set of ordered structures that best met the 
following three criteria: the ground state phase diagram should exhibit known stable 
phases, the calculated equilibrium phase diagram should agree with the experimental 
ones, and the predicted cluster-expanded energies of ordered compounds in the 
expansion should agree with the corresponding formation energy calculation via first 
principles (“exact calculation”). 



 
Name: 

Formula: 
A2, (bcc) 

A ; B 
DO3 

A3B ; AB3 
L60 

A3B ; AB3 

Crystal 
Structure 

   
Bravais lattice I P P 

Atoms in the unit cell (0,0,0) 

A: (0, 0, 0)       
B: (0, 1, 0)  

B: (1/2, 1/2, 1/2) 
B: (1/2, 1/2, 3/2) 

B: (0, 0, 0)         
A: (0, 0, 1) 

A: (1/2, 1/2, 1/2)    
A: (1/2, 1/2, 3/2) 

Unit cell vectors 
(1,0,0) 
(0,1,0) 
(0,0,1) 

(0, 1, 1) 
(1, 0, 1) 
(1, 1, 0) 

(1, 0, 0)  
(0, 1, 1) 
(0, -1, 1) 

Space Group number 
Pearson´s symbol 

229 
cI2 

225 
cF16 

123 
tP4 

Name: 
 

Formula: 

C11b 
 

A2B ; B2A 

B2 
 

AB 

B32 
 

AB 

Crystal 
Structure 

   
Bravais lattice P P P 

Atoms in the unit cell 
A: (0, 0, 0) 
A: (0, 0, 1) 

B: (1/2, 1/2, 1/2) 

A: (0, 0, 0)       
B: (1/2, 1/2, 1/2) 

A: (0, 0, 0)         
B: (0, 1, 0) 

A: (1/2, 1/2, 1/2)    
B: (1/2, 1/2, 3/2) 

Unit cell vectors 
(1,0,0) 
(0,1,0) 

(1/2, ½, 3/2) 

(1, 0, 0) 
(0, 1, 0) 
(0, 0, 1) 

(0, 1, 1) 
(1, 0, 1) 
(1, 1, 0) 

Space Group number 
Pearson´s symbol 

139 
 tI6 

221 
cP2 

227 
tP4 

Name: 
 

Formula: 

L21 
A2BC; 

AB2C;ABC2 
  

Crystal 
Structure 

 

  

Bravais lattice P   

Atoms in the unit cell 

A: (0, 0, 0) 
B: (1/2, ½, ½) 

C: (1/4, 1/4, 1/4) 
C: (3/4, 3/4, 3/4) 

  

Unit cell vectors 
(0, 1, 1) 
(1, 0, 1) 
(1, 1, 0) 

  

Space Group number 
Pearson´s symbol 

225 
 cF16  

  

Table 1. Crystal structure information for the bcc compounds considered in the cluster 
expansion. 

 



3. The total energy of ordered compounds. 
 
First principles total energy calculations were carried out for a total of 10 bcc-based 
ordered structures. Structure information is shown in Table 1, while formation energies 
are plotted in Figure 1. In selecting bcc-based structures a natural candidate was U2Mo 
structure, which existence was experimentally shown in U-Mo system [12]. The 
calculation were performed within the generalized gradient approximation [13], 
including relativistic corrections, using the Full Potential Linearized Augmented-Plane-
Wave (FP-LAPW) method implemented in the WIEN 97.8 code [14], with a k mesh of 
286 k points in the Brillouin irreducible zone. With regards to the cubic structures, the 
criterion to obtain the total energy was to minimize it as a function of lattice parameter. 
For tetragonal structures the process was to minimize a parameter keeping c constant 
then, taken this minimum a; minimize the c parameter and finally minimize the cell 
volume for the c/a value previously obtained. The process was repeated till convergence 
was achieved.  
 
4. Binary calculations results. 
 
The formation energy ΔEF of ordered compounds were computed from their total 
energies as [15]: 

( )MoMoUUTf EcEcEE +−=Δ          (10) 
where ET  , EU  and EMo are the total energy of the compound, Uranium and Molybdenum 
respectively. These values are shown in the ground state phase diagram of Figure 1 
(circles). There are two features of this phase diagram that are worth to emphasize. The 
calculated energies of formation predict only one stable compound (U2Mo) and an 
asymmetry that would stabilize the disordered alloy in the Uranium rich side as it is 
observed in the experimental bcc phase diagram of U-Mo (see Figure 2 [12]). 
In order to find the minimal cluster expansion that is able to predict both the ground 
state of Fig. 1 and the experimental bcc phase diagram of Fig. 2, we considered all the 
clusters shown in Figure 3 with a hierarchy of clusters up to fifth neighbors in five 
successive sets: p1 + p2 (A), p1 + p2 + t112 (B), p1 + p2 + p3 + t112 (C), p1 + p2 + p3 
+ t112 + t113 (D) and p1 + p2 + p3 + p5 + t112 + t113 (F) (where: pi is the ith neighbor 
pair and tijk is the triplet that involves ith,  jth and kth neighbors pairs). Thermodynamic 
equilibrium was obtained minimizing Helmhotz free energy as a function of site 
occupation and with the constraint of chemical potentials via the CVM method in all 
five approaches and they are illustrate in Figure 4. It can be seen that only D and F 
approaches reproduce the important experimental feature of the stabilization of U2Mo 
phase, exhibiting at the same time a more accurate phase boundary for the equilibrium 
Mo+γU(Mo). Although D and F approaches almost exhibit the same fit of the two phase 
field Mo + γU(Mo), F approach fits better the transformation temperature γU(Mo) + 
U2Mo.  
The effective cluster interactions (ECI) corresponding to F approach as a function of 
their size are shown in Fig. 5 and the cluster-expanded energy of formation for the 
considered ordered compounds (filled diamonds) and for the random bcc alloys (line) 
are shown in Fig. 1. Clearly, the choice of clusters yields the same ground states as the 
calculated energies. The short-range pair interactions dominate the miscibility gap 
observed both in our calculation and in the experimental diagram between the terminal 
solid solution Mo(U) and the γU(Mo) phase but, the asymmetry of the gap and the 
stabilities of the gamma phase and the compound U2Mo are due to the presence of 
triplet interactions, in particular that including first and third neighbors (t113). It is also 



remarkable that irregular tetrahedron approach fails to predict the correct phase diagram 
for this system [16, 17]. This allows us to assert that the irregular tetrahedron interaction 
plays no significant role in stabilizing γU(Mo) phase. 
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Figure 1. Ground state bcc phase diagram of U-Mo alloys. The ab initio calculations are 
represented by the circles while the cluster-expanded energies of formation are 

represented by filled diamonds. The curve stands for the corresponding energy of 
formation of disordered γU(Mo) alloy. 

 

 
Figure 2. The experimental phase diagram of U-Mo. 



 
Figure 3. Real-space depiction of the clusters used in the expansion. 

 

Figure 4. Comparison between the experimental and calculated bcc phase diagrams of 
U-Mo. Five sets of calculations are shown with a hierarchy of clusters up to fifth 

neighbors. 
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Figure 5. Effective cluster interactions for bcc-based Uranium-Molybdenum alloys. In 
the case of the three-body multisite ECIs, we have used the perimeter of the triplet as a 

measure of the range of the interactions. 



 
5.  Approach to ternary calculation: U-Mo-Pt. 
 
New FP LAPW calculations at T=0K were performed in order to obtain values of 
formation energies for bcc binary U-Pt and Mo-Pt compounds and ternary U-Mo-Pt 
compounds (L21 structure, cF16, AlCu2Mn type). They are shown in Table 2. 
  

Structure EF (kBK)
B2 UPt -6933,5835
B32 UPt -10103,7176

U3Pt 7182,9022
Upt3 47305,8488

B2 PtMo 2100,2730
B32 PtMo 26,8254

Pt3Mo -751,1191
PtMo3 14588,2976

L21 U2PtMo -1689,8046
L21 Pt2UMo -2347,9348
L21 Mo2PtU 1244,8970

Table 2. Formation energies of U-Pt and Mo-Pt binary comopunds and L21 ternary 
compounds. 

 
A first approach to γU(Mo, Pt) phase ternary composition field of estability was 
performed, including pairs till second neighbours, and clusters till tetraedron interaction.   
Thermodynamic equilibria was obtained for 2300K, 1700K y 1400K. Calculated Pt 
solubility in γ U(Mo) phase is negligible between 1400 K and 2300 K. We show in 
Figure 6 the partial equilibrium diagram calculated at 1700K. 

 

 
Figure 6. Calculated partial equilibrium diagram for U-Mo-Pt in the tetraedron 

approach. 
 



 Recent experimental data [18] show that an U-7wt%Mo-0,9wt%Pt alloy with short 
time lasting heat treatment below descomposition temperature exhibits α-UMo phase 
with no Pt content, U2Mo with no Pt content, and metastable retained γ U(Mo,Pt). 
Although γ U(Mo,Pt) is metastable at that temperature, this measurement indicates that 
the phase accepts at least 0,99at% Pt in solution at stability temperatures.  This result 
disagrees with our ternary calculations, but is at the same time another evidence 
showing that tetraedron approach is not a good one to reproduce U-Mo-Pt 
thermodynamic features. In the binary system,it was necesary to take into acount the 
estabilization of the U2Mo phase and the related triplet interaction with third order 
pairs. Thus, we are able to propose that triplets with third order pairs are also needed for 
an accurate description of the ternary U-Mo-Pt system equilibria. 
Besides, experimental results suggests that a ternary compound should be formed, as Pt 
alloy content was not accepted in the two U-Mo binary phases. This agrees with the 
stabilization tendency of binary U-Pt compounds and ternary L21 U2PtMo compound 
showed in FP LAPW calculations. It should be nevertheless noted that our calculations 
only include bcc compounds, and we have not calculated compounds with another 
crystalline structure. 
  
6. Conclusions 
 
It was demonstrated that the stability of γU(Mo) phase is dominated by a three-body 
multisite interaction consisting in two pairs of first neighbors and one pair of third 
instead of pairs interactions as was previously proposed. In consequence, it should be 
noted that the ultimate effectiveness of third element substitution on γ stabilization 
depends on how much this element modified the mentioned multisite interaction. 
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ABSTRACT 
Efforts to develop a viable monolithic research reactor fuel plate have continued at Idaho National 
Laboratory.  These efforts have concentrated on both fabrication process refinement and scale-up 
to produce full sized fuel plates.  Advancements have been made in the production of U-Mo foil 
including full sized foils.  Progress has also been made in the friction stir welding and transient 
liquid phase bonding fabrication processes resulting in better bonding, more stable processes and 
the ability to fabricate larger fuel plates.  
 

 
Introduction 
The Reduced Enrichment for Research and Test Reactors (RERTR) advanced fuel development 
program was reinitiated by the United States Department of Energy in the mid 1990’s with the 
goal of developing fuel that will allow conversion to low enriched uranium (LEU) of the 
remaining research reactors which have fissile atom density requirements too high to be met by 
existing fuel types1. 
 
The primary focus of the RERTR US development effort has been shifted from the standard 
dispersion fuel to monolithic fuel, where the fuel meat is composed of a single piece of fuel in 
the form of a thin foil.  Monolithic fuel is currently being tested in the Advance Test Reactor 
(ATR) in Idaho2.  
 
Unlike dispersion fuel plates, which have been fabricated for decades using the roll bonding 
technique3, monolithic fuel requires a new fabrication method to achieve bonding while leaving 
the fuel foil intact.  The three methods that have been pursued at the advance fuel development 
laboratory at the Idaho National Laboratory* (INL) have all undergone continued development: 
friction stir welding, transient liquid phase bonding and hot isostatic pressing.  These efforts 
cover both process testing/improvement and also scale-up to allow production of full sized fuel 
plate fabrication.  The US RERTR effort is also working on fabrication development of U-Mo 
foil of sufficient size to provide feedstock for the full-sized fuel plates. 
 
In addition to monolithic fuel, INL is also pursuing magnesium matrix dispersion fuel.  For this 
fuel type the aluminum matrix (which has shown detrimental interaction with the dispersed U-
Mo fuel particles under certain irradiation conditions) is replaced by magnesium (which does not 
react with metallic uranium).  This fuel fabrication development effort is pursuing a hybrid 
process to fabricate the Mg matrix fuel.  A friction stir welding process is used to bond the fuel 
                                                 
* The former Argonne National Laboratory-West was, in February 2005, combined with research elements of the 
former Idaho National Engineering and Environmental Laboratory to form the new Idaho National Laboratory. 



compact into an aluminum can which is hot rolled to final thickness. 
 
Friction Stir Welding 
Friction Stir Welding (FSW), a solid state mechanical action bonding process, was developed in 
Great Britain in the early 1990’s.4, 5 This process is commonly used to weld butt or lap joints in 
aluminum alloys and was modified by the RERTR project to encase a fuel foil inside an 
aluminum plate.6  This process has undergone a number of changes and improvements since 
work was begun in 2003.  This method is, to date, the most promising of the three targeted 
monolithic fabrication processes. 
 
FSW employs a rotating tool comprised of a small diameter pin mounted concentrically below a 
larger shoulder. A conventional milling machine is used to rotate the tool and force it into the 
surface of the metal being processed. The heat and pressure generated by the tool contact induce 
plastic deformation in the region near the pin. The tool is plunged into the material until the 
shoulder rests on the surface. The shoulder contact serves to control the depth of the weld, to 
keep the process material from migrating away from the process area and to give added heat and 
pressure. Movement of the pin through the process piece forms a weld bead. The process is 
repeated with overlapping welds to cover the entire area of the fuel plate.  The plate is then 
turned over and the FSW process is again performed to bond the fuel foil to the bottom cladding 
plate (Figure 1). 
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Figure 1. Friction stir welding schematic cutaway (vertical scale is exaggerated to show detail). a) 
Shows the plate assembly for FSW of monolithic plates.  In b) the rotating pin contacts the surface 

of the plate causing heat and pressure. In c) the tool has been plunged into the surface of the 
material up to the shoulder of the tool.  The rotating tool is stirring the metal in the plastic 

deformation region.  In d) the tool has been dragged across the weld plane causing a disrupted 
interface and bonding to occur between the plates and between the cladding and the foil. 

 
The RERTR-6 miniplate irradiation test inserted into the Advance Test Reactor (ATR) in April 
of 2005 contained 12 FSW monolithic fuel miniplates.  To date, the experiment has been 
irradiated to over 20% U235 burnup with no indication of problems. 
 
The geometry of the fuel plates is the overriding factor in dictating FSW parameters.  The 
limited thickness of the assembled fuel plates (~1.47 mm to obtain a 1.40 mm final thickness) 
facilitates rapid heat transfer through the thickness of the plate and exacerbates any temperature 
excursions.  A high process temperature can result in buckling of the assembly (aided by the thin 
plate geometry) or an excessive plunge of the tool into the assembly—which results in disruption 
of the fuel foil and a failed plate. 
 



Initially, the temperature was visually gauged by watching the quality of the weld.  To 
compensate for temperature variances, the operator was required to slow down the horizontal 
feed or repeat a pass to heat up the weld and speed up the horizontal feed or stop the weld and 
allow the equipment to sit idle to cool down the weld. 
 
To mitigate the temperature excursions, a cooled tool holder was designed and built by INL staff.  
A recirculating chiller is used to pump an ethylene glycol-water mix through the tool (including 
a plenum behind the tool face).  A thermocouple (TC), fed into the cooling plenum is used to 
monitor the process temperature (as the TC is immersed in the coolant flow, the reading is not an 
accurate indication of the welding temperature but does serve as an effective empirical gauge) 
(Figure 2). 
 

 
Figure 2. Kearney & Trecker friction stir welding setup.  The cooled tool holder is the collar 

around the tool (cooling can be adjusted by a flow meter).  Process temperature is measured by the 
thermocouple entering the top of the spindle.  

 
Using the cooled tool holder system with a 1.3 cm diameter tool pin, the optimum processing 
temperature (as measured by the embedded TC) was found to be 120-125ºC.  This resulted in a 
plate fully bonded across the fuel region. 
 
Efforts over the past year have resulted in several improvements in the tool design.  The small 
geometry (6.4 mm) tool used for the fabrication of RERTR-6 has been replaced by a larger 
diameter pin (12.7 mm).  Advancements have also been made in the weld pattern.  For the 



RERTR-6 experiment, a one-way raster was performed (Figure 3) that covers the plate with a 
series of parallel welds running in the same direction.  This method required a plunge and an 
extraction for every welding pass and added time for the tool to travel back across the assembly.  
The plunge is the most time consuming portion of the weld (a dwell time is needed during the 
plunge to allow the weld area to raise to the proper temperature).  This pattern has been replaced 
by a true raster.  The raster speeds up the FSW process by eliminating all but one of the plunges 
and reducing the travel time for the one-way pass to return to the starting point. 
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Figure 3. Weld patterns used for FSW of fuel plates. 
 
The changes outlined here have led to dramatic improvements in bond quality.  The ultrasonic 
scans of these fuel plates show a distinct lessening of debonded areas (Figure 4).  
  

 
Figure 4.  Ultrasonic scans of friction stir welded plates.  At top is a plate included in the RERTR-6 
irradiation test (note the region of debond on the fuel zone).  At bottom shows a foil bearing plate 
fabricated more recently.  The debond areas in the bottom plate are much smaller, less severe and 

not over the bulk of the fuel meat.  
 
One of the major factors in development of a new research reactor fuel fabrication technique is 
the ability to scale this method to enable commercially viable fuel production.  The RERTR-6 
fuel plates were “miniplates” measuring 2.54 by 10 cm.  A process capable of fabricating full 
sized research reactor fuel plate is required to convert any reactor.   



 
Many of the process modifications listed above have the dual advantage of providing both 
process improvement and allowing for better scale-up of the FSW process.  While the FSW 
method used to produce the RERTR-6 experiment could be used to fabricate a full sized fuel 
plate, the time required would be prohibitive.   Significant improvements have been made in 
weld area speed and in duty cycle of the FSW process.  The parameters used for the RERTR-6 
experiment give a weld coverage of 4 mm2/s; this has since been improved to over 18 mm2/s by 
using a larger pin diameter and faster table feed.  This speed advantage does not take into 
account the time savings a true raster weld pattern gives in comparison to the one-way raster.  
The cooled tool holder keeps the welding surface of the tool from overheating, allowing the 
welding to continue nearly indefinitely while the older setup required the process to be halted 
periodically to allow the temperature of the tool to drop. 
 
To aid in FSW scale-up and process control a purpose-built FSW machine has been procured and 
is being installed at INL.  This machine is computer controlled and will make the FSW process 
much less operator intensive.  Unlike the old equipment at INL the new machine will allow 
fabrication of fuel plates for any reactor (the ATR core measures 1.22 m in length).  In addition, 
the machine will provide in-process data acquisition to properly characterize the effect of 
welding parameters on bond quality and fuel performance as well as provide a higher level of 
quality control.  It is anticipated that this machine will be operational by mid November of this 
year. 
 
Transient Liquid Phase Bonding 
Transient liquid phase bonding (TLPB) is the second candidate for cladding monolithic fuel 
plates.  TLPB relies on a eutectic forming interlayer material to diffuse into the bonding 
interfaces and join the materials together. By application of a suitable material between the 
cladding plates, a eutectic liquid phase is formed in this interface. This temporary liquid phase 
spreads across the interface, acts as a flux to dissolve the oxide surface layer on the aluminum, 
diffuses into the cladding and forms a metallurgical bond, joining the two plates together. TLPB 
with silicon has been used previously to fabricate fuel plates7. Silicon and aluminum form a 
eutectic at 577ºC, significantly lower than the melting point of aluminum (660ºC).  
 
As the TLPB process was originally implemented, silicon powder was blended with a mixture of 
ethanol and glycerin to facilitate application of the TLPB interlayer.  A thin film of this Si 
“paint” was applied to the aluminum plates (the aluminum plates were mechanically cleaned), 
allowed to air dry, and then the glycerin “burned off” using a hot plate. The aluminum plates 
were assembled with the silicon powder in the interface. The assembly was loaded into a hot 
press and heated to 590ºC under a load of 6.9 MPa. The temperature and pressure were 
maintained above the eutectic temperature for 30 minutes.  The plate was then cooled below the 
eutectic temperature and removed.   
 
Despite initial promise, the process outlined above was ultimately unsuccessful.  TLPB bonded 
plates were slated for inclusion in the RERTR-6 test matrix but had to be removed after serious 
problems with bond integrity (Figure 5). 
 



 
Figure 5.  Early TLPB U-Mo plate.  The black regions indicate debonded areas. 

 
In order to improve the bonding, a study was conducted to improve the fabrication process.  The 
major areas of development were aluminum cleaning and silicon application.  
 
Originally, the plates were cleaned prior to silicon application by a rotating ScotchBrite pad to 
remove gross impurities from the surface. This method has been abandoned due to the plastic 
residue ScotchBrite leaves on a cleaned surface. The rotating pad was replaced by a rotating 
stainless steel brush.  This was tested and showed some promise but was ultimately supplanted 
by a more rigorous cleaning method. 
 
To obtain an even cleaner aluminum surface, a chemical cleaning procedure has been employed 
after the mechanical brushing. This cleaning procedure is taken directly from standard 
fabrication practices for roll bonding aluminum research reactor fuel plates3.  After cleaning, the 
plates are to have the silicon applied and undergo TLPB within 48 hrs. 
 
The original Si application method (outlined above) led to non-uniform powder application and 
the compositional quality of the powder after organic burnout was questionable.  The new 
approach is to thermally spray the silicon powder (99.9% pure) directly to the mating surfaces of 
the aluminum.  The silicon is applied with a SG 100 gas torch located at the INL (Figure 6).   
 

 
Figure 6. l) thermal spray process used for Si application. r) Close-up of ultrasonic scan of TLPB 

bonded plate with U-10Mo foil.b 
 



These process improvements have led to full bonding of U-Mo fuel plates (Figure 6-r).  
Examination of the fuel-cladding interface (the older TLBP method showed significant 
formation of a brittle reaction layer) is underway but results were unavailable for this paper. 
 
Hot Isostatic Pressing 
Hot isostatic pressing (HIP) was invented by the Battelle Institute in the 1950s in order to 
perform diffusion bonding of Zircaloy cladding to uranium oxide nuclear fuel. HIP uses high 
temperature and isostatic pressure simultaneously to bond similar or different materials, which 
are otherwise difficult to bond8. Diffusion bonding by HIP is one of the monolithic bonding 
methods being investigated at INL.  
 
Since no appropriate domestic hot isostatic press was available (being either non-operational or 
not able to handle radioactive materials) this method has yet to be tested with a U-Mo foil.  A 
surrogate test was performed using stainless steel surrogate fuel foils (This study was conducted 
by Bodycote under a subcontract for BWXT).  This work showed that the aluminum-aluminum 
bonding could be achieved in Al 6061 cladding material.   
 
Recently, a reconditioned Eagle 8 Hot Isostatic Press (Figure 7) has been purchased from 
American Isostatic Press and is being installed at INL.  After the installation is complete, the 
instrument will be used to conduct studies to ensure proper aluminum-aluminum and fuel-
aluminum bonding. 
 

 
Figure 7. The Hot Isostatic Press being installed at the Idaho National Laboratory. 

 
Given the thermal cycle required by the HIP process, the reaction between uranium and 
aluminum is a primary concern9, , 10 11.   Significant reaction between the stainless steel and 



aluminum cladding was also observed in the previous HIP experiment. In order to address the 
concern on the reaction between the U-Mo fuel foil and aluminum cladding, a diffusion-bonding 
experiment was carried out using a uniaxial hot press (which approximates isostatic conditions 
for the plate geometry of research reactor fuel).  Aluminum foils (6061-aluminum) and U-10Mo 
foils were used for these experiments. A niobium foil with a thickness of 25µ was introduced 
between the U-10Mo foil and the aluminum as a diffusion barrier.  The hot press experiment was 
conducted under similar conditions to those performed in the surrogate foil HIP test.   
 
Figure 8 is a back-scattered scanning electron micrograph showing the reaction layers found in 
the hot pressing experiment. The bonding between the U-10Mo and aluminum has some void 
regions and a reaction zone up to 20 µm was observed.  Since the reaction layer between the U-
10Mo and aluminum is expected to be an order of magnitude thicker at this temperature, more 
experiments are underway to verify this result.  The bonding between aluminum and niobium is 
very good with no apparent reaction layer between them.  The bonding between the U-10Mo and 
niobium is not very good as large areas of voids are apparent. A better surface cleaning 
technique is being worked on to improve the bonding.   
 

 

Niobium
6061 Al 

6061 Al 

U-10Mo

U-10Mo

Figure 8. Pseudo-HIP back-scattered electron micrographs. left) 6061 Al/U-10Mo interface showing 
interaction region.  Nb foil showing interaction layer with U-10Mo and clean interface with Al. 

 
Foil Production 
In order to meet the needs of upcoming full sized fuel plate fabrication campaigns, the existing 
foil production method6 is being scaled up.  Foil widths of up to 10 cm are being fabricated to 
obtain foils of the correct size.   
 
Arc melting is used to provide the molten material for the casting.  The melt is bottom poured 
from the crucible into a mold.  The mold consists of two copper plates clamped together on 
either side of a U-shaped insert (also copper).  The insert determines the final size of the coupon 
and can be changed out as different sized coupons are needed.  The tops of the cover plates are 
flared outward to funnel the material into the mold.  Using this arrangement U-10Mo has been 
cast into coupons (Figure 9-left). 



 
Figure 9. Cast coupon (left) and rolled U-10Mo foil. 

 
While the jeweler’s mill served to make foils suitable for miniplate sized fuel plates, the nature 
of this equipment dictates a practical limit of ~2.5 cm in width.  This limit is imposed by the 
clampdown mechanism, the lack of bearings, the diameter of the rolls, and the absence of a drive 
motor. 
 
A large 4-high rolling mill has been procured and installed at INL.  The smaller roll diameter of 
the work rolls allows thinner stock to be rolled than with a standard 2-high mill.  The foil is 
produced by rolling the bare coupon through the rolls.  A hood-like housing was built around the 
entrance and exit side of the rolls.  This Lexan box allows for handling of the foil at either side of 
the mill and for the foil to be passed from the exit side to the entrance side without leaving the 
containment.  The box is connected to a ventilation system to insure net airflow into the 
containment (Figure 10).  This mill has produced rolled U-10Mo foils over 10 cm in with. 
 

 
Figure 10. Foil rolling mill.  The containment box is shown on either side of the rolling mill. 

 



As the cold worked foil will crack within a matter of hours after rolling to a 90% reduction, an 
annealing step is required that can be applied quickly while minimizing oxide formation.  The 
resistance annealing method6 as performed on the miniplate sized foils used for RERTR-6, has 
proven to be a suitable process in every regard.   As this process was limited in size to foils less 
than 2.5 cm in width, a scale up of the equipment was undertaken.  This scale up consists of a 
larger process tube (10 cm diameter by 100 cm in length) and a larger power supply (600 amp).   
 
Magnesium Matrix Dispersion Fuel Fabrication  
A primary limitation associated with the U-Mo dispersion fuel is the interaction formed between 
the fuel particles and the aluminum matrix.  This interaction is seen as the precursor to void 
formation, coalescence and pillowing under certain irradiation conditions.  One solution to the 
U-Mo/matrix Al interaction is to replace the aluminum matrix material with magnesium12.  The 
US RERTR program irradiated one fuel plate containing a Mg matrix in the RERTR-3 
experiment with promising results.  The primary difficulty in fabrication of this fuel type is the 
need to maintain process-temperatures below 437ºC, the aluminum-magnesium eutectic 
temperature.   
 
This temperature constraint necessitates the use of an alternative process to hot rolling; the 
process traditionally used for bonding aluminum-matrix dispersion fuel plate.  The hybrid 
processing approach being pursued involves: 1) encapsulation of a Mg-matrix/U-Mo powder 
compact in a 6061 aluminum frame via friction stir welding, 2) warm rolling of the assembly to 
obtain the desired RERTR mini-plate test specimen13.  Testing is done with the RERTR 2.5 x 10 
cm miniplate specimens. 
 
For the process development phase of this effort, spherodial or plasma-spherodized tungsten 
power is being utilized as the U-Mo fuel surrogate.  The effort has been partitioned into the 
following elements: 1) compact processing, 2) friction stir welding (FSW) development, and 3) 
warm-rolling.  At this time, compact processing and FSW experiments have been conducted.  
 
Powder compacts, having ~85-90%, theoretical density are prepared in a uniaxial press using Mg 
and spherical tungsten powder; the tungsten volume fraction is adjusted to reflect a fuel loading 
of ~7 gU/cc with a U-6Mo alloy.  This pellet is encapsulated in a two layer assembly.  Unlike the 
standard dispersion fuel assembly where a “picture frame” is sandwiched between two cover 
plates, a single cover plate is used in the hybrid process (Figure 11) to reduce the number of 
bonding interfaces from two to one.  
 

 
Figure 11.  Mg-matrix dispersion fuel pellet assembly construction. 



 
After the compacts are placed in the cladding assembly the compacts are sealed into the plates by 
FSW.  The FSW process is of interest here because bonding is accomplished without any 
contribution from the rolling.  Thus the rolling process, usually focused on obtaining bonding of 
the aluminum assembly, can instead be used to ensure the proper plate thickness and fuel meat 
homogeneity is obtained.  The FSW processing takes place at temperatures below the Al-Mg 
reaction temperature (437ºC) Thus, the opportunity exists to produce the needed aluminum-
aluminum clad-bonding without Mg-Al eutectic phase formation in the fuel plate assembly.  
 
The FSW performed on the assembly was done by a computer numerical control (CNC) milling 
machine which allows a continuous lap-weld around the perimeter of Mg-matrix/W-dispersion 
pellet.  This weld is performed with sufficient offset from the compact so as to not disrupt the 
fuel zone.  Tool temperature measured during the operation was ~340-350ºC.  
 
Radiography of the FSW assembly established that the encapsulated pellets remained 
undamaged during the welding process.  Ultrasonic testing (UT) was also conducted in order to 
establish/confirm lap-weld integrity.  Figure 12 r shows the recorded UT image.  The UT 
analysis indicates near complete bonding along the FSW path.  Discontinuities in the UT image 
are consistent with the location of surface flash features (yet still show an acceptable bond).   
 

 
Figure 12.  Friction stir welded Mg-matrix assembly (images are not to scale).  l) optical image of 
the FSW surface. m) radiograph of fuel zone showing no disturbance of fuel meat.  r) Ultrasonic 

scan of bonded assembly (darker regions in the weld correspond with FSW surface features). 
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Abstract. 
 

Uranium 7% (w/w) molybdenum (U-7Mo) particles were coated with silicon base 
material. Chemical vapour deposition (CVD) of silane and high temperature contact 
diffusion (HTCD) of silicon processes were employed. Hydrided, milled and dehydrided 
(HMD) particles annealed and centrifugal atomized powder were coated and the results 
compared. Miniplates were elaborated with both kinds of particles. 

A third type of miniplate was elaborated incorporating silicon powder in the initial 
blending of the U-7Mo and Al powders instead of using an alloyed aluminum powder. 

Monolithic miniplates of U-7Mo with zircaloy-4 cladding were also fabricated by 
hot rolling. The different steps of this picture and frame process are detailed and the method 
is shown to be versatile, can be easily scaled up, is performed with small modifications of 
usual equipment in fuel plants and seams to be a possible alternative for high flux reactors 
conversion from HEU to LEU fuels.  

 
 
1. Introduction 
 

The selection of U-7%(w/w)Mo as the more promising high density dispersed 
nuclear fuel compound emerged after the performance evaluation [1] and irradiation testing 
of several alternatives [2]. Recently, the appearance of undesired porosity detected between 
the interaction layer and the aluminum matrix at high heat fluxes [3,4], enforces the design 
of correction options with old and emerging proposals, simultaneously with the evaluation 
of the origin and causes of this problem. New testings have been and are being planned. 
Alloying of the aluminum in the matrix with Si is one of the alternatives that are being 
actually tested. Si can also be incorporated as a powder during the blending of the U-Mo 
and Al powders. Coating U-7Mo particles could also be an alternative to minimize the 
growing kinetics of the interaction layer acting as a diffusion barrier or as a stabilizing 
interphase material. 

Since U-Mo alloys are ductile, monolithic fuels were revisited [5], and alternative 
technologies are being developed [ 6 ]. These processes are essentially different than 
colamination because of the big difference in thermomechanical properties of aluminum 
and U-Mo alloys. One way to go back to colamination processes by hor rolling is changing 
the aluminum cladding by a zircalloy-4 one. 
 
 
2. Coated particles 
 

Physical and chemical methods have been used since many years ago for coating 
refractory nuclear particles (oxides, carbides, nitrides) from a vapor phase [7]. The coating 



of ductile and low melting compounds, such as uranium-molybdenum alloys, has not been 
so extensively explored. Medium melting point alloys can be coated also by interdiffusion 
in the solid phase. Ductile particles coated with brittle coatings have to adequately match  
thermo-mechanical properties of both materials so as to avoid surface breakage during 
processing of the powder and further manipulation.  

Centrifugally atomized particles from KAERI and hydrided, milled and dehydrided 
(HMD) particles from CNEA were coated with silicon. Two different techniques were used: 
low pressure chemical vapour (CVD) deposition of silicon [8] from the decomposition of 
silane (SiH4) and high temperature contact diffusion (HTCD) of silicon. 

In the CVD method, silane was produced at low pressure from the reaction of 
magnesium silicide (Mg2Si) and hydrochloric acid (HCl, 1N): 
 
 

Mg2Si + 4HCl (1N)→ SiH4 +2MgCl2 
 
 

The reaction was controlled drop by drop in a three liter glass balloon externally 
refrigerated with ice to maintain a low partial pressure of water vapor. The pressure was 
maintained lower than 25 mbar by pumping the reaction product gases threw a dry ice (CO2) 
condenser. The pumping was performed by a mechanical pump threw a one liter volume 
stainless steel (AISI 310) hot chamber (750 °C) at a pressure of half milibar where the 
deposition took place in moving (tapping and vibrated) U-7Mo particles. In the deposition 
reaction, hydrogen is liberated: 
 
 

SiH4 ( >500 °C) → Si + 2H2 
 
 

The total quantity of silane gas in the glass reactor was always maintained at 
concentrations lower than 1.4 %, avoiding any explosive condition in case of leakage or 
breakage [9]. Before exhaust, excess silane and derivatives, and the reaction products after 
deposition, were diluted in air using a gas compressor and evacuated threw absolute filters. 

The rate of deposition was controlled by the pumping system at programmed 
pressures in the reaction vessel and hot chamber. With the used equipment, half a litter of 
solution was poured in approximately 2 hours.  

Figure 1 shows centrifugally atomized powder uncoated (left) and CVD silicon 
coated (right). Particles have an average size of 80 microns and total silicon after chemical 
analysis is 0.4% w/w. The presence of silicon was also corroborated by semiquantitative 
EDAX analysis. A uniform coating thickness slightly smaller than 1 micron can be 
estimated from metallographic observations and calculations. The electronic photograph in 
the middle of the bottom row shows that some coatings are broken. This can be attributed 
to the different thermo-mechanical properties of the coating and kernel materials. In the 
three higher magnification photographs of the coated particles it can be clearly observed a 
precipitate phase growing at the expense of the surrounding material. This phase could not 
be identified using semi-quantitave analysis. Since there is shrinkage in the precipitation of 
this phase, it is more probable to correlate it with the precipitation of a uranium mixed 
oxide than with a uranium silicide compound.  



 
 
 
 
 

 
 

 

Figure 2. Scanning electron microraphy of U-7Mo HMD powder (85 microns mean 
size) uncoated and HTCD silicon coated. 

 
Figure 1. Scanning electron microraphy of U-7Mo centrifugally atomized powder (80 

microns mean size) uncoated and low pressure CVD silicon coated. 



 Another method of coating particles was tested by high temperature (950 °C) 
contact diffusion (HTCD) between silicon powder (< 32 μ) and HMD U-7Mo powder 
during 2 hours. The basic idea was not only to diffuse silicon in the uranium alloy, but also 
to allow for the metallurgical transformation to obtain a U3Si2 coverage. This process was 
performed in a high vacuum previously oxidized zircalloy chamber to avoid undesired 
reactions between the mixing powders and the walls of the vessel. 

The HMD powder produced [10] with 20% enriched uranium after the elaboration 
of the alloy in an induction furnace had a composition of  92.41 ± 0.09 % w/w U and 6.99 ± 
0.07 % w/w Mo and a density of 17.3 g/cm3. A powder size range of + #325 / - #120 was 
selected and heat treated during 4 hours at 1000° C in the same chamber used for the 
posterior coating; after this annealing treatment the density was 17.1 g/cm3. At the left of 
figure 2 are two micrographs showing the appearance of the UMo powder.   
 An initial quantity of 1% w/w Si powder (- #400) was used for the coating by the 
HTCD process. The final composition of the coated particles was 91.58 ± 0.09 % w/w U, 
6.77 ± 0.07 % w/w Mo and 0.82 ± 0.01 % w/w Si. The final density of the particles was 
16.3 g/cm3. The high magnification SEM photographs in figure 2 show a similar 
precipitation in the coating as that observed in the CVD coated particles.  

Coating thicknesses of nearly one micron were obtained with the two methods 
employed for the silicon coverage of U-Mo particles; i.e. CVD and HTCD. X-ray 
diffraction (XRD) of particles coated by the two different methods (figure 3) show an 
enhanced presence of uranium dioxide attributed to contamination during the covering 
process. These contaminations were smaller in the case of diffusion coverage because of 
better control of equipment leakages. Silicon or other compounds could not be 
characterized by XRD, although some unidentified peaks are present in the spectra; special 
attention was given looking for the presence of U3Si2. The general appearance of the results 
show that no big difference is evident from the two employed methods. Further 
characterization is needed to corroborate what kind of coating and structure were obtained.   
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Figure 3. XRD of coated particles by CVD and HTCD processes. Peak positions 

indicated with γ and * correspond to γ - UMo and UO2 structures; other peaks are 
unidentified.



3. Silicon incorporation 
 

The coated U-7Mo particles, CVD and HTCD, were mixed with aluminium powder 
in a proportion such as to have a 7 gU/cm3 miniplate meat final density. Also, uncoated 
annealed HMD powder was blended with aluminum and silicon (<32 μ) powders and 
pressed. Si/Al powder proportion was 5.1 % w/w; its behavior should be similar to an 
alloyed aluminum after hot rolling. Two pairs of each dispersed fuel were prepared. 

Pressed probes (compacts) of all dispersed fuel had side dimension of 21.0 x 28.6 
mm and a thickness of approximately 1.9 mm.  

Lids and frames of Al-6061 were machined and etched; the sandwich of each plate 
was TIG welded by the sides. The sandwiches were hot rolled at 440/455 °C in 6 passes 
with intermediate heatings of 5/7 minutes to obtain a final thickness dimension of 1.5 mm. 
All the rolling was performed in less than one hour time. The hot rolled plates were finally 
cold rolled and straightened. No unusual defects were detected in radiographies. 
 
 
4. Monolithic U-Mo/Zr-4 miniplates 
 

Miniplates with monolithic U-7Mo and zircalloy-4 cladding were also elaborated by 
hot rolling using the picture and frame process. Previous investigation of the feasibility of 
this process was analized by interdifussion couples, Zr-4/Zr-4 and UMo/Zr-4 colamination 
set up, testing of temperature and adequate deformation passes, and calculation analysis of 
stresses coming from the different thermal expansion coefficient of both materials. The 
alloy was melted in an induction furnace and casted in a graphite mold to obtain a plate of 2 
mm thickness. Coupons of 18 x 20 mm were machined with this thickness for the 
elaboration of miniplates with a 0.5 mm meat thickness after hot rolling. For the 
elaboration of thinner meat thickness miniplates, coupons were machined after casted 
plates were hot rolled at 650 °C to the adequate thickness with intermediate etching passes.  

 

 Figure 4. Ultrasonic Scan-C of three different monolithic miniplates. The miniplate at 
the extreme right evidences no bonding and overlapped meat material. 



The U-7Mo coupons before hot rolling had a composition of 92.91 ± 0.09 % w/w U 
and 7.04 ± 0.07 % w/w Mo. The density was 17.53 ± 0.02 g/cm3. Lids and frames were 
machined and, after assembling the sandwiches, they were TIG welded. Hot rolling was 
performed with six different miniplates using depleted and 20% enriched UMo alloys. Hot  
rolling was performed in eight steps with intermediate heating between 655/675 °C during 
6/7 minutes in a furnace without controlled atmosphere. The whole lamination process for 
each plate was performed in less than one hour. Special precautions were developed for 
cleaning the UMo and Zr-4 bonding surfaces. In some cases blistering was observed during 
the rolling process because of unsatisfactory initial mechanical match between frame and 
kernel. Debonding was noticed in the first rolling steps if the plates cooled excessively after 
deformation because of differential contraction. The cooling to room temperature produces 
less than 1% deformation and this can be sustained if a complete bonding is achieved. Also 
the lowest temperatures were chosen to avoid excessive contamination of the zircalloy 
surface.  

Monolithic miniplates were surface finished to a final thickness of 1 mm by wet 
abrasion with SiC paper of 320 and 400 mesh. Plates could be obtained with no defects 
detected in radiographies and ultrasonic scanning after rolling. In figure 4 are shown the 
ultrasonic Scan-C of miniplates totally bonded and one with several defects. 

In figure 5 it is shown a U-Mo monolithic miniplate with zircaloy-4 cladding 
elaborated with depleted uranium for feasibility purposes. The overall dimensions are 100 x 
25 x 1 mm3 with a 0.5 mm meat thickness.  

 
 

 
Figure 5. Monolithic miniplate of U-7Mo with zircaloy-4 cladding. 



 
5. Miniplates characteristics 
 

A total set of 12 miniplates were elaborated; half of them with dispersed fuel and 
the other half with monolithic nucleus. They are shown in figure 6.  

 
 

 
The dispersed fuel miniplates have aluminum cladding with a total thickness of 

approximately 1.4 and are ready for cutting to final dimensions and posterior cleaning. The 
monolithic miniplates with zircaloy-4 cladding have a nominal thickness of 1 mm; the three 
miniplates at bottom left have already been cleaned by wet abrasion and are ready for final 
cutting. The one at the  bottom right was used for cleaning set up and cut for 
metallographic studies. All U-Mo alloys were casted with the same LEU with an 
enrichment of 19.86 % 235U. Some testing for monolithic miniplates was done with UMo 
with depleted uranium.  

In Table 1 are specified the characteristics of four of the elaborated miniplates with 
dispersed fuel -coated and uncoated- and monolithic with .25 and .5 mm meat thickness. 
These four miniplates were shipped from Buenos Aires to INL for the possibility of 
irradiation in the RERTR-7 experiment.  

The characteristics of the four miniplates, the two ones at the left of the upper and 
lower rows in figure 6, are detailed in table 1. The name of miniplates correspond to the 
following description: 

Figure 6. Dispersed and monolithic fuel miniplates after hot rolling by the picture and 
frame process. Cladding in each case is Al-6061 and Zr-4, respectively. 



1. MZ50. Monolithic miniplate with zircaloy-4 cladding and .50 millimeter nominal 
meat thickness.  

2. MZ25. Monolithic miniplate with zircaloy-4 cladding and .25 millimeter nominal 
meat thickness. 

3. HMDC. High temperature heat treated U-7Mo HMD particles coated with silicon 
by HTCD and Al-6061 cladding.  

4. HMDS. High temperature heat treated U-7Mo HMD, aluminum and silicon 
powders cold pressed and Al-6061 cladding. 

 

Table 1. Dispersed and monolithic miniplates. 
   CNEA´s MINIPLATES MZ50 MZ25 HMDC HMDS 
Plate thickness [mm] 1.01 0.99 1.45 1.45 
Meat thickness [mm] 0.51 0.26 0.64 0.65 
Meat width [mm] 18.6 18.8 21.4 21.9 
Meat longitude [mm] 71.0 73.0 80.7 87.0 
Total U [g]  10.9 5.9 7.50 8.34 
Meat density [gU/cm3] 16.2 16.5 6.8 6.7 
Ratio U/surface [gU/cm2] 0.41 0.21 0.22 0.22 
Porosity [%]  - - 5 7 

 
 

Testings of curvature were performed in a monolithic miniplate. A hot bending with 
a curvature of 25 mm was performed after 1 hour heat treatment at 850 °C. In figure 7 it is 
shown the curved miniplate after cutting it for metallographic purposes. The metallography 
at right shows the higher curved zone were an interaction layer of approximately 5 microns 
is present. 
 It has to be enfasized that all mentioned miniplate with dispersed and monolithic 
fuel were elaborated by hot rolling using the picture and frame process. Difference arises 
only in rolling temperature and surface cleaning. The same equipment was used in all cases. 
 
 
 

 

  

Figure 7. Hot curved monolithic UMo/Zr4 miniplate after 1 hr at 850 °C and 
metalography at the higher curvature (r = 25 mm) zone. 



6. Conclusions 
 
Efficient coating of UMo particles have been shown that can be performed by silane 

chemical vapor deposition and high temperature contact diffusion. Better deposition yields 
and control can be achieved with the latter. Good oxygen evacuation is needed to avoid 
growing oxides at the coating surfaces. Not wanted metallurgical transformations have 
occurred in the coated surface. Coating layers thicker than one micron of brittle materials 
seem to be thermo-mechanically incompatible with ductile UMo. Additional 
characterization of coatings has to be performed such as to asses on its structure and 
composition. In the particular case of silicon deposits several compounds can be present, 
such as silicon oxide. Mixed uranium-silicon oxides, silicides, in crystalline or amorphous 
structures can be present. Similar results are expected to be obtained if nitride coatings are 
performed. Coatings in UMo particles are believed that can stabilize the interaction layer 
and/or be a diffusion barrier to slow down diffusion kinetics. It seems reasonable to attempt 
to perform thicker coatings using more ductile materials such as nickel and niobium that 
have been tested previously in other nuclear fuel developments. 

In the case of dispersed Si powder in the Al matrix it seams to be a reasonable   
alternative process for alloing the matrix. Metallographic characterization is being 
performed of the fabricated miniplates to confirm if good bonding have been achieved 
during hot rolling.  

The fabrication of monolithic U-Mo with zircalloy-4 cladding is a flexible 
technology where special forms can be adapted. It looks that it is easily scalable to full size 
plates and should be considered as a possible candidate for conversion of high flux reactors 
from HEU to LEU. Minor modifications of usual equipment of plate production plants are 
needed for their elaboration at industrial scale. Probable economic benefits can come out 
from thorough evaluation of the whole fuel cycle, including storage and back end options. 
Higher surface heat flows can be used accounting for higher flexibility in the materials used 
and the possibility of higher reductions in cladding and plate thicknesses. 
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ABSTRACT 
 

BWX Technologies (BWXT), the United States’ research reactor fuel supplier for plate type fuel, 
has been contracted to provide commercialization support activities under the Global Threat 
Reduction Initiative (GTRI) program to develop and qualify low enrichment uranium (LEU), high 
density fuels suitable for most of the world’s research reactors by the end of 2010.  The program’s 
main effort has been testing of uranium-molybdenum alloy fuels (U-Mo), and in light of recent 
fuel failures with dispersion type fuels, emphasis has now been placed on developing modified 
and alternative fuels. 
 
BWXT’s contract scope entails identifying requirements and planning the transition to the new 
LEU fuels.  As there is no clearly preferred fuel technology at this point, multiple 
commercialization paths must be evaluated.  Our baseline approach assumes the fuel is 
monolithic U-10Mo, and the fuel meat and aluminum alloy plate are hot isostatic pressed (HIP) 
together.  Preliminary results are supportive of this method, however, there is potential for 
significant interaction between the fuel meat and aluminum alloy plate during the HIP process.  
Alternative bonding methods, e.g. friction stir welding are being evaluated, as well as modifying 
the baseline HIP parameters.  Additionally, modified dispersed fuel systems are considered. 
 
Aspects of each fuel technology and their manufacturing impact are presented and discussed.   

 
1. Introduction 
 
The high density U-Mo fuel system is quite unlike traditional U-Si, U-Al or U-0 fuels used 
currently in plate type fuel elements; it being a solid solution alloy compared to the compound 
intermetallics.  Recent, unexpected testing failures, due to a uranium-aluminum interaction 
during irradiation, reinforce this issue.  Further development testing is underway worldwide to 
evaluate features of this interaction and to determine the suitability of alternative plate alloys, 
matrix additions or process changes to mitigate the observed behavior. 
 
BWXT is providing support, under funding from the Global Threat Reduction Initiative (GTRI), 
for commercializing technology developments relevant to the U-Mo system.  In this paper, we 
discuss technology considerations associated with fuel plate manufacturing and what impacts 
might be seen with the U-Mo fuel compared with currently qualified research reactor fuel 
systems.   
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Figure 1.  Process Outline & Decision Tree for U-Mo Fuel Plate Fabrication 
 
Shown above in Figure 1, is a flow chart illustrating the manufacturing steps and options 
available for U-Mo plate fuel production.  The figure is not intended to be totally inclusive of all 



possible manufacturing options or technologies.  It is presented as a guide and shows what we 
believe to be the more promising options.  We first present the options associated with making 
U-Mo strip, followed by a discussion of dispersion fuel.  Alloy melting is addressed in both the 
monolithic and dispersion discussions because, while the same alloy may be used, different 
melting methods may be preferred due to processing and cost considerations. 
 
2. Monolithic Fuel 
 
2.1 Ingot Sizing 
 
 As a rule, one would prefer larger ingot volumes for rolling strip to minimize handling and roll 
set-ups, with a maximum melt size be determined by criticality safety and licensing 
requirements.  One also needs to maximize the number of fuel meat foils from an ingot. 
 
To determine the sensitivity of fuel meat yield versus ingot size, we looked at the number of foils 
potentially obtainable from a particular sized ingot for all dispersion-fuel plates that BWXT has 
produced historically.  The average material waste (averaged over all plate types) versus ingot 
aspect ratio is shown in Figure 2.  As can be seen in the figure, the loss curve exhibits a “knee” 
around L/Lmax of 0.2.  The yield loss continues to decrease for L/Lmax > 0.2, but it is not very 
sensitive.  Losses are higher for wider aspect ratio ingots, because the ingot width is wider than 
some fuel plates.  Narrower starting ingot widths can be cross-rolled to the needed width, thereby 
resulting in lower losses. 
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Figure 2.  Average Ideal Material Loss versus Normalized Ingot Size 

 
 

2.2 Melting 
 
Because of the significant melting point (m.p.) difference between uranium (m.p. = 1405 K) and 
molybdenum (m.p. = 2890 K), either a significant superheat must be applied to the crucible or 



the molybdenum component must be selectively melted.  The melt must be thoroughly mixed to 
ensure ingot homogeneity and uniform properties.  If not, a long term, high temperature heat 
treatment may be necessary for diffusion to homogenize the ingot.  Finally, as liquid uranium is 
extremely reactive, the melting must be done under a protective atmosphere (or in vacuum) and 
the melting crucible must be resistant to uranium attack. 
 
Briefly summarized below are potential melting technologies and their relative merits: 
 
 Arc-melting – Suitable for small melt charges (roughly, < 1 kg), can be used to make 
small alloy buttons as feed for the larger melt charges.  The molybdenum pieces will float to the 
top in the molten uranium pool and the arc can be selectively applied to them for melting.  
Several remelts are typically done to ensure a well-mixed button.  Water cooled copper hearth 
results in minimal contamination.  Least expensive equipment costs. 
 
 Induction melting – Induced eddy currents in the melt charge heat it and result in melting.  
The crucible must be compatible with liquid uranium, generally graphite with a yttria or zirconia 
coating to prevent carbon contamination.  Coating durability is an issue, particularly for high 
temperatures, and high temperature needed to ensure the molybdenum melts.  Significant mixing 
and stirring of melt pool from induced eddy currents.  High equipment costs. 
 
 Skull melting – Similar to induction melting, however the process utilizes a segmented 
water-cooled copper crucible. Induced eddy currents in the melt charge cause the melt to move 
away from the crucible.  Melting in a water-cooled copper crucible eliminates the possibility of 
reactions with refractory crucibles.  Significant equipment costs. 
 
 E-beam melting – Capable of producing high purity melts, equipment costs are 
significant.  While readily capable of melting uranium-molybdenum alloys, the required 
specialized equipment adds a significant overhead burden. 
 
2.3 Casting/Slab Conditioning 
 
For larger melt charges, i.e. > 2 kg, the mold design can play an important role in the surface 
quality of the casting.  Minimal surface conditioning is required, not just from a cost standpoint, 
but also to minimize contamination and waste.  Ingots should be cast to the desired fuel meat 
width, as minimal width increase occurs during rolling.  Long, thin castings are preferable to 
thicker castings to ensure uniform microstructural properties through the ingot thickness and take 
advantage of reduced processing needed to reach final thickness. 
  
2.4 Foil Rolling 
 
Molybdenum acts to retain the γ-uranium phase, the preferred phase to perform mechanical 
processing.  Ideally, the alloy would be processed at high temperature, e.g. > 790 C, allowing 
dynamic recrystallization.  However, extensive oxidation will occur, with concomitant 
particulate generation during rolling, presenting a serious contamination concern.   
 



One alternative method, developed by Kim et al. [1], directly casts a thin (approximately 100 – 
150 μm) U-Mo ribbon by pouring the molten alloy onto a rapidly spinning wheel.  No details on 
the suitability of this material to further roll reduction were presented. 
 
Development work is necessary to determine the ingot rolling schedule.  These details will be 
sensitive to the ingot thermal history, i.e., cast slab or melt spun ribbon.  Oxidation is a concern 
from radiation contamination considerations, and the material is very stress-corrosion sensitive 
[2].  Intermediate anneals may be necessary to prevent cracking due to stress-corrosion, 
regardless of the work hardening levels and will certainly be required after processing to final 
size. 
 
2.5 Storage 
 
Criticality and safety requirements will limit the number of foils in a container and their relative 
spacing.  Foils could be stored after being cut to final size for a particular refuel order, or could 
be stored at an intermediate size for future orders.  Annealed foils will have to be stored under an 
inert atmosphere because of oxidation concerns. 
 
2.6 Cladding Material 
 
One solution to the U-Mo-Al interaction is to modify or replace the aluminum alloy used in 
conventional fuel plates.  The standard aluminum alloy BWXT employs is 6061.  There is 
significant experience base with this cladding material, it is well understood, is cost-effective and 
has proven reliability in research reactor cores. 
 
As the recently observed in-core failures apparently arise from an interaction that develops under 
irradiation among the U-Mo and aluminum matrix, there is interest in evaluating the effects of 
different claddings and matrix additions. 
 
2.7 Interlayers 
   
An alternative to changing the cladding material is to add a coating or barrier layer between the 
fuel meat-cladding interface.  This interlayer needs to be metallurgically compatible with the fuel 
meat and cladding and exhibit acceptable corrosion and radiation behavior.  It could be applied 
as a separate foil, surrounding the fuel meat, or coated onto the fuel meat or plate by any number 
of techniques, e.g. sputtering, flame spraying, electroplating.  A coating applied to the U-Mo foil 
could provide an additional benefit of oxidation protection.  The layer(s) must be compatible 
with how the fuel plate is assembled and bonded together. 
 
2.8 Plate Assembly 
 
Final assembly of conventional fuel plates is by roll bonding.  Significant elongations are needed 
to disrupt sufficiently the oxide layer and bond the plate components together.  It has been 
demonstrated that U-Mo severely cracks under similar amounts of deformations [3], so alternate 
assembly methods need to be developed. 
 



 Hot Isostatic Pressing – BWXT is evaluating the suitability of hot isostatic pressing (HIP) 
to meet these requirements.  The application of heat and pressure serves to bond the fuel plate 
components together.  The elevated temperature will result in a reaction layer forming between 
the fuel and cladding.  Mock-ups with stainless steel and aluminum have shown adequate 
bonding, i.e. grain growth, across the Al-Al interface.  HIP is also ideal for bonding flat surfaces 
together, because the high process pressures will close any interfacial gaps and is especially 
compatible for assembling fuel plates with interlayers.   
 
 Friction Stir Welding – Idaho National Laboratory (INL) is developing a Friction Stir 
Welding (FSW) process.  The method has been shown to bond the fuel meat and cladding, 
without gross mixing of the fuel and cladding.  Demonstration production rates appear 
reasonable on model plate material.  The bond is quickly formed at temperatures below 
aluminum’s melting point, resulting in little reaction layer at the cladding-fuel interface.  Scale-
up to full size plates and the potentially significant surface clean-up necessary to remove flashing 
and produce acceptable plate flatness and surface finish are still to be evaluated. 
 
 Transient Phase Liquid Bonding – TPLB has been evaluated on a preliminary basis for 
assembling U-Mo fuels and aluminum alloy plates together.  Some success has been seen, but 
more development is needed to adequately determine the process parameters [3]. 
 
3.0 DISPERSION FUEL 
 
Failures observed to date in the U-Mo fuel system have been in dispersion type plates arising 
from an interaction among U, Mo and Al.  With a large surface area, dispersion fuels may be 
extremely sensitive to this interaction.  One hope for monolithic fuels is, with their significantly 
smaller surface area, this interaction, which will still be present, but not to the same degree, will 
give acceptable performance.  However, changes to the dispersion fuel system are being 
considered as the interaction becomes better understood and these are addressed below. 
 
3.1 Alloy Melting 
 
Many of the considerations involved with melting for monolithic fuel also apply to production of 
dispersion fuel, particularly alloy homogeneity and consistency.  Pre-alloying the melt charges 
will be needed.  In cases where the powder production is directly from the melt, ensuring the 
melt is homogeneous is vital. 
 
3.2 Powder Production 
 
The U-Mo fuel system is a ductile, metallic alloy.  Simple crushing operations, as used for 
currently qualified fuels, e.g. U-Si, are not suitable for making powder out of the U-Mo fuels.  
Different approaches are needed. 
 
 Grinding/Communiution – Mechanically abrading an ingot or button can generate 
particulates.  While the generated powder has a rough, irregular shape, it can be used in 
dispersion fuel plates. 
 



 Hydride/Dehydride – Heated metal chips are exposed to hydrogen gas.  The brittle 
hydrides are then milled into powder.  The powder is then dehydrided by heating under vacuum 
at elevated temperatures. 
 
 Inert Gas Atomization – In gas atomization, a high velocity inert gas jet is directed at a 
stream of molten metal.  The jet breaks up the stream into droplets, which then solidify.  Capable 
of processing large melts, albeit at the expense of huge gas volumes.  Powders are generally 
spherical, although there may be small “satellite” spheres attached to larger ones. 
   
 Rotating Electrode – A rapidly spinning electrode, from which an arc is struck, will throw 
off molten droplets due to centrifugal forces.  Droplet size is primarily a function of rotational 
speed.  Solidified particles have a smooth, regular spherical appearance. 
 
3.7 Cladding Material 
 
As for monolithic fuel meats, the same options are being evaluated for dispersion fuel meats.  
With a higher surface area, there is more incentive to consider alternatives to the standard 6061 
cladding. 
 
3.8 Interlayers 
 
Application of interlayers to dispersion fuels is not exactly comparable to monolithic fuels.  
Coatings can be applied to the cladding and is preferable to coating the fuel powder.  While 
powder coating technologies are available, e.g. chemical vapor deposition via fluidized bed 
reactor, the particle size distribution within the powder, not normally a serious issue, complicates 
the coating application.  Coated dispersion fuels will have lowered uranium densities, compared 
to the uncoated fuels. 
 
3.9 Plate Assembly 
 
Roll bonding remains the favored method for assembling dispersion fuel plates.  It is the current, 
standard practice and can be readily applied to the U-Mo system and has been demonstrated.  
Alternate methods will be evaluated, however, they have significant associated equipment and 
development costs. 
 
4.0 FACILITY IMPACT 
 
Implementation of a new fuel production line impacts the BWXT facility in a number of areas: 
licensing, safety, building layout, material storage.  The principal driver for many decisions is the 
overall economics – capital equipment, processing and plant modifications.   For example: 
 
 Licensing – BWXT maintains a Nuclear Regulatory Commission (NRC) license to 
handle and process radioactive materials.  The introduction of new radioactive materials may 
involve a modification to our license and subsequent review and approval by the NRC before 
actual production can begin.  Nominally, this process can take six months for routine requests. 
 



 Physical Plant – New tooling, storage containers and racks, production equipment need to 
be integrated into the existing factory.  Potentially, new space may be required, involving 
expansion of manufacturing areas. 
 
 Planning – To ensure an uninterrupted supply of research reactor fuel during the 
changeover to U-Mo fuel production, it will be necessary to maintain existing fabrication lines.  
If new building space is not available, the installation of the U-Mo line will have to be fit in 
around existing production orders at that time.  The overall impact is more severe if we change 
over to a monolithic fuel, as the rolling mill and melting equipment take significant floor space.  
Existing equipment will have to be removed; possibly involving decontamination and 
decommissioning, and the sequence of events must be carefully managed. 
 
5.0 ECONOMICS 
 
The technical feasibility to fabricate dispersion type or monolithic type fuel plates is not in 
question.  Likely, with some development, either type plate may be shown to be technically 
acceptable.  The ultimate choice will thus be driven by economics, or the “most number of 
neutrons per dollar”. 
 
We will be estimating the productivity of the identified fabrication options.  Start-up costs, 
including facility modifications, capital equipment requirements, licensing and safety reviews 
will be estimated.  How the “cost per neutron” compares is yet to be determined. 
 
6.0 SUMMARY 
 
BWXT is evaluating the issues and technical prospects involved in setting up a commercial 
production line for U-Mo fuels.  Near term in-core radiation testing should provide guidance in 
which fuel configurations give acceptable behavior.  Down-selecting from the many options 
currently being evaluated can be done.  We see no technical issues that preclude the change-over.  
But significant planning and evaluations need to be carried out to support the change-over with 
minimal disruption in plate fuel supply to the research reactor community. 
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ABSTRACT 
 
The computer code WIMSD5B is used to determine the cross sections of the reactor cells and 
then CITTATION diffusion computer code is used to investigate the neutronic parameters of the 
IRT-1 Tajoura research reactor fuelled with High Enriched Uranium (HEU) and Low Enriched 
Uranium (LEU). 4-tube and 3-tube of 80% enrichment, IRT-2M HEU fuel and 8-tube and 6-tube 
19.7% enrichment, IRT-4M LEU fuel cells are studied. This paper presents the obtained results 
of the core with both fuel types. 
The fresh core calculations show that fuelling Tajoura reactor core with  LEU will increase the 
fast neutron flux but decreases the thermal flux (detailed values are tabulated).  
The maximum values of the thermal neutron flux is increased almost three times using a central 
neutron trap 
 
The core excess reactivity increases by more than %1  when the core is loaded with 16 fuel 
assemblies all of 6-tube type and by more than %2  when the core is loaded with 10 fuel 
assemblies of 6-tube and 6 fuel assemblies of 8-tube type. 
 The core excess reactivity  for HEU is 14.02%,, for the 6-tubes LEU core it is 15.04%, and for 
the mixed 6 and 8-tubes core it is 16.21%. 
 

INTRODUCTION 
 
The 10 MW IRT-1 Tajoura reactor is a pool type reactor cooled and moderated by light water. The 
pitch is 7.15 cm and the active fuel length of 58 cm for the HEU fuel and 60 cm for the LEU fuel. 
Cross sections  of 4-tube, 3-tube, 6-tube and 8-tube fuel assemblies and core layout are shown in 
Figure(1). The 3-tube HEU and 6-tube LEU fuel assemblies are to contain safety and shim control 
rods. The regulating rod is accommodated in a removable beryllium unit. The absorbing material in all 
of the rods is boron carbide enclosed in a stainless steel cladding. The stationary beryllium reflector 
and the aluminium vessel contain a number of vertical irradiation channels called VCR in the 
stationary beryllium and VCV in the aluminium vessel. The VCR channels can be plugged with 
beryllium plugs when they are not utilized. 
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Figure(1) Cross section of the 4-tube and 3-tube IR-2M 8-tube and 6-tube IR-4M fuel 
assemblies and core layout 
 
 
CALCULATIONS  
 
The computer code WIMSD5B with a library of 69 energy groups is used for the calculations of 
the different cells of the reactor. The cell calculation is carried out employing the full 69 groups 
and then a post processor was used to collapse the energy groups down to seven groups with 
energy upper boundaries of 10.0, 8.21E-1, 5.53E-3, 4.00E-6, 6.25E-7 and 2.50E-7 Mev 
respectively. All cell calculations were carried out using the equivalent annuli and the DSN main 
transport routine. In order to use the fuel spectrum for the non fuel cells calculations a 
homogeneous fuel region was introduced at the center of all non fuel cells and then in the post 
processing this extra-added region was excluded from the cell. The calculations were performed 
with HEU and two cases of LEU cores. Case(A) the 16 fuel assemblies are all of 6-tube type and 
case(B) loading 10 fuel assemblies of 6-tube and 6 fuel assemblies of 8-tube type. The values of 

effk  and the corresponding system reactivity in %kk∆  are given in Table(1) for. Calculations 
with central neutron trap were carried out with loadings of 20 fuel assemblies for the HEU core, 
20, 18 and 16 fuel assemblies for the LEU core. 
.  
 
 
 
 
 

1 6 5 4 3 2 

6 

4 

3 

1 

2 

5 
8-tube FA 

6-tube FA 

4-tube FA 

3-tube FA 



 3

Table (1) Values of effk and %kk∆  for LEU core with all control rods are fully 
raised 

10 of 3 tube & 6 of 4 
tube HEU FUEL 

All 6 tube LEU FUEL 10 of 6 tube & 6 of 8 
tube LEU FUEL 

 

effk  %kk∆
effk  %kk∆  effk  %kk∆  

all plugs are in place 1.1628780  14.02 1.1770413  15.04 1.1935079 16.21 
plugs are replaced by water 1.1503427 13.07 1.1625152 13.98 1.1784456 15.14 
 
 
Detailed flux mapping with HEU and LEU fuels has been obtained for the fresh core. The 
maximum values of fast and thermal fluxes for a full power of 10 MW are given in Table (2) for 
different locations in the reactor. 
 
Table(2) Maximum values of fast and thermal fluxes  
 Cell (2-2) Cell (3-2) Cell (4-1) Cell (1-6) Cell (6-1) 12VCR 

max_fastcoreHEU φ  4.0567E14 4.5740E14 1.9438E14 9.5669E13 7.5408E13 6.792E13 

max_fastcoreLEU φ  4.4065E14 5.8127E14 2.1525E14 1.0589E14 8.229E13 7.587E13 

       

max_thcoreHEU φ  1.7548E14 1.8761E14 3.3398E14 2.1898E14 1.9334E14 1.7212E14 

max_thcoreLEU φ  1.2449E14 1.2941E14 3.3566E14 2.2605E14 1.9983E14 1.7527E14 

 
CONTROL RODS WORTH 
 
the amount of positive or negative reactivity introduced into the core is usually determined from 
the curves of the total (integral) worth of the control rod being moved. Loading the reactor with 
LEU fuel requires the determination of the reactivity worth of all control elements. CITATION 
is used to determine the total worth of the safety, regulating and shim rods  
Control rod calibration was performed with the positions of the remaining rods being very 
similar to experimental positions this means to start calibration with the critical. The integral 
worth values of the individual rods are given in Table (3). The control elements total worth for 
the HEU core is 25.9% and for case (A) of the LEU core is 25.2% while for case (B) of the LEU 
core it is 24.9%. 

Table(3) Control Rods total worth calculated at critical state (with all plugs in place). 
6 FA of 4 & 10 FA of 
3-tube type HEU core 

16 FA of 6-tube 
type LEU core 

6 FA of 8 & 10 FA of 
6-tube type LEU core 

Rod 

%kk∆  %kk∆  %kk∆  
Safety Rod 1 2.18250 2.22990 2.21048 
Safety Rod 2 2.47542 2.54397 2.54541 
Regulating  R 0.37567 0.39365 0.44771 
Shim Rod 1 2.27039 2.30972 2.27827 
Shim Rod 2 2.38291 2.40391 2.40286 
Shim Rod 3 2.87654 2.67357 2.58593 
Shim Rod 4 3.00973 2.77891 2.73621 
Shim Rod 5 2.84704 2.61274 2.55337 
Shim Rod 6 2.96888 2.76155 2.68389 
Shim Rod 7 2.16553 2.16718 2.12950 
Shim Rod 8 2.31922 2.33523 2.30522 
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The maximum values of radial and axial peaking factors which are defined respectively as The 
ratio of average heat flux of the hot channel to the average heat flux of the channels in the core 
and the ratio of the maximum heat flux of the hot channel to the average heat flux of the hot 
channel. These two factor and the total hot channel factor which is the product of the radial and 
axial factors are tabulated in Table(4)  with all control rods are fully raised and with critical 
system cases. 
 
Table(64) Maximum values of radial and axial peaking factors 
 Conditions FR FZ FN Hot channel 
  HEU LEU HEU LEU HEU LEU HEU LEU 

All CR raised 1.131 1.025 1.29 1.265 1.459 1.297 4-5 4-4 Case (A) 
Critical state 1.210 1.190 1.325 1.256 1.603 1.495 3-2 4-2 
All CR raised  1.096  1.278  1.401  4-5 Case (B) 
Critical state  1.254  1.265  1.586  3-2 

 
 
CALCULATIONS WITH CENTRAL NEUTRON TRAP 
 
The central neutron trap is loaded to the core center with core configuration of 20 HEU fuel 
assemblies 20, 18, and 16 LEU fuel assemblies as shown in Figure(2) were studied. Results are 
presented for thee cases, with central trap plugged case(I), only the small plug is replaced by 
water case(II), and both plugs are replaced by water case(III). Core excess reactivity for these 
different cases are given in Table(5-a) to Table(5-d). Thermal and fast flux distributions along 
the central neutron trap are plotted if Figure(3). 
 
 
 
                                      

                                         
 

 

 

 

 

Figure(2) core configurations with central Neutron Trap 
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Table(5-a) Results with Central Neutron Trap and HEU core 
Both plugs of CNT 

are in place 

Only Inner plug is 

replaced by water 

Both plugs are replaced by 

water 

 

effk  %kk∆  
effk  %kk∆  effk  %kk∆  

Only Safety Rods are raised 0.9669960 -3.413 0.9582840 -4.353 0.9362858 -6.805 

All Rods are Raised 1.1499053 13.036 1.1382304 12.144 1.1069747 9.664 

All Rods are Inserted 0.9284062 -7.711 0.9219907 -8.461 0.9031587 -10.723 

 

Table(5-b) Central Neutron Trap with 20 LEU Fuel assemblies 
Both plugs of CNT 

are in place 

Only Inner plug is 

replaced by water 

Both plugs are replaced by 

water 

 

effk  %kk∆  
effk  %kk∆  effk  %kk∆  

Only Safety Rods are raised 1.0196112 +1.923 1.0213250 +2.088 0.9873876 -1.277 

All Rods are Raised 1.2032058 16.889 1.1932414 16.186 1.1575305 13.609 

All Rods are Inserted 0.9794536 -2.098 0.9863250 -1.386 0.9526536 -4.970 

 

 

Table(5-c) Central Neutron Trap with 18 LEU Fuel assemblies 
Both plugs of CNT 

are in place 

Only Inner plug is 

replaced by water 

Both plugs are replaced by 

water 

 

effk  %kk∆  
effk  %kk∆  effk  %kk∆  

Only Safety Rods are raised 0.9993156 -0.0685 0.9979826 -0.20589 0.9653074 -3.5939 

All Rods are Raised 1.188686 15.8735 1.1768816 15.02969 1.1406595 12.33142 

All Rods are Inserted 0.9554169 -4.7970 0.9585893 -4.319963 0.9269292 -7.88310 

 

Table(5-d) Central Neutron Trap with 16 LEU Fuel assemblies 

Both plugs of CNT 

are in place 

Only Inner plug is 

replaced by water 

Both plugs are replaced by 

water 

 

effk  %kk∆  
effk  %kk∆  effk  %kk∆  

Only Safety Rods are raised 0.9401636 -6.364 0.9654594 -3.578 0.9332294 -7.155 

All Rods are Raised 1.1700999 14.537 1.1559820 13.493 1.1188203 10.620 

All Rods are Inserted 0.9229438 -8.349 0.9223619 -8.417 0.8916621 -12.150 

 

The shape of the axial flux distribution along the central neutron trap is given in Figure (3). The 

maximum values of the fast and thermal neutron fluxes corresponding to a power of 10 MW are 

given in Table(6) for different cases. 
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Figure(3) 20 HEU FA Fast and thermal flux distributions along the central neutron trap 

 
Table(6) effk  and maximum flux values for different core loadings with central neutron trap 
Case 

effk  max_fastφ  max_thφ  

20 FA HEU core; only the small plug is replaced by water 1.0005633 2.14199E14 1.63944E14 

20 FA HEU core; both plugs are replaced by water 1.0000528 1.78495E14 1.75405E14 

20 FA LEU core; only the small plug is replaced by water The system is supper critical with only safety 

rods raised 

20 FA LEU core; both plugs are replaced by water 1.0007757 1.371732E14 1.69387E14 

18 FA LEU core; only the small plug is replaced by water 1.0001284 2.417355E14 1.6791E14 

18 FA LEU core; both plugs are replaced by water 1.0008997 2.067008E14 1.91337E14 

16 FA LEU core; only the small plug is replaced by water 1.0008346 2.807950E14 1.95459E14 

16 FA LEU core; both plugs are replaced by water 1.0009155 2.298468E14 2.13172E14 

 
Control rods are calibrated with central neutron trap at critical system. The worth of all rods with 
HEU and LEU cores are tabulated in Table(7). 
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TablE(7) CONTROL RODS WORTH WITH CENTRAL NEUTRON TRAP 
20 FA of HEU core 18 FA of 8 & 6-tube type 

LEU core 
Rod 

Only small 
plug removed 

%kk∆  

Both plugs 
removed

%kk∆  

Only small 
plug removed  

%kk∆  

Both plugs 
removed 

%kk∆  
Safety Rod 1 1.6540 1.6737 1.8921 1.7845 
Safety Rod 2 1.6975 1.9198 1.9234 1.9733 
Regulating  R 0.4694 0.5273 0.3357 0.5002 
Shim Rod 1 2.7516 2.5701 2.6221 2.5898 
Shim Rod 2 2.8285 2.6845 2.5219 2.5186 
Shim Rod 3 2.0537 1.6854 2.4156 2.0408 
Shim Rod 4 2.2740 1.9459 2.0780 1.9008 
Shim Rod 5 1.1873 1.1804 1.4111 1.3519 
Shim Rod 6 1.6387 1.6610 2.1273 2.0800 
Shim Rod 7 1.9195 2.0668 1.9492 2.1602 
Shim Rod 8 2.5324 2.3262 2.1879 2.4525 

 
 
 
BURN UP CALCULATIONS 
 
Burn up calculations starting with fresh fuel is performed at hot conditions (fuel, clad, and 
coolant temperatures are taken as K0380 , K0360  and K0325 respectively). The results are 
obtained for both HEU and LEU cores and with all control rods are fully raised. The excess 
reactivity is plotted against operational time in Figure(4). 
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Figure(4) Burn up for fresh LEU cores 
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CONCLUSIONS 
 
Changing the IRT-1 reactor fuel from IRT-2M highly enriched uranium to IRT-4M low enriched 
uranium results in increasing the core excess reactivity by %1  and decreasing the total worth of 
the control rods by %1 . The change in the integral worth of the individual rods is given in 
Table(3). As shown in Table(3) the ratio of LEU maximum flux values to HEU values  in the 
fuel region in the axial direction increases by a factor of 1.1 in the fast energy range and 
decreases by 0.6 in the thermal energy range. 
It is very clear that the methods and tools used in the calculations gave very good results. 
According to the obtained results there is no contradictions related to criticality and control rods 
worth in converting the reactor fuel from IRT-2M (HEU) to IRT-4M (LEU) fuel.  
Investigations with central neutron trap show that the thermal neutron flux can be increased in 
the core almost three times. Burn up analysis, as shown in Figure(4) for an excess reactivity of 
1% as the end of the cycle reactivity the first cycle length is about 45 days for HEU core, about 
100 days for the 6-tube LEU core and about 117 days  for the mixed 6 and 8-tube LEU core 
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ABSTRACT 

 
The new 200 kW IRT-Sofia research reactor of the Institute for Nuclear Research and Nuclear 
Energy (INRNE) of the Bulgarian Academy of Science, Sofia, Bulgaria is jointly studied with the 
RERTR Program at Argonne National Laboratory (ANL) to realize its conversion from the use of 
fuel containing highly enriched uranium (HEU, 36% 235U) to use of fuel containing low enriched 
uranium (LEU, 19.75% 235U). After the applicability of IRT-4M LEU fuel for conversion was 
approved, further activities related to modification of the Safety Analyses Report were initiated. 
An initial core configuration was selected and its neutronic calculation was performed. The initial 
LEU core configuration uses 16 IRT-4M fuel assemblies (four 8-tubes and twelve 6-tubes). 
Results of detailed calculations of this initial core configuration and the neutronics properties that 
are important for preparation of the Safety Analyses Report are presented. These results provide 
information for thermal-hydraulic and accident analyses that are needed to demonstrate that the 
safety margin requirements are satisfied for the selected configuration. 

 
1. Introduction 

 
A joint study between INRNE and the RERTR Program at ANL was initiated in 2002 to study 
the possibility of using LEU fuel instead of HEU fuel in the planned new 200 kW IRT-Sofia 
research reactor [1].  The joint work of the study was started from common calculational models 
based on the best available data for reactor components and materials, and was followed with 
comparison of the fuel lifetime and flux performance for sequences of HEU (IRT-2M, 36%) and 
LEU (IRT-4M, 19.7%) cores providing appropriate flux values and acceptable burn-up levels 
[2]. It was concluded that the LEU core performance (both in terms of fluxes for the experiments 
and in fuel consumption) is similar to the HEU reference core. Thus, the IRT-4M LEU fuel 
assemblies were accepted as suitable for conversion of 200 kW IRT, Sofia research reactor. 
Presented here are the selection of the initial configuration for the LEU core loading and results 
of the calculations that are needed for modification of the Safety Analyses Report in connection 
with the fuel conversion. Selection of the initial core configuration was carried out in close 
collaboration with scientists from RRC “Kurchatov Institute”, Russian Federation. 
 



2. Selection of the initial core configuration 
 
According to the preliminary analysis performed [2] to obtain an acceptable level of fuel burn-up 
in the IRT-Sofia core, a sequence of core loading configurations needs to be used during the first 
cycles. No fuel assemblies are discharged from the core until the number of FA in the core 
becomes 22, when the LEU FA with maximum burn-up reaches an acceptable level for discharge 
(about 46%). The final core configuration could be achieved as a result of different sets of core 
loading sequences that satisfy the safety margins requirements for every loading configuration. 
Selection of the initial core configuration and the final loading sequence of the core are studied 
here. 
The IRT-Sofia research reactor is planned to be equipped with a set of beam tubes (channels) 
that can be utilized for different purposes. In this connection still at the stage of preliminary 
analysis for HEU fuel, it was decided to use an initial configuration that consists of two 
separated parts (configuration 1, Figure 1) to provide a capability for flexible reactor application. 
To provide information needed for the initial core selection, a set of configurations was analyzed 
(Figure 1). The MCNP code [3] and previously developed models of the reactor [2] were used 
for this analysis. First of all, it should be noted that the HEU configuration is not applicable for 
LEU fuel because the core configuration that corresponds to direct substitution of IRT-2M FA by 
IRT-4M FA provides initial excess reactivity (0.94% Δk/k) that is not sufficient for reactor 
operation. That is why nine additional configurations (Figure 1) with different number of FA, 
beryllium reflector blocks and their arrangement were studied. The results obtained for these 
configurations for initial excess reactivity and relative values of channels performance are 
presented in Table 1. Based on these results, configuration number 5 was selected as the initial 
core configuration. The use of this configuration was highly recommended by specialists from 
RRC “Kurchatov Institute” taking into account its advantage in channels (from No. 5 to No. 7) 
performance and lower initial excess reactivity (that is preferable for safety) in comparison with 
configuration number 4. 
 
3. Initial core configuration 
 
The selected initial core configuration is presented in Figure 2. The positions of the experimental 
channels surrounding the reactor core are shown in Figure 2 as well. This core includes 16 IRT-
4M fuel assemblies: twelve 6-tube FA, and four 8-tube FA. There are totally 54 cells 
(7.15x7.15cm) in the frames of the reactor vessel. Figure 2shows positions of the experimental 
channels (horizontal and vertical), channels for ionizing chambers, and the shim (KO), safety 
(AZ) and auto regulating (AR) rods. The calculated value of cold clean excess reactivity of the 
core is equal to 5.33% Δk/k.  
The reactivity worth of each shim, safety and auto regulating rods calculated separately is shown 
in the Table 2. The corresponding shutdown margin is calculated for a cold core condition where 
it is assumed that all safety rods and the auto regulating rod are fully-withdrawn, and all shim 
rods are fully-inserted. The shutdown margin in those conditions is equal to 3.65% Δk/k. This 
value meets the shutdown margin criterion that the subcriticality must be at least 1% Δk/k under 
these conditions. Moreover, the criterion of 1% Δk/k subcriticality is satisfied even if the shim 
rod with the highest worth is also fully withdrawn. In that case the calculated subcriticality is 
equal to 1.13% Δk/k. It must be noted that the sum of the rod worths in Table 2 gives just 0.79% 
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Figure 1.  Analyzed configurations 
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Table 1.  IRT, Sofia Performance Comparison: LEU/HEU Ratio of keff x Flux  
Configuration No.1 for HEU, ρ=3.56%, for LEU ρ=0.94% 

Configurations 1-3: 14 FA; Configurations 4-10: 16 FA 
 

Channel
No. Energy range Config. 2

ρ=5.72% 
Config. 3
ρ=4.29% 

Config. 4
ρ=6.55% 

Config. 5
ρ=5.33% 

Config. 6
ρ=1.90% 

Config. 7
ρ=5.14% 

Config. 8
ρ=5.92% 

Config. 9
ρ=7.29% 

Config. 10
ρ=5.13% 

1* 
E<6.25e-7 MeV 

6.25e-7<E<8.21e-1 MeV 
E>8.21e-1 MeV 

0.77 
0.91 
0.86 

0.81 
0.95 
0.90 

0.67 
0.79 
0.74 

0.68 
0.80 
0.75 

0.79 
1.00 
0.95 

0.73 
0.87 
0.83 

0.70 
0.83 
0.77 

0.67 
0.78 
0.74 

0.76 
0.90 
0.85 

2 
E<6.25e-7 MeV 

6.25e-7<E<8.21e-1 MeV 
E>8.21e-1 MeV 

1.15 
1.74 
1.85 

0.92 
1.37 
1.60 

1.17 
1.47 
1.45 

1.15 
1.94 
2.17 

0.99 
1.10 
1.07 

0.94 
1.57 
1.99 

0.95 
1.47 
1.74 

1.18 
2.02 
2.21 

1.09 
1.42 
1.41 

3 
E<6.25e-7 MeV 

6.25e-7<E<8.21e-1 MeV 
E>8.21e-1 MeV 

0.94 
0.99 
0.96 

0.95 
1.03 
0.98 

0.82 
0.86 
0.82 

0.84 
0.88 
0.84 

0.82 
1.32 
1.86 

0.89 
0.94 
0.90 

0.86 
0.91 
0.89 

0.85 
0.88 
0.84 

0.91 
1.08 
1.08 

4 
E<6.25e-7 MeV 

6.25e-7<E<8.21e-1 MeV 
E>8.21e-1 MeV 

1.19 
0.85 
0.71 

1.14 
1.38 
1.74 

1.41 
1.58 
1.52 

1.45 
1.74 
1.69 

1.05 
1.16 
1.09 

1.24 
2.07 
3.05 

1.39 
1.99 
2.55 

1.39 
1.63 
1.56 

1.13 
1.22 
1.18 

5 
E<6.25e-7 MeV 

6.25e-7<E<8.21e-1 MeV 
E>8.21e-1 MeV 

1.10 
0.61 
0.51 

1.11 
1.09 
0.97 

1.47 
1.66 
1.58 

1.44 
1.56 
1.54 

1.06 
1.13 
1.12 

1.19 
1.31 
1.24 

1.28 
1.38 
1.33 

1.37 
1.20 
1.11 

1.11 
1.17 
1.14 

6 
E<6.25e-7 MeV 

6.25e-7<E<8.21e-1 MeV 
E>8.21e-1 MeV 

1.09 
0.60 
0.49 

1.06 
0.98 
0.92 

1.46 
1.62 
1.65 

1.44 
1.55 
1.61 

1.04 
1.14 
1.11 

1.16 
1.26 
1.35 

1.19 
1.09 
1.13 

1.34 
1.14 
1.06 

1.10 
1.15 
1.16 

7 
E<6.25e-7 MeV 

6.25e-7<E<8.21e-1 MeV 
E>8.21e-1 MeV 

1.10 
0.60 
0.52 

1.15 
1.16 
1.10 

1.47 
1.57 
1.65 

1.47 
1.51 
1.62 

1.06 
1.13 
1.14 

1.23 
1.35 
1.39 

1.36 
1.49 
1.56 

1.37 
1.22 
1.18 

1.12 
1.15 
1.18 

*in front of the filters of the BNCT channel 
 



Δk/k subcriticality. That demonstrates conservatism of an additive cumulative rod worth 
assessment. 

 
Figure 2.  Initial configuration 

 
Table 2. Calculated reactivity worth of the control rods 

 
Rod Cell Worth, % Δk/k 
AZ-1 
AZ-2 
AZ-3 

B2 
B5 
F2 

1.66 
1,66 
0.97 

AZ-1, AZ-2, AZ-3  −  4.29 
KO-1 
KO-2 
KO-3 
KO-4 
KO-5 

B3 
B4 
F3 
F4 
F5 

2.47 
2.47 
1.34 
1.34 
0.97 

AR F6 0.39 
KO-1 – KO-5, AR - 8.98 

 
A critical state of the selected configuration that is preferable for operation with horizontal 
channels No.5 -7 is realized according to calculations (excess reactivity equal to 0.07% Δk/k) 
when the shim rods are inserted accordingly: KO-1=KO-2=65.0сm; KO-3=KO-4=18.8сm; 
AR=41.5сm, and all other rods are fully-withdrawn. 
 
4. Burn-up calculation 
 
Burn-up calculations were run using the REBUS code [4] for the selected initial core 
configuration to estimate the duration of the first cycle (without charging of additional fuel 
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assemblies). The reactivity profile at 200 kW power level is shown in Figure 3. The initial excess 
reactivity of the core obtained using diffusion theory calculation with the REBUS code is in 
good agreement (it is 0.5% Δk/k higher) with the value obtained using the MCNP code, taking 
into account approximations applied in geometry, cross sections [5] and energy dependence 
description in the diffusion calculation.  

Figure 3.  Burn-up reactivity profile 

Reactivity losses due to equilibrium Xe and Sm are included in the curve. Based on this 
calculation, the lifetime of this core will be about four years. This lifetime evaluation 
corresponds to continuous operation. The core will operate for a much longer time if a realistic 
duty factor would be taken into account. The maximum planed duty factor value is about 0.3 that 
corresponds to operation during twelve hours every day, five days a week and forty one weeks 
per year. 
 
5. Power distribution and power peaking factors 
 
Power distribution and nuclear power peaking factors were calculated using the diffusion theory 
model and the REBUS code as it had been done previously for the HEU core. The control rods 
were not represented in the calculational model. The results are shown in Figure 4. 
The power peaking factors presented in Figure 4 are the point-wise values computed at the 
calculation mesh intervals. Additionally the relative power distribution over twelve equal axial 
intervals for every FA was calculated, as well as tube-by-tube distribution for every fuel 
assembly. These data are required for thermal-hydraulic calculations and could be used for 
comparison of thermal-hydraulic conditions for LEU and HEU fuel. However we intend to 
obtain more detailed and reliable data about relative power distribution by using MCNP 
calculation for a model with shim rods position providing critical state of the core. 
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Figure 4. Power distribution and power peaking factors. 

 
6. Reactivity coefficients and kinetic parameters 
 
Reactivity coefficients and kinetic parameters were calculated for fresh fuel assemblies and 
control rods positions (described above) corresponding to the critical state of the initial core that 
is preferable for operation with horizontal channels No.5 -7. The calculations were performed 
using the MCNP5 code [6].The results of calculations are presented in Table 3. 
 

Table 3. Reactivity coefficients and kinetic parameters 

Moderator Temperature Reactivity 
Coefficient, Δρ(%)/ºC: 

21 ºC to 127 ºC 
Fuel Temperature (Doppler) Reactivity 
Coefficient, Δρ(%)/ºC: 

21 ºC to 127 ºC 

 
 

– 0.0104 
 
 

– 0.00206 

Moderator Density (Void) reactivity 
Coefficient, Δρ(%)/(% of Void): 

0 to 5%: 
5% to 10%: 
 
0 to 10%: 

 
 

– 0.235 
– 0.253 

– 0.244 

Prompt Neutron Lifetime, µsec 94.2 

Effective Delayed Neutron Fraction (βeff) 0.00783 
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1,66 
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2.18 

1.57
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6.26

6.274.07 

4.28 
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4.07 
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5.83 9.15

6,61

6,58

5,58

1.72

2.31

2.32

1.76

2.60

2.60

8,22

8.19

% of total 
power peaking factor 

4.07 
2.18 



7. Conclusion 
 
The results of this study demonstrate significant progress in the joint study between INRNE and 
the RERTR Program at ANL for conversion from HEU to LEU fuel at IRT, Sofia.  
Presented here new results were used for selection of the initial configuration for the LEU core 
loading. Selection of the initial core configuration was carried out in close collaboration with 
scientists from RRC “Kurchatov Institute”, Russian Federation. The initial configuration for the 
LEU core was selected on the base of calculation results comparison for neutron flux value at the 
experimental positions and initial core excess reactivity value important for safety ensuring. 
Calculation results for the control rods worth demonstrates that shutdown margins safety 
requirements are satisfied for the selected initial core configuration. 
The results of burn-up calculation indicated that the selected core would last about four years for 
continuous operation. That means that the core would operate about three times longer time in 
conditions corresponding to a realistic value (about 0.3) of a duty factor. 
The results obtained for relative power distribution provide useful information for comparison of 
thermal-hydraulic conditions between HEU and LEU cores. 
We intend to continue the fruitful joint study between INRNE and the RERTR Program at ANL 
for conversion from HEU to LEU fuel at IRT, Sofia especially for completion of the safety 
analysis for the selected LEU core and Safety Analyses Report preparation in accordance with 
licensing requirements. 
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ABSTRACT 

 
Several options of the WWR-K reactor initial and stationary core configurations are considered 
with the tube/pin-type fuel assemblies on a base of the high-density low-enriched U-Mo fuel. 
Outcomes of the comparative study of the neutron characteristics and the WWR-K reactor cycle 
periods are presented. 

 
 
1. Introduction  
 
Forthcoming conversion of the VVR-K reactor core implies conservation of the reactor 
vessel, support grid and other devices located inside the vessel. Thus, to a certain extent, 
chose of the new fuel assembly is determined by the grid step (68.3мм).  
 
In the frame of Russian RERTR the fuel compositions are developed on a base of uranium 
dioxide of the uranium mass density up to 3 g/cm3 and on a base of uranium-molybdenum 
alloy of the uranium mass density up to 5.6 g/cm3.  
 
We have studied an opportunity to use low-enriched uranium-dioxide fuel with the uranium 
density 2.8 g/cm3, and it has been shown that at present the thin-walled tube fuel assemblies 
(FA) with well-developed heat removal surface are the best candidates for the WWR-K 
reactor low-enriched core. Similar fuel assemblies with the meat/clad/inter-element gap 
0.7/0.45/2.1 mm thick are fabricated at the Novosibirsk Chemical Concentrate Plant (NCCP). 
 
In the closest future high-density uranium-molybdenum fuel will be produced, making it 
possible to implement the uranium density up to 8 g/cm3.  
 
This work is devoted to the reactor core with uranium-molybdenum fuel having the uranium 
density 5 g/cm3. Enrichment in U-235 is 19.7%. 
 
The fuel assemblies with traditional tube fuel elements (FE) and with pin FE have been 
considered. Advantage of the latter is enhanced uranium content. 

                                                 
1 Work performed with the financial support from “Nuclear Threat Initiative – NTI”, USA. 



2. FA characteristics 
 
Two types of LEU FA have been used in this study: (a) thin-walled FA composed of tubular 
fuel elements (FE) and (b) FA composed of pin FEs. Both types have FA-1 and FA-2. The 
CPS control rods are placed inside FA-2. If required, FA-2 can also be used to locate small-
diameter irradiation channels.  
 
Tubular FA-1 consists of eight FEs, and FA-2 consists of four FEs. The FE and FA 
characteristics are given in Tables 1 and 2. For comparison, figure 2 shows the views of the 
present HEU FAs.   
 
А. FA with tube fuel elements 
 
 
 
 
 
 
 
 
 

Fig.1. The eight-tube (FA-1) and four-tube (FA-2) fuel assemblies   
 

Table 1 – Geometrical parameters of the eight/four-tube FA  
 

FA-1 FA-2 
Structural 
element 

Radius, 
mm 

Thick, 
mm 

U-235 mass, 
g per FE 

Structural 
element Radius, mm Thick, 

mm 
FE-1 66.1* 1.4 66.2 FE-1 66.1* 1.4 
FE-2 59.1  1.4 53.6 FE-2 59.1 1.4 
FE-3 52.1  1.4 47.1 FE-3 52.1 1.4 
FE-4 45.1  1.4 40.6 FE-4 45.1 1.4 
FE-5 38.1  1.4 34.1 rod channel 38.1-35.6 ― 
FE-6 31.1  1.4 27.6 rod 33.6-31.6 ― 
FE-7 24.1  1.4 21.1 
FE-8 8.6   1.4 14.6 

Struct. tube 9.3   1.0 - 
 

* face-to-face size 
 

Table 2 - Some quantitative characteristics of the eight/four tube FA 

Parameter FA-1 FA-2 

U-235 mass, g  304.7 207.4 
Sheat removal, cm2 12375 8360 
FE / meat /clad, mm 1.4 /0.5 / 0.45 1.4 /0.5 / 0.45 
Inter-FE gap, mm 2.1 2.1 

 

1 12 2334 45678



 
B. Fuel assembly with pin elements  

 
The FE geometrical characteristics are presented in table 3, and its design is shown in figure 2. 
.  

Table 3 - Pin fuel element geometrical characteristics  
 

dоп, mm Δ, mm h, mm A, mm  δ, mm SFE, mm 2 РFE, mm Smeat, mm2 Н, mm 

4.85 0.4±0.1 0.6 2.86 0.4 9.0 15.59 4.68 320 

 

 
 

 
 

 
Fig.2. The pin FE design 

 
Here SFE is the FE area, h is the ребра height, РFE is the FE perimeter, A is the square side, 
Smeat  is the meat area; δ is the clad thickness, dоп –is the описанный diameter, Н is  шаг 
закрутки ребра; Δ is the ребра width. The FE active section height is 600 mm.  
 
In Fig.3 sectional views of the FA-1 and FA-2 models simulated with the computer code 
MCNP are shown. 

 
 

FA-1 FA-2 

Fig.3. FA computational model 
 
In table 4 some quantitative characteristics of the pin FA are given. 
 

Table 4 – Some quantitative characteristics of the pin FA 

Parameter FA-1 FA-2 
Number of pins in FA 169 78 
The uranium-235 mass, g  507 234 
Sheat removal, m2 1.58 1.01 
Cover outer face-to-face size, mm 66.5 66.5 



3. Reactor Core  
 

The higher uranium density, compared to the VVR-TS-type FA, which is used in the reactor 
at present, gives a chance to make the reactor core more compact. Calculations have shown 
that absence of the aluminum followers, which are used in the CPS control rods now, doesn’t 
result in formation of “hot” points in the core. So a CPS control rod can be placed in any cell 
of the core. Besides, three central irradiation channels can be arranged, where the neutron flux 
density values will be high and, practically, the same.  
 
In our calculations initially the core is loaded with twelve FA-1 and twelve FA-2 (fresh core, 
Fig. 4A), for both tube and pin fuel assemblies. Ten of twelve FA-2 are used to arrange CPS 
control rods, and two FA-2 (in the cells 5-4 and 8-6 in Fig 4) can be used as small-diameter 
irradiation channels. The rest cells of the core are occupied by water displacers, which form 
the side water reflector. As the fuel burns out, the water reflector is replaced by the beryllium 
one; and stationary core contains 24 beryllium pieces (Fig. 4B).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.4. (A) Initial (fresh) core and (S) stationary (burnt) core with 24 beryllium pieces 
 
4. Calculation Results 
 
The following neutron characteristics have been calculated: the effective neutron 
multiplication factor (keff), the thermal (Еn<0.4 eV) and fast (Еn>1.15 MeV) neutron flux 
density values in irradiation channels, control rod efficiencies, the power generated in the 
core, the reactor operation cycle and the fuel burnup level. The computer codes MCNP-4B [1] 
and MCU-REA [2] have been used (The first one – only for calculations with fresh core, but 
in purely heterogeneous model of FE, whereas the second code was used for calculation of 
burnup and operation cycle periods but in homogeneous representation. This is the reason of 
differences in results obtained with two codes, and that’s why the calculated operation cycle 
period and burnup values are overestimated). The calculated core parameters are given in 
Table 5. 
 
(For tubular FA stationary xenon poisoning is (3.2 ÷ 3.4)% Δk/k. Reactivity loss per day, on average, 
comprises (0.030 ÷0.035)% Δk/k). 
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Table 5 – The calculated core parameters (MCNP-4B/MCU-REA) 

 
Tube FE (version 1) Pin FE (version 2)  

Parameter A B A B 
keff 1.0977 1.1518 1.096 1.1398 

ρBOC, 

ρEOC , %Δk/k 
8.9 
0.31 

13.2 
0.31 

9.0 
0.8 

12.3 
1.5 

ΣΚΟ+AP, %Δ k/k 10.4/10.3 12.7/12.6 9.5 11.3 
Σ AZ, %Δ k/k 4.0/3.7 4.3/4.3 3.6 4.0 

Operation cycle, day 100 250 225 350 
Max. burnup, % 17 48 16 42 

 
 
Calculated values of the thermal/fast neutron flux density in the central (cells 5-5, 6-6 and 7-7), peri-
pheral (cell 10-2) irradiation channels and inside FA-2 (in the cells 5-4 and 8-6) for fresh and burn 
(with Be) cores are given in Table 6.   

 
Table 6 - Neutron flux density values in the core irradiation channels 

 
Tube FE (version 1) Pin FE (version  2) Version 

A B A B 
Cell # Thermal neutron flux density, cm-2 s-1 

5-5 (2.2±0.1)E+14 (2.2±0.1)E+14 (2.2±0.1)E+14 (2.2±0.1)E+14 
6-6 (2.2±0.1)E+14 (2.2±0.1)E+14 (2.3±0.1)E+14 (2.3±0.1)E+14 
7-5 (2.3±0.1)E+14 (2.2±0.1)E+14 (2.4±0.1)E+14 (2.3±0.1)E+14 
5-4 (1.2±0.1)E+14 (1.3±0.1)E+14 (1.2±0.1)E+14 (1.2±0.1)E+14 
8-6 (1.1±0.2)E+14 (1.7±0.1)E+14 (1.0±0.1)E+14 (1.2±0.1)E+14 

10-2 (5.0±0.6)E+13 (8.1±0.2E)E+13 (5.8±0.2E)+13 (7.3±0.2E)+13 
Cell # Fast neutron flux density, cm-2 s-1 

5-5 (4.2±0.1)E+13 (3.9±0.1)E+13 (4.4±0.1)E+13 (4.5±0.1)E+13 
6-5 (4.4±0.1)E+13 (4.0±0.1)E+13 (4.4±0.1)E+13 (4.7±0.1)E+13 
7-5 (4.3±0.1)E+13 (4.5±0.4)E+13 (4.4±0.1)E+13 (4.7±0.4)E+13 
5-4 (4.5±0.1)E+12 (4.6±0.4)E+13 (4.5±0.1)E+12 (4.8±0.4)E+13 
8-6 (4.2±0.4)E+13 (4.4±0.4)E+13 (4.3±0.4)E+13 (5.0±0.4)E+13 

10-2 (3.8±0.5)E+12 (8.1±0.4)E+12 (4.2±0.5)E+12 (4.8±0.4)E+12 
 
For the core with fresh tube fuel assemblies thermal and hydraulic calculation has been 
performed (code ACTRA [3]) for the 6-MW reactor power. Preliminary, the values of the 
power and power density generated in fuel assemblies of the tubular-FA core have been 
calculated with the control rods inserted to critical (see Table 7) by means of the MCNP code. 
For comparison, the appropriate data referring to the same core with pin FAs are shown too.  
 
Table 7 demonstrates that the central FA-1 (cell 6-5) and FA-2 in the cells 5-4 and 8-6 are the 
most “hot”. As an input for thermophysical calculation, distributions of the generated power 
in fuel elements of the hottest fuel assembly (central cell 6-5) and over the height of the 
hottest (outer) fuel element in the face adjacent to the “wet” channel (in the cell 7-5) have 
been calculated; the face is divided into 12 sections, each 5-cm high; the control rods KO and 
AP are inserted to critical (see figures 5 and 6). 



Table 7 – Power generated in the core with tube/pin FA 
 

P, kW P, kW/cm3 P, kW P, kW/cm3 
Core cell Tube/pin FA Tube/pin FA Core cell Tube/pin FA Tube/pin FA 

3-4 (AP) 144.9/125.2 688.8/618.5 6-7 244.6/262.8 799.8/598.9 
4-3 (1KO) 152.3/133.7 723.6/660.2 7-3 (1AZ) 170.0/160.3 807.6/791.7 

4-4 222.6/226.9 727.9/517.1 7-4 246.2/248.0 805.0/565.3 
4-5 239.6/242.0 783.5/551.6 7-6 356.2/380.9 1164.6/868.3 

4-6 (1KO) 181.5/156.9 862.5/775.1 7-7 280.3/298.5 916.6/680.5 
5-4 (FA-2) 244.8/224.3 1163.2/1107.6 7-8 (2KO) 167.2/152.5 794.6/753.1 

5-6 321.5/337.9 1051.2/770.2 8-3 (3KO) 157.0/135.3 746.0/668.2 
5-7 259.7/275.2 849.3/627.3 8-4 261.7/272.8 855.7/621.7 

5-8 (3AZ) 196.9/208.9 935.8/1031.6 8-5 266.7/279.7 872.0/637.7 
6-3 (2KO) 176.5/149.5 838.9/738.1 8-6 (FA-2) 243.6/231.9 1157.4/1145.2 

6-4  335.6/351.7 1097.3/801.7 9-4 (2AZ) 196.0/195.2 931.3/964.2 
6-5 412.8/443.5 1349.7/1010.9 9-5 (3KO) 162.0/146.5 769.6/723.3 
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The maximum value of the generated power density in the outer fuel element meat, along the 
radius directed from cell 6-5 to cell 7-5, equals 2.66⋅106 kW/m3 (at the 22.5-cm height). 
 
As the input data, the following parameters are taken:  
− Water temperature in the FA inlet: 35·˚С. 
− Water pressure in the FA inlet: 1.35 bar. 
− Pressure drop in the core: 0.15 bar (~1.5 m of water column) and 0.20 bar (~2.0 m of 

water column), with the 20% of this value – drop at the inlet, 60% – drop in the FA gaps, 
and 20% – drop at the outlet. 

− Water velocity in gaps for two considered values of the pressure drop in the core: 1.88 and 
2.17 m/s respectively. 

− The reactor power: 6MW.  
 

Results of thermal calculation for two values of the pressure drop in the core are given in Table 8. 
 

Table 8 – Results of thermal calculation for the “hottest” tubular FA-1 
 

Pressure drop, bar 
Parameter 

0.15 0.20 

The maximum density of the generated power in the FE meat, MW/m3 2660 2660 

Water temperature in the core inlet, °C 35 35 

The maximum thermal flux (from the FE outer/inner surface), kW/m2 708/618 705/622 

The FA surface maximum temperature, °C 98 92 

The ONB temperature on the FE surface (by Forster-Greif), °C 125 125 
Minimum ONB margin 1.43 1.58 

 

Table 8 demonstrates that the ONB margin on the FE surface is the minimum accessible value 
for the 0.15-bar pressure drop, i.e., pressure drop in the core should be not less than 0.15 bar 
(1.5 m of water column). 
 
The calculated variation in the FE wall temperature is shown in Fig. 7. It’s clear that the main 
requirement – absence of surface boiling – is met. 

 

Fig. 7. The FE wall temperature versus height  
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For the core with pin FA heat-hydraulic calculation has been carried out for fresh core “18FA-
1+10FA-2” and the same pin FA but with uranium-dioxide fuel. For both cases data of 
preliminary calculation are available, such as the generated power density distribution for the 
hottest fuel assembly.  in cell 6-5 (see table 8) and hottest fuel element (fig. 7) in the case 
when control rods are inserted to critical, and they are, practically, coincide. [Calculation has 
been made for fresh core]. In Table 8 distribution of the generated power density in 169 fuel 
elements of the hottest fuel assembly located in cell 6-5 is shown. 

 
Table 8 – Distribution of the generated power density (kW/cm3) 

in 169 fuel elements of the hottest fuel assembly located in cell 6-5 
 

 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
1 1.240 1.283 1.314 1.329 1.333 1.314 1.294 1.252       
2 1.013 1.025 1.036 1.048 1.059 1.055 1.048 1.040 1.029      
3 0.901 0.882 0.882 0.890 0.894 0.894 0.898 0.898 0.894 0.917     
4 0.847 0.817 0.801 0.790 0.797 0.794 0.794 0.797 0.809 0.828 0.867    
5 0.844 0.790 0.763 0.740 0.736 0.736 0.732 0.740 0.751 0.770 0.801 0.863    
6 0.886 0.805 0.755 0.728 0.709 0.697 0.697 0.701 0.716 0.740 0.770 0.824 0.917  
7 0.998 0.871 0.790 0.743 0.705 0.690 0.670 0.678 0.690 0.713 0.751 0.809 0.894 1.021 
8 1.213 1.005 0.867 0.782 0.732 0.693 0.674 0.670 0.674 0.697 0.740 0.797 0.890 1.025 1.248
9 1.256 1.017 0.871 0.778 0.724 0.686 0.670 0.674 0.693 0.732 0.794 0.886 1.040 1.283
10 1.279 1.025 0.874 0.778 0.716 0.693 0.686 0.693 0.732 0.794 0.890 1.048 1.310  
11 1.302 1.032 0.874 0.778 0.728 0.701 0.709 0.732 0.797 0.890 1.048 1.325    
12 1.290 1.021 0.874 0.778 0.736 0.728 0.743 0.790 0.882 1.052 1.321    
13 1.271 1.013 0.863 0.794 0.759 0.759 0.797 0.878 1.032 1.306     
14 1.244 1.002 0.878 0.805 0.794 0.813 0.882 1.017 1.279      
15 1.210 0.998 0.890 0.844 0.844 0.905 1.005 1.225       

 
Red lines show to the faces adjacent to irradiation channels (cells 5-5, 6-6, 7-5), and blue lines 
show to fuel assemblies (cells 5-6, 6-4, 7-6). 
 
Table 8 demonstrates that the highest values of the generated power density correspond to the 
FA faces adjacent to ‘wet” channels. 
 
In fig.8 the height distribution of the generated power density in the hottest FE (element (1, 5) 
from Table 8) of the FE located in the central cell 6-5 of the core. 
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Fig. 8. The generated power density versus height in the hottest pin fuel element  



 
The calculated peak power density value equals 1.7⋅106 kW/m3 at the 20-cm height both for 
U-Mo fuel and for UO2 (compare with 2.66⋅106 kW/m3 for tube FA).  
 
These data along with results of similar steady-state thermal-hydraulics analysis make it 
possible to hope that the analyzed core meets the safety criterion for margin to ONB.  
Nevertheless, corresponding calculation is needed. 
 
Conclusions 
 

• Usage of uranium-molybdenum fuel of the density 5g/cm3 in the VVR-K reactor core 
makes it very compact. 

 
• Analysis of the calculation results shows that the thermal flux density in irradiation 

channels is insignificantly slower with UMo-Al composition, compared to UО2-Al. The 
reduction is explained, firstly, by an increase in the U-238 content in UМo alloy and, 
secondly, by peculiarities in behavior of the cross-section of the Mo-96 isotope in the 
resonance energy range.  

 
• Usage of beryllium reflector leads to increases in the fluxes in peripheral channels, in reactor 

operation cycle and in fuel burnup level, making it possible to save fuel.  
 

• An opportunity to arrange small-diameter irradiation channels (inside FA-2) directly in the 
core occurs – to organize fast-flux high-density irradiation, as well as  a large number 
of large-diameter channels (52 mm) in the reflector.  
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ABSTRACT  
 
 
Earlier this year, a shipment of 210 spent Highly Enriched Uranium (HEU) 
Material Test Reactor (MTR) fuel assemblies representing more than 100kg 
of HEU (pre-irradiation) were shipped from the High Flux Reactor (HFR) in 
Petten, Netherlands to the US Department of Energy’s Savannah River Site. 
The HFR is owned by the European Commission, Joint Research Centre 
(JRC) while the Nuclear Research and consultancy Group (NRG) is the 
reactor operator and license holder. Since the start of the Foreign Research 
Reactor Program in 1996, this was the largest shipment of MTR fuel elements 
originating from a single facility. A total of five NAC-LWT casks were used to 
support this shipment.  Multiple technical, licensing, interface and scheduling 
challenges needed to be overcome to meet the project objectives. During the 
five months of project planning and execution, the project team (JRC, NRG, 
Transrad, NAC, DOE and Westinghouse) has been working in close 
cooperation and good spirit to achieve a safe and successful shipment. 
The paper presents how the team completed this important shipment for the 
future of the HFR. 
 
 
 



 
Introduction/background 
In 1999, the decision was made to convert the HFR to LEU fuel. In January 
2000 diplomatic notes were exchanged between the European Commission 
and the US Government concerning conversion of the HFR to LEU fuel, 
interim supply of HEU fuel from the US and shipment of spent fuel from the 
HFR to the US. 
 
The conversion to LEU required a new HFR operating license. The 
application for a new license was submitted to the Dutch authorities by the 
end of 2003. In early 2005 a new HFR license was issued according to the 
nuclear act.  In February 2005 this license took effect including the transfer of 
license holder ship from JRC to NRG. The conversion to LEU fuel started in 
October 2005 with the loading of the first LEU fuel elements and control rod in 
the HFR core. 
 
Concerning the back end of the HFR fuel cycle JRC has utilized for dry 
storage of spent fuel in the Netherlands since the 1990s. However, existing 
contracts with the Dutch central organization for radioactive waste (COVRA) 
do not cover all HFR spent fuel generated beyond 2015. For this reason the 
option to return spent fuel to the US was also pursued. In early 2001 a 
contract was concluded with US DOE and a shipment of HFR spent fuel to 
Savannah River Site was performed in spring 2001 with financial support from 
the Dutch Government. 
 
After a call for tender procedure for more HFR spent fuel shipments to the 
US, JRC awarded a framework contract to NAC. The first order for the 
removal of 210 fuel elements (equivalent of 5 NAC-LWT casks) was placed in 
December 2004. NAC selected the Belgian company, Transrad, for all 
transport coordination in Europe including trucking services, coordination with 
Competent Authorities and port coordination. Transrad is very experienced 
with transportation of nuclear material in the Netherlands and also with the 
NRG Petten site’s personnel, handling and shipping protocols.  
 
Shipment coordination and communication 
The project involved numerous technical and scheduling challenges with the 
logistics associated with the use of five NAC-LWT casks from a single 
shipping facility.  Also, the need to obtain several licenses for transportation, 
cask validation, loading process and unloading at the receiving facility 
presented further challenges.  In addition, communication was more complex 
as the contract was placed by JRC, which owned the fuel assemblies, while 
the reactor is operated by NRG who is the shipper of record. A project kick-off 
meeting took place in early January with the following team players: 
 

 JRC 
 NRG 
 NAC 
 Transrad 

 
A preliminary schedule and list of tasks identifying the responsibilities of each 
party were discussed. Numerous actions were listed and assigned in 
connection with the shipment. These include licensing, transport permits, 
export formalities, cask operating procedures, cask preparation, logistics, port 
coordination, site preparation, insurance, etc. 



 
At the same time, an initial meeting also took also place with the Dutch 
Competent Authority in order to present the project and associated schedule. 
 
Then, weekly communications were organized among the team to discuss the 
status of actions and identify the main coming milestones. DOE and 
Westinghouse participated in many of these conference calls to discuss 
receiving facility interfaces, including cask unloading procedure as a specific 
criticality analysis needed to be performed to ensure the feasibility of 
unloading a fully loaded basket and cask as described below. 
 
Transport Licensing 
Issuance of all transport permits and cask validation in time to support the 
shipment were key milestones. The schedule was mainly determined by the 
timing of the reactor maintenance shutdown. Loading operations for five 
casks implies significant site logistics, including manpower resources. The 
only viable schedule window for performing such an operation was at the time 
of the shutdown which had already been scheduled the previous year for mid-
April to mid-May. 
In regard to cask licensing, the existing NAC-LWT certificate of compliance 
was based on an amendment performed in 2001 and covered the fuel 
assembly characteristics but was to expire on February 28, 2005. A new 
certificate USA/9925/B(U)F-96, valid until February 28, 2010 was issued by 
the US NRC at the end of January 2005 and by the US DOT in early February 
2005. Application for validation in the Netherlands was performed 
immediately afterwards. 
 
In the Netherlands, the licensing process for spent nuclear fuel shipments 
consists of issuance of the following documents: 
- Cask validation 
- Transport permit 
 
The standard review time for the transport permit and cask validation is eight 
weeks. However, in addition, the Dutch law requires official publication of the 
transport permit for another period of six weeks during which a potential 
contest can be made. After expiration of the 6-week period, if not appealed, 
the permit comes in force. 
 
To support the cask loading schedule during the shutdown of the reactor, the 
team had agreed to proceed with shipment of empty casks, for which 
corresponding permits had been received. 
 
In parallel, a radiological protocol was executed between the Dutch 
authorities and NRG. The purpose of this protocol was to track radiological 
surveys of the cask during the shipment cycle (prior departure of empty 
casks, at the time of delivery of empty casks, prior departure of loaded casks, 
at the time of delivery of empty casks).  
 
Cask Loading 
NRG personnel were familiar with the NAC-LWT cask and its operational 
support equipment as a result of a successful fuel loading campaign 
conducted in 2001.  However, lessons learned from that three (3) cask 
shipment identified an alternate NAC dry loading method that could be used 



to simplify the work process, decrease the time span and reduce personnel 
exposure.   
 
Based on the 2001 experience and the Petten facility specifications, NAC 
designed and fabricated a set of steel rail extensions, which permitted the use 
of existing NAC Pool Adapter technology.  Fuel baskets were able to be pre-
loaded and directly lifted through the adapter into the NAC Dry Transfer Cask.  
The transfer cask was then moved to the reactor hall, where two NAC-LWT 
casks were previously erected.  The transfer cask was mated to the LWT 
cask and the fuel transfer was completed.  This fuel transfer sequence was 
repeated six times per cask until a single cask was loaded.  The operation 
then shifted to the second cask, allowing parallel closure and testing activities 
to continue on the loaded cask. 
 
When both casks were loaded and tested, a portable crane unit was moved 
into the reactor hall.  The casks were moved outside for leak testing and final 
packaging, while two other casks were moved into the hall and the process 
repeated until all five casks had been loaded.  
 
Cask operations, including set-up and packing for the return shipment lasted 
approximately four weeks.  During this time, public holidays and most 
weekends were reserved as days not worked. 
 
Transportation 
In spite of the fact that a similar shipment from Petten back to the United 
States had been performed in spring 2001, the 2005 shipment was facing a 
new environment: 
- Security concerns after 9/11 
- The Dutch government financially supported the 2001 shipment and 

consequently managed the interfaces with the Dutch military port of 
departure 

With the support of JRC and NRG, Transrad played a key role for 
coordination with Dutch authorities including local authorities, police, port 
authorities, etc.  After numerous meetings, it was agreed to use the same 
route and military port as the previous shipment. The departure date was 
imposed by Dutch government with a request to have an empty vessel at the 
Dutch Port. Also, the time period the ship remained in the harbor should be 
minimized as much as possible. Another shipper in Europe made a late 
decision to join the shipment with two additional casks but the chartered INF2 
ship was first loaded in the Netherlands, followed by the loading of the other 
casks in another European country, and then sailed to Charleston, South 
Carolina, USA.  The seven casks were safely transported by train from 
Charleston to the Savannah River site.  
 
Cask unloading 
As mentioned above, additional criticality analysis was required for the safe 
unloading of a fully loaded NAC-LWT basket. The HFR Petten fuel presents a 
reactivity which could not rule out a criticality issue should all fuel elements be 
released from an NAC-LWT basket during unloading operations at L-Basin 
facility.  Additional analysis based on fuel characteristics and fuel history was 
performed to confirm the feasibility of unloading a fully loaded basket with 
safety margin. Numerous communications took place between JRC, NRG, 
DOE and Westinghouse for exchanging detailed fuel data.  The results of the 



additional analysis confirmed the feasibility of unloading fully loaded baskets 
within the safety margin. 
The five NAC-LWT casks were all unloaded within a period of five weeks and 
returned to NAC’s storage and maintenance facility in early July.  
 
Conclusions 
This project faced several challenges: 
- Capability of obtaining the necessary permits and licenses to support the 

cask loading operations during the reactor shutdown  
- Supporting the logistics of five casks at the loading site 
- Performing the additional criticality analysis at DOE-SRS to confirm the 

feasibility of unloading fully loaded basket and casks. 
The key components for overcoming these challenges have been the project 
communication, the project organization and the excellent cooperation 
between NAC’s engineers and NRG’s personnel during cask loading 
operations, as well as with Transrad during the transport preparations.  
Typically, a cask and transportation project is the result of the contribution of 
the different parties in the process (shipper, carriers, forwarding agents, 
competent authorities, receiving facilities, etc.). Each of the project players: 
JRC, NRG, DOE, Transrad and Westinghouse have been contributing to the 
success of the project and are looking forward to working on a similar 
shipment in 2006. A few improvements have been identified and will be 
implemented for the coming shipment. 
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ABSTRACT 

 
Aluminum-based spent nuclear fuel (Al-SNF) from foreign and domestic research reactors 
(FRR/DRR) is being shipped to the Savannah River Site.  To enter the U.S., the cask with loaded 
fuel must be certified to comply with the requirements in the Title 10 of the U.S. Code of Federal 
Regulations, Part 71.  The requirements include demonstration of containment of the cask with its 
contents under normal and accident conditions.  Al-SNF is subject to corrosion degradation in 
water storage, and many of the fuel assemblies are “failed” or have through-clad damage.  A 
methodology has been developed with technical bases to show that Al-SNF with cladding 
breaches can be directly transported in standard casks and maintained within the allowable release 
rates.  The approach to evaluate the limiting allowable leakage rate, LR, for a cask with breached 
Al-SNF for comparison to its test leakage rate could be extended to other nuclear material systems.     
 
The approach for containment analysis of Al-SNF follows calculations for commercial spent fuel 
as provided in NUREG/CR-6487 that adopts ANSI N14.5 as a methodology for containment 
analysis.  The material-specific features and characteristics of damaged Al-SNF (fuel materials, 
fabrication techniques, microstructure, radionuclide inventory, and vapor corrosion rates) that 
were derived from literature sources and/or developed in laboratory testing are applied to generate 
the four containment source terms that yield four separate cask cavity activity densities; namely, 
those from fines; gaseous fission product species; volatile fission product species; and fuel 
assembly crud.  The activity values, A2, are developed per the guidance of 10CFR71.  The analysis 
is performed parametrically to evaluate maximum number of breached assemblies and exposed 
fuel area for a proposed shipment in a cask with a test leakage rate. 

 
 
Introduction 
 
Foreign and domestic research reactor spent nuclear fuel is being shipped to SRS under the site 
FRR/DRR Receipts Program.  The cladding of a small percentage of this fuel has been breached 
due to corrosion or mechanical damage [6].  Fuel with minor breaches can be directly stored in 
the SRS basins because of the expected low release levels of radioactivity from the fuel [8].   
 
The broad-based criteria for acceptance of the fuel includes that transportation of the fuel must 
comply with all Certificate of Compliance (COC) conditions for the U.S. shipping casks and 
Certificate of Competent Authority (CoCA) for the foreign casks.  Specifically, to enter the 
United States, the cask needs to comply with the U. S. Code of Federal Regulations (CFRs).  The 
requirements for transportation, contained in 10CFR71 [1], include demonstration of 
containment under normal and accident conditions.  The NRC recognizes ANSI N14.5 [2] as an 
approved methodology to perform the analyses for containment.  Sample calculations of 
containment analyses for transportation are given in NUREG/CR-6487 [3], which used ANSI 
N14.5 methodology. 
 



The inputs and assumptions for commercial spent nuclear fuel are not, in general, applicable to 
research reactor fuel.  The present document describes the bases for the assumptions and inputs 
that are applicable to containment analysis for shipping breached Al-SNF.  The following source 
terms for containment analyses of Al-SNF during shipping are evaluated in this report: 
 

• Fuel Fines;  
• Gaseous Fission Product Species;  
• Volatile Fission Product Species; and 
• Fuel Assembly Crud (activity associated with the oxide layer of the cladding material). 

 
A nomograph to evaluate the acceptability of a cask with a given standard leakage rate to contain 
breached Al-SNF is presented. 
 
Part I – Containment Analysis Methodology 
 
The approach to evaluate the radioactivity release from breached Al-SNF within a cask with a 
reference leak rate follows an established methodology for commercial SNF with material-
specific inputs.  Part I of this paper describes the containment methodology with specific inputs.  
Part II describes the bases for the inputs for Al-SNF.  The calculations for breached Al-SNF 
follow NUREG/CR-6487 [3], which adopts ANSI N14.5 [2] as a methodology for containment 
analysis.  The material-specific inputs for Al-SNF were developed from laboratory tests and 
analyses and literature information.  The Al-SNF is typically plate assemblies of the Materials 
Test Reactor equivalent design.  Two examples of Al-SNF are listed in Table 1. 
 
Calculation of Permissible Leakage Rates 
The containment criterion for Type B packages requires that a package have a radioactive release 
rate less than A2x10-6 in one hour and A2 per week under normal conditions of transport and for 
accident conditions, respectively.  The parameter A2 has units of curies (Ci) and is isotope 
dependent.  A2 is calculated from the isotopic curie concentration in the fuel as determined 
through use of the SAS2h module of SCALE4.3.  The assumed release fractions for the various 
radionuclides transported in a Type B package is summarized in Table 2. 
 



Table 1 Input Assumptions for SAS2h 

Parameter Example 
Fuel #1 

Example 
Fuel #2 

Specific Power [MW] 1.07 1.472 
Burn Time [days] 197 125 
Cool Time [days] 365.25 730.5 
Moderator D2O D2O 
Moderator Temperature [K] 325 325 
Clad Temperature [K] 446 446 
Fuel Temperature [K] 447 447 
Active Meat Thickness [cm] 0.058 0.051 
Active Meat Width [cm] 5.715 6.71 
Active Meat Length [cm] 57.79 60 
Number of Plates 18 23 
Clad Thickness [cm] 0.035 0.038 
Pitch [cm] 0.381 0.345 
Fuel Material Masses [g]   

U-235 351.00 450.00 
U-238 26.42 33.87 
O 68.46 87.77 
Al 668.82 857.47 

 
 

Table 2 Summary of Inputs for Al-SNF to Example Release Calculations 

Parameter 

Normal 
Conditions of 

Transport 

Hypothetical 
Accident 

Conditions 
Fraction of Breached Fuel in a Cask, fb 
This is the fraction of assemblies in a cask 
that could release gas, volatiles, and that 
result in fuel surface area exposure. 

0.10 1.00 

Fission Gas Release Fraction, fG 0.30 1.00 
Volatile Release Fraction, fV 1E-06 1E-06 
Meat Surface Area Exposed, ESA. 
This can be applied on a per-assembly or a 
per-cask basis. 

1% of outside 
plates (e.g., 27.8 
cm2 for Example 

Cask #1)  

1% of outside plates
(e.g., 27.8 cm2 for 
Example Cask #1) 

Fraction of Fuel Meat Corrosion Product 
Layer Released due to Spallation, TF 

0.15 1.00 

Crud Spallation Fraction, fC 0.15 1.00 
 
 
Assuming that the release rate is independent of time, the maximum permissible release rates for 
normal (RN) and accident (RA) conditions of transport, respectively, can be expressed as follows: 



 
RN = LNCN  ≤ A2,N x 2.78x10-10 /second, (Eq. 1) 
RA = LACA  ≤ A2,A x 1.65x10-6 /second, (Eq. 2) 

 
where: 
 
Ri is the release rate for normal (RN) and accident (RA) conditions of transport [Ci/s],  
Li is the volumetric gas leakage rate [cm3/s] under normal (LN) and accident (LA) 

conditions of transport, 
Ci is the curies per unit volume of the radioactive material, “activity density”, that passes 

through the leak path for normal (CN) and accident (CA) conditions of transport 
[Ci/cm3], and 

A2,i is the mixture A2 of the radionuclides available for release under normal A2,N and 
A2,A accident conditions of transport [Ci]. 

 
Additionally, for accident conditions, an effective A2 value equal to 10•A2 may be used for 
krypton-85. 
 
Determination of the Activity Density of Releasable Material 
 
There are four sources of radioactive material that may become airborne during transportation.  
These sources are gases, volatiles, fines, and crud.  The contributions to the total activity density 
in the shipping cask free volume from the four sources are treated separately as follows. 
 

Ctotal = Cgas + Cvol + Cfines + Ccrud, (Eq. 3) 
 
where: 
 
Ctotal is the total releasable activity density inside the containment vessel [Ci/cm3], 
Cgas is the releasable activity density inside the containment vessel due to the release of 

gas [Ci/cm3], 
Cvol is the releasable activity density inside the containment vessel due to the release of 

volatiles [Ci/cm3], 
Cfines is the releasable activity density inside the containment vessel due to the release of 

fines [Ci/cm3], and 
Ccrud is the releasable activity density inside the containment vessel as a result of crud 

spallation [Ci/cm3]. 
 
The releasable activity density [Ci/cm3] inside the containment vessel due to the release of gas 
may be described by either Eq. 4or Eq. 5. 
 

Cgas = (AG•fb•fG)/VC, (Eq. 4) 
Cgas = (Agb•Nb•fG)/VC, (Eq. 5) 

 
where: 
 



AG is the total number of curies of all gaseous radionuclides in all assemblies in the cask.  
It is the product of the number of assemblies and the number of curies of all gaseous 
isotopes per assembly (i.e., as output by ORIGEN-S) [Ci], 

fb is the fraction of fuel assemblies that are breached in a cask [fb,N=0.1, fb,A=1.0], 
fG is the fraction of gas that escapes the breached fuel assembly [fG,N=0.3,fG,A=1.0],  
VC is the free volume of the cask [cm3], 
Agb is the number of curies of all gaseous radionuclides in a single breached assembly 

(i.e., as output by ORIGEN-S) [Ci], and 
Nb is the number of breached fuel assemblies in cask. 

 
The releasable activity density [Ci/cm3] inside the containment vessel due to the release of 
volatiles may be described by either Eq. 6 or Eq. 7. 
 

Cvol = (AV•fb•fV)/VC,  (Eq. 6) 
Cvol = (Avb•Nb•fV)/VC,  (Eq. 7) 
 
where: 
 
AV is the total number of curies of all volatile radionuclides in all assemblies in the cask.  

It is the product of the number of assemblies and the number of curies of all volatile 
isotopes per assembly (i.e., as output by ORIGEN-S) [Ci], 

fV is the fraction of gas that escapes the breached fuel assembly [fV,N=fV,A=1E-6],  
Avb is the number of curies of all volatile radionuclides in a single breached assembly (i.e., 

as output by ORIGEN-S) [Ci], and 
 
The releasable activity density [Ci/cm3] inside the containment vessel due to the release of fines 
is described by Eq. 8. 
 

Cfines = (AF•ESA•P•TF/VM)•(1/VC),  (Eq. 8) 
 
where: 
 
AF is the total number of curies of all radionuclides in all assemblies in the cask 

(excluding gases).  It is the product of the number of assemblies and the number of 
curies of the all isotopes (excluding gases) per assembly (i.e., as output by ORIGEN-
S) [Ci], 

ESA is the amount of exposed meat surface area per cask [cm2/cask], 
P is the depth of corrosion attack [5.E-04-cm], 
TF is the oxide spallation fraction [TF,N=0.15, TF,A=1.0], 
VM is the volume of the meat region of the fuel per cask [cm3/cask], and 
 

The releasable activity density [Ci/cm3] inside the containment vessel as a result of crud 
spallation is described by Eq. 9. 
 

Ccrud = (fC•SC•SA)/VC,  (Eq. 9) 
 



where: 
 
fC is the crud spallation fraction [fC,N=0.15, fC,A=1.0], 
SC is the crud surface activity [1.39E-7 Ci/cm2], 
SA is the sum of the surface areas of all assemblies [cm2], and 

 
The free volumes inside the containment vessel for the casks are typically on the order of 
105 cm3.  A total of 30 to 40 MTR assemblies are typically loaded the casks. 
 
Activity Values for Radionuclides 
 
A2 values for the fuel gases, volatiles, fines, and crud are derived from the values provided in 
Appendix A, Table A-1 of 10CFR71.  The A2 values for those isotopes for which no specific A2 
value is specified are determined using the guidance provided in the appendix.  The A2 value for 
mixtures of isotopes is calculated from: 
 

A2 = (∑(Ri/A2i))-1, (Eq. 10) 
 
where: 
 
Ri is the fraction activity of nuclide i in the mixture and 
A2i is the appropriate A2 value for nuclide i. 

 
A mixture A2 is determined by Eq. 10 for gases, volatiles, fines, and crud.  These mixture A2 
values are then combined using Eq. 11 to obtain a total cask mixture A2.   
 

A2 = (∑(Fi/A2i))-1, (Eq. 11) 
 
where: 
 
Fi is the fraction activity density of contributor i (i.e., gas, volatiles, fines, or crud) in the 

mixture and 
A2i is the appropriate A2 value for mixture i [Ci]. 

 
Determination of the Maximum Permissible Leakage Rate 
The maximum permissible leak rate is calculated by using the solutions to Eq. 11 and Eq. 3 and 
solving for Li in Eq. 1 and Eq. 2 at normal conditions of transport and accident conditions of 
transport, respectively.  The values of these parameters are provided in the Tables 6 and 7 for 
normal conditions of transport and accident conditions, respectively. 
 
Maximum Permissible Leakage Rate at Standard Conditions 
The volumetric gas leak rate is modeled as a combination of continuum and molecular flow 
through a single leak path.  The leak path is modeled as a smooth, right-circular cylinder with 
sharp edges.  Based on these assumptions, the equation for gas leaking from the cask takes the 
following form. 
 



L = Lc + Lm,  (Eq. 12) 
 
where: 
 
L is the volumetric gas flow rate at Pu [cm3/sec], 
Lc is the volumetric flow rate due to continuum flow [cm3/sec], and 
Lm is the volumetric flow rate due to molecular flow [cm3/sec]. 

 
The volumetric flow rate, Lc, for continuum flow is given by 
 

Lc = [(2.49x106 D4)/aµ] • (Pu – Pd) (Pa/Pu) = Fc(Pu – Pd) (Pa/Pu), (Eq. 13) 
 
where: 
 
Fc is the continuum flow coefficient [cm3/s], 
D is the capillary diameter [cm], 
a is the capillary length [cm] (typically found in the SAR of a given cask), 
µ is the fluid viscosity [cP] (typically found in CRC Handbook), 
Pu is the upstream pressure [atm] (typically found in the SAR of a given cask),  
Pd is the downstream pressure [atm], and 
Pa is the average pressure, (Pu – Pd)/2 [atm]. 

 
The volumetric flow rate, Lm, for molecular flow is given by 
 

Lm = [(3.81x103D3(T/M)0.5)/aPa  ] • (Pu – Pd) (Pa/Pu) = Fm(Pu – Pd) (Pa/Pu), (Eq. 14) 
 
where: 
 
Fm is the molecular flow coefficient [cm3/atm•s], 
T is the gas temperature [K] (typically found in the SAR of a given cask), and 
M is the gas molecular weight [g/mole] (typically found in CRC Handbook). 

 
The volumetric flow rates described above are flow rates at the upstream pressure. 
 
To correlate the maximum permissible leak rates to the leak rate at standard temperature and 
pressure, Eq. 12 is solved for the capillary diameter (see Eq. 13 and Eq. 14) at the expected 
environmental conditions.  The resulting diameter is then used in Eq. 12 with the temperature 
equal to 298-K, the upstream and downstream pressures equal to 1.0 atm and 0.01 atm, 
respectively, and the gas molecular weight and viscosity equal to that of dry air at standard 
temperature and pressure.   
 



Part II – Mechanistic Bases for Input Assumptions 
 
Basis for Damaged Fuel Fraction and Exposed Surface Area 
 
Most of the SNF assemblies from research reactors are being stored in water-filled basins in the 
U.S. and around the world.  Some of this fuel has been in water storage for longer than 35 years 
and the water quality, in several cases, has been aggressive to cause corrosion during some 
portion of this storage time.  This has resulted in pitting corrosion of some of the fuel assemblies.  
The corrosion process results in nodular white corrosion products on the cladding surfaces of the 
fuel elements of the assemblies.  This product can be readily observed by visual inspection of the 
fuel while still in the basins.  Storage of fuel in a dry condition can not cause further damage 
unless water enters the dry storage system.  
 
Pitting and General Corrosion of Al-SNF in Basin Storage 
 
During reactor operation, the aluminum cladding on aluminum-based fuel develops an aluminum 
oxide coating, ranging from a few angstroms to several tens of µm in thickness, depending on 
the conditions of irradiation.  The aluminum-clad fuel plates may appear grayish or off-white in 
color, which is due to the presence of oxide film that is protective against corrosion [9].  The 
aluminum oxide films are very tenacious and resistant to spallation.  However, fuel handling can 
cause scratches in the coating, resulting in breach of the oxide and provide sites susceptible to 
initiation of pitting corrosion [9].  If the water chemistry is aggressive, pitting can occur.  
Laboratory corrosion testing has established the role of water chemistry and conductivity on 
pitting initiation of aluminum alloys [10].  
 
The external surfaces of the rectangular-shaped MTR fuel assembly are readily visible for 
inspection as the assembly is brought to within a few feet of the water surface. The two external 
fuel plates are the most visible and important surface areas of the visual inspection (see Figure 1).  
The top edges of the internal fuel plates are visible from above the surface of the water. The two 
external surfaces are considered to be a conservative representation of the condition of the non-
visible surfaces of the fuel assembly because: 
 
a) Pitting corrosion is initiated when the oxide surface is breached [9]. The external plates, 

which surround the interior fuel plates, are most susceptible to scratches in the protective 
oxide coating formed during irradiation of the fuel element, resulting in a higher probably 
of pitting corrosion than on the interior fuel plates, 

 
b) Impurities in the water can plate out or deposit on the aluminum to form localized 

anodic/cathodic sites have direct access to the external plates, whereas flow to the interior 
plates is lower and somewhat restricted by the geometry. 

 
c) The external plates are the contact points for a galvanic couple between stainless steel or 

other dissimilar-metal storage racks and aluminum with corrosion currents highest at these 
contact locations.  Corrosion currents are lower on the interior plates, not only because 
they are further away from the contact points, but also because the current does not readily 
flow around a corner [11]. 



 
 

 
Figure 1 MTR Assembly Free of Corrosion Damage 
 
 
Numerous field assessments confirm the above hypothesis.  A non-irradiated MTR type fuel 
stored in stainless steel storage racks at the IPEN IEA-R1 Research Reactor in Brazil has shown 
pitting corrosion only on external fuel plates.  The staff at the IPEN IEA-R1 stated that this 
assembly was disassembled and reassembled showed no nodular pitting on the internal plate 
surfaces.  This has been documented in an internal IPEN report [12].  Additionally, the results of 
an analysis of the release of radioactivity from the IEA-R1 assemblies directly correlated to the 
exposed fuel meat area on the external plate surface [8].  Further SRS plant experience with 
production Al-U fuel and Al clad depleted U core targets also confirm that the inner fuel or 
target element is corrosion free even under the extreme conditions where the outer fuel or target 
may have had significant corrosion.  Figure 2 shows an extremely corroded Al clad depleted U 
core outer target in comparison to corrosion free inner target.  It should be noted that the extreme 
corrosion on the outer clad target is due to the corrosion characteristics of depleted uranium and 
is being presented here only to graphically show the difference in corrosion characteristics 
between outside and inside tubes.  The Al-U SNF has different corrosion characteristics where, 
in the worst case, is shown in Figure 3. 
 
Corrosion products located outside the fuel meat region of the assembly (side plates, end fittings 
and extremities of the fuel plates) have no potential for the release of fission products, because 
these locations contain no active fuel meat. 
 



 
Figure 2 Mk-31 Outer and Inner Target Tubes.  The tubes are aluminum- 

clad uranium metal. 
 
 
The corrosion potential and corrosion rate of fuel meat material is similar to that of aluminum 
cladding in both basin-quality water chemistry [10] and aggressive water chemistry [13].  If 
conditions to aggressive corrosion of the fuel meat material are present, the fuel meat will 
dissolve and no passivating film (oxide film) will form (e.g. J-13 water chemistry) [13].  If 
conditions conducive to aggressive corrosion (e.g. pitting) are not present, both exposed 
aluminum and uranium-aluminum alloy fuel meat will form stable, passive films in waters with 
pH levels from approximately 4 to 10, up to moderate temperatures (100+°C).  These films 
provide a high resistance to continued corrosion.  The film thickness, f, under these conditions 
can be expressed as logarithmic function: 
 

( )timebaessFilmThickn ln+=  (Eq. 15) 
 
Where the coefficients a and b are dependent on the temperature and water flow rate.  Using 
distilled, deionized water with a conductivity of 0.71 µS /cm and low flow conditions, Draley 
[14] measured the weight gains and weight losses of aluminum 1100, a cladding alloy, in both 
low oxygen (helium-saturated water) and oxygen saturated water conditions at 50, 70, and 95°C.  
Basins are open to air and are oxygen-saturated.  Using the data in Reference 14, approximately 
1 to 2 µm of aluminum would corrode and be retained in an oxide film layer of approximately 2 
to 4 µm. 
  
Presently, the water qualities in foreign basin storage are good [6].  For this reason, exposed fuel 
meat should be passivated with a hydrated oxide film.  An initial fuel meat thickness of 1 µm 
incorporated in the hydrated oxide film is applied as an initial condition for potential fines from 
breached fuel. 
 
 



 
 

 
 

 
Figure 3 Nodular Pitting Corrosion on Fuel Plate of MTR Assembly Before and After 

Nodules Removed (Assembly IEA-53) 

 
Basis for Through-clad Pitting Criteria for Corrosion Nodules 
 
Corrosion nodules, if sufficiently large, are indicative of a cladding penetration on the Al-SNF 
assemblies.  The size of a corrosion nodule at which cladding penetration has likely occurred is 
based on several years of corrosion surveillance testing of aluminum alloys in SRS basins and on 
the analysis of the underwater video of the MTR type aluminum-clad spent fuel at the IPEN-
IEA-R1 Research Reactor [15].  Using underwater photography, corrosion nodules of a diameter 
of about 1/8 inch, or greater, are associated with a pit through the 15-mil (0.015 in) clad as 
judged from comparisons of drilled holes of a known diameter on the edges of the side plates.  
Nodules of less than 1/8 inch in diameter did not appear to have underlying pits penetrating the 
cladding.  
 
Bases for the Damaged Fuel Fraction and Exposed Surface Area 
 
Visual examination of over 1700 aluminum-clad, aluminum-based spent fuel (Al-SNF) 
assemblies in storage at foreign and domestic research reactor locations has shown a total of 
approximately 7% of the SNF assemblies to contain through-clad penetrations [6].  The majority 
of the breached fuels were primarily located at three storage sites, Australia, Brazil, and Thailand. 
The failed fuels at these sites have been considered for the purposes of this report.  Excluding 



these sites, approximately 2% of the fuels have cladding breaches based on the examination 
criteria.   
 
Assembly IEA-53 from the IEA-R1 reactor in Brazil contains the greatest level of exposed fuel 
meat observed in the world-wide examinations.  This fuel has been characterized as having 
approximately 10 pits of approximately ¼ -inch diameter or a total of 0.5 square inches (3.2 cm2) 
of exposed fuel meat (see Figure 4).  This corresponds to an area fraction of 1% for the one side 
of the fuel plate.  As discussed above, the outer fuel plates are typically the only ones that should 
exhibit corrosion damage.  Therefore in the example calculations, the assumption is made to use 
1% as the exposed area of each side of each external fuel plate per assembly. 
 
 

 
Figure 4 Weight Gain Relationship for Oxidation of 30% UAl4-Al in the Range 400 to 

600°C (reproduced from Reference 16) 

 
Basis for Release of Fines from Exposed Fuel Meat 
 
If a pit has penetrated the cladding in basin storage, the fuel meat would begin to corrode while 
in basin storage.  As stated above, the corrosion of uranium-aluminum alloy materials in water is 
similar to aluminum metal corrosion and an initial hydrated oxide film of 2 to 4 μm 
incorporating a layer of 1 to 2 μm of fuel meat would be formed in high quality waters after 
several years storage. 
 
The initial oxide film on the exposed fuel in dry shipping casks is subject to growth under 
time/temperature conditions.  The resulting film is taken to be a simple summation of the passive 



film thickness in water storage plus the change in thickness at the environmental conditions 
(after a passive film has formed at those conditions). 
 
The kinetics of oxidation of the intermetallic compounds UAl2, UAl3, and UAl4 in aluminum in 
dry air in the temperature range of 250 to 600°C have been studied [16].  The results from the 
30% UAl4-Al alloy are reproduced in Figure 4.  An estimate of the rate of weight gain at 
temperatures up to 400°C for linear extrapolation is 10 μg/dm2/hour.  Assuming the oxide to be 
predominantly Al2O3, a maximum thickness of 3.7 μm of fuel meat would be corroded and 
retained in the oxide for a one-year exposure.  For the SAR condition of <200°C (normal 
operation), the oxide film thickness will be <3.7 μm. 
 
Corrosion of aluminum and uranium-aluminum alloys has been studied under wet air conditions 
[17].  The results show a strong dependency on relative humidity and a strong temperature 
dependency to alloys with an initial 600 grit finish.  Subsequent exposure to a wet or dry air 
condition, however, results in a parabolic trend of oxide film formation.  That is, the continued 
growth rate of a film slows as the film thickness increases. 
 
Shipping casks are drained and shipped dry. The maximum humidity expected in the casks 
should be << 50% at 200°C [18].  The rate of 15 μgm/dm2/hour is the approximate rate of weight 
gain on aluminum alloy materials in at 50% relative humidity vapor (RH) at 150°C at the end of 
several months exposure [17].  Linear extrapolation with this rate is used to estimate the weight 
gain after exposure for one year.  Using the following correlation [17], 
 

Metal Loss (mils) = 1.193x10-6 x Wt. Gain (μg/dm2) 
Oxide Film Thickness (Boehmite film in nm) = 0.0533319 x Wt. Gain (μg/dm2), 

 
the thickness of fuel meat within the formed hydrated oxide is 4 μm after exposure for one year.  
It must be noted that the formation of the oxide is time-dependent.  That is, if the exposed fuel is 
exposed to the environmental condition 50% RH at 150°C, 4 μm of corroded fuel meat are not 
immediately available for release. 
 
Exposure of U-Al alloy at saturated water vapor (100% RH) at 200°C results in a slightly greater 
rate of oxide film growth.  Figure 5 shows that, using linear extrapolation, a rate 20 to 22 
μg/dm2/hr is observed for extruded U-Al.  At 22 μg/dm2/hr for a one-year exposure, 5.8 μm of 
fuel meat would be expected in the oxide film.  It should be recognized however that a condition 
of 200°C, 100% RH is not reasonable. 
 
A total of 5 μm of fuel meat is assumed for both normal and accident transport conditions.  The 
fuel meat will be incorporated into the oxide layer.  These assumptions are used to determine the 
amount of radioisotopes that are available for release as fines in the bounding case analysis of the 
oxide film on exposed fuel meat of aluminum-based fuel.  
 
In reality, the oxide films formed on aluminum and uranium-aluminum are tenacious and not 
readily removed.  Figure 6 shows a ring specimen of exposed 18U-Al before and after exposure 
to saturated vapor at 150°C for one year. Although it appeared blackish, Boehmite, Al2O3•H2O, 
was the predominant oxide determined by x-ray diffraction analysis.  It was extremely difficult 



to remove (scrape) the oxide for XRD analysis.  Thus, the oxide film that forms on uranium-
aluminum alloys exposed to dry and wet air environments is highly adherent and not expected to 
dislodge unless deliberately scraped.  A value of 0.15, consistent with the fraction of crud 
assumed to dislodge in commercial fuel, is used as the fraction of the oxide film that is removed 
during transport under normal conditions.  A value of 1, or all of the oxide film, is assumed to 
dislodge during transport under accident conditions.  
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Figure 5 Weight Gain of U-Al Alloy at 200°C in Saturated Water Vapor 

 
Gaseous and Volatile Specie Release Characteristics of Oxides on Al-SNF – Basis for Gas 
and Volatile Species Source Term 
 
Gas Release  
Release of gaseous species namely Kr, H3, Xe, and I from Al-SNF are diffusion-limited (time-
temperature dependent), in contrast to a direct release mechanism for commercial SNF.  The 
gases in the aluminum SNF reside in trap sites at the defects produced during irradiation in the 
fuel microstructure.  Transport of these gases to the exposed fuel surface involves a series of 
detrap/trap interactions of the solute with traps (microstructural features) in the fuel in 
combination with diffusion.  The release of gases is therefore a function of the energy required to 
detrap the gases and migrate to the surface of the fuel.  The energy required to detrap the gases 



can be calculated through complex models while the diffusion of gases in a trap-free 
microstructure can be readily estimated. 
 
 

  
 (a) (b) 

Figure 6 (a) As Received Fuel Tube showing Capsule Aluminum 8001 Cladding and 
Aluminum 18 wt% Uranium Core (b) Corroded Specimen in a Initial 100% R. 
H. Water Vapor and Nitric Acid at 150°C for 12-Month Exposure 

 
 
For each of the aforementioned gases, the diffusion coefficient of the species has been measured 
or estimated.  However the trapping/detrapping energies were not easily calculable in the near 
term.  Hence, until definitive models are developed and calculations completed, the release 
fraction of gases were assumed to be 30%, which is consistent with that used for commercial 
SNF.   
 
A simple diffusion model may be applied to conservatively estimate the release of gas from Al-
SNF.  The model for diffusion out of a slab [19] is adopted as a preliminary model for the release 
of gaseous and volatile species from a fully-exposed fuel plate.  The fraction of gas remaining in 
a slab is given as: 
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where C(t) is the average concentration at time t remaining in a slab of material of thickness h 
that had an initial gas concentration of Co.  D is the diffusion coefficient.  Trapping of the gas 
species is typically considered through a reduction in the diffusion coefficient.  
 
Assuming no trapping of gas, an evaluation is made for Xe release using this model.  The 
diffusivity of Xe in aluminum at 200°C is 2.8E-13 cm2/sec [20].  Using the fuel meat thickness 
of 0.05 cm, approximately 85% of the species would be retained in a de-clad fuel material.  A 
similar calculation for tritium using a value of 10-6 cm2/sec for tritium diffusivity at 200°C 



reveals that essentially all of the tritium may be released.  This however is contrary to SRS 
experience (wherein tritium is not released until >400°C) and is consistent with the assumed 
gaseous release of tritium from commercial SNF wherein a value of 30% is assumed. 
 
The fractional release of iodine has been experimentally shown to be <10-6 at temperatures 
<550°C [21].  Also, literature shows that there is no measurable release of Krypton from Al-U 
alloys at <600°C [22].  These results are consistent with the understanding that species are not 
released until the solid reaches a temperature of the species boiling point [23]. 
 
Therefore, taking the gas release fraction for breached fuel to be 0.3 for normal conditions of 
transport and 1.0 for accident conditions of transport is very conservative. 
 
Volatile Release 
The volatile release considered in this analysis includes Cs, Sr, and Rb.  The melting point of Cs 
is 28°C and the vapor pressure is 6E-1 atm at 600°C.  Both strontium and rubidium have a higher 
melting point and a higher vapor pressure than cesium.  Hence, cesium is expected to dominate 
the release of volatiles.  The fractional release of volatiles is estimated at <1E-6 based on 
experimental data on the release of fission products during fuel melting experiments.  Those 
volatiles that occupy the volume fraction of fuel meat that is release as fines is also included in 
the fines calculation. 
 
The release of fission product gases and volatiles at high temperatures (> 300°C), including fuel 
melt down, from clad uranium-aluminum fuel plates was studied experimentally [21].  The fuel 
consisted of uranium enriched to 40% and irradiated in the Oak Ridge Reactor to 60% burnup.  
The equipment was designed to trap and measure very small traces of Xe and I and Cs.  The 
experiment showed that fission product gases and volatiles are released in three stages as the 
temperature is elevated.  The release of fission products at temperatures below 550°C was 
observed to be negligible (< 10-6 of the fission product inventory of each specie) [21].   
 
Two heating tests on segments of irradiated aluminum-based fuel that has been de-clad have 
been recently completed for SRS at ANL [22].  No radionuclide release was detected from 
segments of either U3Si2-Al or UAlx-Al during furnace tests at 275°C for times up to four 
months.  In the first test, a segment of fuel element irradiated in the Oak Ridge reactor was 
heated at 275°C for 30 days.  The fuel was a dispersion of U3Si2 (19.8% enriched) particles in an 
aluminum matrix clad with 6061-T6 aluminum.  Average burnup was 51.4%.  The area of fuel 
exposed to air in the test chamber was 0.6 cm2.  In the second test, the fuel element segment was 
a dispersion of UAlx particles (19.8% enriched) in aluminum clad with 6061-T6 aluminum.  The 
fuel element had been irradiated in the Oak Ridge reactor to an average burnup of 66.5%.  The 
area of fuel exposed to air in the test chamber was 0.5 cm2.  The release of gases and volatile 
fission products were analyzed through both mass spectrometer and analysis of collector plates.  
There was no release of gas or volatile fission products in either test nor were there any 
significant changes in fuel microstructure, core-clad interface, or surface oxide thickness 
detectable by optical microscopy (see Figure 7).  
 



Basis for Crud Source Term 
 
Aluminum spent fuel do not acquire crud in the same manner as commercial SNF.  The surface 
activity of Al-SNF is primarily a result of storage in radioactively contaminated water.  The 
surface activity is estimated from “sip” data.  Radioactivity releases from fuel or from 
contaminated surfaces into water can be measured directly by performing a “sip” test.  The test is 
performed by measuring the activity concentration in a specified volume of water before and 
after the material “rests” in the water for a specified period. 
 
Sip data taken from onsite fuel shipments was used to develop the basis of the crud source term 
and its A2 value for U-Al alloy fuel.  Onsite fuel shipments are made in water-filled fuel casks.  
Sip data taken from onsite shipments was compared to sip data taken from offsite shipments (dry 
casks) received at SRS Receiving Basin for Off-site Fuels over the last 2 years.  Data for fuel 
shipments in wet environments resulted in sip values 2 to 3 orders of magnitude greater than for 
dry shipments.  For conservatism wet shipment sip data is used to develop the basis for 
releasable source term associated with U-Al alloy fuel crud. 
 
 

100 μm

 
Figure 7 Microstructure of UAlx-Al Fuel Core at Cladding Interface following 66.5% 

Burn-up plus 4 Months at 275°C.  (Optical micrograph courtesy of A. B. Cohen, 
Argonne National Laboratory) 

 
 
Worst case sip results associated with onsite data for MURR fuel were averaged.  The source 
term value represented in dpm/ml, was converted to Ci/cm2 for a single Al-U SNF assembly and 
compared to the NRC LWR crud source.  LWR crud source term is provided in ANSI N14.5. 



Converting the source term value of dpm/ml to Ci/ml and multiplying the resultant dose per 
volume by the cask volume and dividing by assembly surface area results in the desired dose per 
area (Ci/cm2).  The calculated value of 1.39E-7 Ci/cm2 is used in the containment analysis. 
 
The A2 value used by the NRC for LWR fuel is based on Cobalt and an A2 value of 10.8 Ci. 
Gamma spectrography taken on sip samples from SRS basin water was used to develop an 
effective A2 value for the crud.  The calculated A2 value is 0.270 Ci.  The major contributor to 
the A2 quantity is Cs-137.  It is assumed that the basin level isotope activities are proportional to 
cask activity levels.  
 
Calculation of source term in the described manner includes several levels of conservatism.  The 
surface area used was 25% of the actual surface area of a single assembly.  The total curie 
content in the cask resulted from 12 fuel assemblies but only one is used for calculation of 
surface area contamination.  Further conservatism is introduced in the use of wet shipment data 
for dry shipment calculation. 
 
The figure below shows the results for the total exposed fuel surface area as a function of the 
leakage rate of the cask.  For example, if the leak rate of the cask is 1x10-5 std cm3/s or less, the 
cask can be fully loaded with breached fuel and that the total exposed surface area can be at least 
250 cm2.   
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Figure 8 Exposed Surface Area Limit per Cask as a Function of Cask Leakage Rate and 

Number of Breached Assemblies. 
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