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7. Introduction: 

The purpose of this TEV is to document a strategy to dispose of sodium-bonded metallic fuel, 
which has been damaged during its residence in dry and wet storage facilities. The damaged fuel 
is not considered to be candidate for normal electrometallurgical treatment (EMT) methods and 
thus is referred to as non-candidate fuel. The plan describes determination, interim storage, and 
proposed treatment of damaged fuel. 

8. If revision, please state the reason and list sections and/or pages being affected: 

9. Conclusions/Recommendations: 

Engineering analysis has been completed verifying that EBR-II sodium bonded metallic fuel, that 
has been inspected and determined not to be a candidate for electrometallurgical treatment 
(EMT), can be stored in the Radioactive Scrap and Waste Facility. Additional evaluation may be 
required to determine whether or not the EBR-II fuel that has not been inspected and is suspected 
of potentially containing free liquid is subject to the requirement of being dry for storage at the 
Radioactive Scrap and Waste Facility. 

It is recommended that further experimentation be conducted to determine the feasibility of using 
an electrorefining process to treat the non-candidate fuel and how non-candidate materials 
behave in pilot electrorefiner studies using the Hot Fuels Dissolution Apparatus (HFDA). 

It is recommended that the feasibility of using the Bottle Inspection and Drying Station in the Fuel 
Conditioning Facility to passivate (deactivate) the reactive compounds resulting from the 
degradation of the sodium-bonded fuel be evaluated. Additionally, the type of furnace currently 
installed in the SNM glovebox in FMF could be utilized for passivation of NCF. 
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1. INTRODUCTION 

Portions of used nuclear fuel (UNF), specifically sodium-bonded metallic fuel (SBMF), kept at various 
Idaho National Laboratory (INL) facilities have been observed to be degraded while under both wet and 
dry storage conditions. While these observations have been limited thus far, the encounters with 
degraded sodium bonded metallic fuel are anticipated to increase as treatment rates for the material 
are planned to accelerate over the course of the next several years. On many occasions, the level of 
degradation of the fuel has been to an extent that it can no longer be considered a candidate for 
treatment via the electrometallurgical treatment (EMT) process currently deployed in the Fuel 
Conditioning Facility (FCF). This so-called non-candidate fuel (NCF) has suffered damage to the fuel 
cladding, which has led to corrosion of the bond sodium and metallic fuel elements. The result of 
corrosion mechanisms has produced various reactive compounds (e.g. hydrides, oxides, and 
hydroxides) not found in SBMF that is traditionally treated using the current EMT process in FCF. The 
challenge of processing NCF arises from the uncertainty of degradation compound behavior in the 
electrorefiner, which is vital to the EMT process. 

The goal herein is to outline a strategy to identify non candidate fuel, prepare it for interim storage, 
determine an interim storage location, and return them to the processing facility for treatment, if 
treatment is determined necessary. Proposed options for treating the NCF are discussed with technical 
detail. It is assumed that any option or options strongly considered for implementation will require 
research and development to determine feasibility. 

Please note that this evaluation uses the terms “spent fuel” and “used fuel” interchangeably. While the 
original terminology was “spent nuclear fuel” (SNF), current recognition of the research value of the 
material and process has led to the revision of the term to “used nuclear fuel”. 

1.1 Acronyms 

AGHC Alpha Gamma Hot Cell 
AL Analytical Laboratory 
ANL Argonne National Laboratory 

BIDS Bottle Inspection and Drying Station 
BSC Blanket Storage Can 

CWF Ceramic Waste Form 

DOE Department of Energy 

EBR-II Experimental Breeder Reactor II 
EMT Electrometallurgical Treatment 

FBB Fuel Bottle Transfer Basket 
FBC Fuel Bottle Container 
FCF Fuel Conditioning Facility 
FMF Fuel Manufacturing Facility 

HFDA Hot Fuel Dissolution Apparatus 
HFEF Hot Fuel Examination Facility 
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IFR Integral Fast Reactor 
INL Idaho National Laboratory 
INTEC Idaho Nuclear Technology and Engineering Center 

LMFBR Liquid Metal Fast Breeder Reactor 

MFC Materials and Fuels Complex 
MTHM Metric Tons Heavy Metal 

NCF Non-Candidate Fuel 
NRC Nuclear Regulatory Commission 

RSWF Radioactive Scrap and Waste Facility 

SBMF Sodium-Bonded Metallic Fuel 
SNF Spent Nuclear Fuel 
SNM Spent Nuclear Material 
SFT Spent Fuel Treatment 

UNF Used Nuclear Fuel 

1.2 Background 

The Department of Energy (DOE) is responsible for storage, management and disposal of 
approximately 60 metric tons heavy metal (MTHM) of sodium-bonded uranium-based materials 
irradiated during research and development of liquid metal fast breeder/burner reactor (LMFBR) 
technology. The sodium metal associated with these materials is reactive, especially with water, so the 
materials have been considered unlikely candidates for direct geologic disposal under current DOE 
policy unless something is done to mitigate the reactive hazard (ref. 1, 2). 

An EMT process based on molten salt electrorefining was developed for DOE by Argonne National 
Laboratory (ANL) in the 1980s to support the LMFBR program. The EMT process oxidizes sodium, as 
well as most of the radionuclides resulting from irradiation of the materials, to form chlorides in the 
electrolyte, and electrochemically recovers uranium as a pure product. The electrolyte salt and residual 
steel cladding are subsequently processed into waste forms suitable for geologic disposal. Engineering-
scale equipment intended to demonstrate the process of recycling materials from Experimental Breeder 
Reactor II (EBR-II) was installed in FCF and the Hot Fuel Examination Facility (HFEF) at the Materials 
and Fuels Complex (MFC) in the 1990s. 

At the time EBR-II irradiations ceased in 1994, more than 25 MTHM SBMF that had passed through the 
reactor was in interim storage. There were 2 primary storage locations: the in-ground storage liners of 
the Radioactive Scrap and Waste Facility (RSWF) at MFC, and the spent fuel pool of the Fuel Storage 
Area (CPP-666) at the Idaho Nuclear Technology and Engineering Center (INTEC). 

The EBR-II SBMF inventory is subject to 2 enforceable milestones contained in the Idaho Settlement 
(SA) of October 1995, between the State of Idaho, the DOE, and the US Navy: (1) spent fuel in wet 
storage must be transferred from wet storage by December 31, 2023 and (2) spent fuel must be 
removed from Idaho by January 1, 2035. In accordance with meeting the objective of these 2 
milestones the Driver Fuel Treatment Initiative, the INL program which evolved from the former sodium 
bonded spent fuel treatment program, has developed and refined a strategy that meets the 2023 
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milestone and positions the INL to make significant progress toward achieving the 2035 milestone. 
Over the course of conducting treatment activities prior to the execution of this strategy, approximately 
4.45 MTHM has been retrieved and treated to remove the sodium via the EMT process. In the course 
of this handling some fuel having damaged cladding has been encountered and removed from 
treatment consideration at this time. 

 
Figure 1. Conceptual schematic of the electrometallurgical process employed to treat sodium-bonded, 
metallic used nuclear fuel. 

It is assumed that a large majority of the used fuel is in good condition and can be treated by existing 
methods. It appears that some fuel rods found with damaged cladding have allowed air and moisture to 
contact the metallic fuel. This scenario has led to the corrosion of the fuel and production of hydrides, 
oxides, and hydroxides of fuel constituents and bond sodium. 

1.3 Wet-Stored Fuel Elements 

Prior to 1978, fuel assemblies from EBR-II were stored in water pools at INTEC, primarily CPP-603, 
without any additional packaging. This practice was discontinued after cladding failure was observed 
and radionuclides were detected in the storage facility due to fuel degradation. As a result, secondary 
containers (bottles) were designed and implemented to prevent damage of fuel elements being stored 
in water pools. Figure 2 shows a photo of the stainless steel (304) bottle used to contain the metallic 
UNF. The bottles are referred to as fuel bottle containers (FBCs). 
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Figure 2. Photo of the 304 stainless steel bottle (FBC) used to contain metallic, sodium bonded nuclear 
fuel. The bottles were utilized to prevent degradation of the fuel elements during storage. 

In the mid-1990s a small number of the more than 3600 threaded-lid FBCs were seen to be evolving 
gas while in the storage pool, which indicated that water from the storage pool had leaked inside. 
Further investigation revealed that water had accumulated in the bottles, most likely due to improperly 
tightened lids, and in some cases the fuel elements were completely submerged. This led to 
deterioration of the fuel elements, which is attributed to cracking of the austenitic cladding. The cladding 
had become weakened due to thermal and radiation effects which allowed stress corrosion cracking to 
manifest. Cladding failure while in the reactor normally occurs as a result of a creep mechanism 
following mechanical fuel/clad interaction and fission product gas pressure. While the FBCs containing 
fuel were submerged in storage pools, they were subjected to water with a chlorine ion content in the 
range of (50 to 350) ppm. This presented the corrosive environment by which the cladding could be 
compromised. 

Damage was observed to be of varying extent of cladding and fuel corrosion. (ref. 2) Figure 3 displays 
a neutron radiograph of a bottle containing degraded fuel rods before and after the water was drained 
from the FBC. 
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Figure 3. A neutron radiograph of degraded metallic fuel contained by the 304 stainless steel FBC. The 
image on the left was obtained before the water was drained. The two on the right were acquired after 
the water was drained. 

Chemical analysis was conducted on samples of both the water and degreaded fuel to determine 
composition of the materials. Additional characterization of the gas in the headspace of the bottle 
showed the gas was almost entirely hydrogen (> 99%). The liquid within the bottle contained NaOH 
resulting from the water/sodium reaction and Cs-137, which diffused from the fuel during the corrosion 
process. The solid particulate found in the bottom of the bottle was determined to be oxides of the 
metal fuel constituents. The mixture of the aforementioned liquid and solid was described as sludge. 
(ref. 3) 

Out of the 3624 bottles stored at INTEC, 144 have been delivered to FCF and inspected for the 
presence of moisture prior to removing the SBMF located within them. Of the 144 bottles inspected, 
less than 2 % have been found to contain degraded fuel. 

1.4 Dry-Stored Fuel Elements 

As mentioned previously, some irradiated fuel elements were stored under dry conditions at MFC’s 
RSWF. These fuel elements were packaged under argon in a primary container and then placed in 
another container under air and welded closed. This package was then transferred to the RSWF site 
and lowered into lined holes in the ground for interim storage until the fuel could be accommodated in 
the treatment process. In conjunction with treatment activities, containers were routinely retrieved from 
RSWF and transferred to the air cell of FCF where the packaging was opened and the elements 
removed. During one evolution in 2004 elements with failed cladding were encountered as they were 
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being unpacked in the air cell. While visually examining the ruptured cladding and degraded element, 
the technicians noticed a faint orange glow near one of the failed elements. The breached fuel was 
returned to its packaging and transferred to the inert environment of the argon cell for further analysis. 
Evaluations of the observations indicate that air and moisture had been introduced to the inner canister 
and oxide and hydride compounds of uranium had formed. The orange glow that was observed was 
likely due to the exothermic reaction of uranium hydride in the air atmosphere of the FCF cell. 
Ultimately uranium oxide is the stable product resulting from cladding failure and corrosion reactions. 
(ref. 4) 

In addition, some EBR-II fuel, which was sent to the Alpha Gamma Hot Cell (AGHC) at Argonne 
National Laboratory, was affected while under dry storage conditions. The metal fuel was exposed to 
air while in-cell and a portion of the fuel was corroded. This material has since been sent back to MFC 
and is considered NCF. This so-called Alpha Gamma fuel will be included in the planned fuel 
processing operations in FCF. 

1.5 Determination of Non-Candidate Fuel 

As part of routine EMT process preparations, fuel elements are visually examined prior to the chopping 
step in the process. Fuel elements that are confirmed to be intact and exhibit no signs of degradation 
are advanced to the chopper and introduced into the EMT process. For the instances in which the 
cladding is found to be breached, the extent of degradation will be judged. The subject of TEV-1990 
covers the criteria for segregating the mini-breach elements from the major-breached. [ref. 5] The mini-
breach elements are likely to contain small amounts of corrosion products that may have a negligible 
effect on electrorefining operation. However, major-breach elements contain a larger amount of 
corrosion products which may adversely affect electrorefining. The recommendation resulting from the 
evaluation is that the mini-breached fuel elements can be treated with the same process as the intact 
fuel and the major-breached elements should be removed from current consideration and held for 
future treatment by an appropriate alternative method. The fuel elements with majorly breached 
cladding are being referred to as NCFs. 

A technical evaluation study has been performed to outline a potential method to process the NCF. 
(ref. 6) In the report, an important distinction is made regarding the candidate and NCFs. Commercial 
reactor fuels are typically oxide fuels. Research has been conducted to determine the feasibility of a 
head-end process to reduce the oxides to metal, which then can be electrorefined. The head-end 
process referred to as oxide reduction has been shown to be an effective pre-treatment process. While 
commercial oxide fuels are not viewed as problematic, the existence of sodium and zirconium metals or 
sodium and zirconium compounds in degraded EBR-II fuel will require research to evaluate the 
effectiveness and safety of a suitable disposition pathway. 
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2. DISPOSITION STRATEGY 

2.1 Non-Candidate Fuel Determination and Repackaging 

2.1.1 FCF Operations 

Currently, FBCs delivered to FCF are transferred to the inert argon atmosphere hot cell where they are 
opened and inspected by operations personnel for the presence of moisture via a vacuum inspection 
system. Four scenarios are anticipated upon inspection of the contents of the FBCs. They are: 

1. A bottle is free of liquid and the fuel elements are intact. 

2. A bottle is free of liquid and the fuel elements are breached. 

3. A bottle contains liquid and the fuel elements are intact. 

4. A bottle contains liquid and the fuel elements are breached. 

In the case that the first scenario is observed, the elements are passed on to be treated by standard 
methods. In the case of the third and fourth scenarios, in which liquids are observed, the FBCs are 
subjected to a drying process to remove the free liquid. A system is currently being used, which heats 
the FBCs under vacuum to liberate and collect the liquids (ref. 7). This technique is compliant with a 
Nuclear Regulatory Commission (NRC) dry cask storage criteria (NUREG-1536) that states adequate 
dryness should be verified by holding a constant vacuum for at least 30 minutes without operating a 
vacuum pump. Once the liquid from an FBC containing intact fuel is removed, the elements are routed 
for standard treatment. 

The scenarios involving breached elements initiate the divergence from standard procedures. Once 
free liquids are removed the determination of mini- or major-breach is performed as described in 
Section 1.5 Samples may be acquired for subsequent characterization analyses. Those that are 
determined to be major-breach elements are also given designation of NCF and are set aside interim 
storage. 

2.1.2 Repackaging 

The suitable packaging configuration and interim storage location are outlined by ECAR-2598. (ref. 8) 
In summary, the major-breached fuel elements will be placed into fuel bottles (Figure 2), and eight 
bottles will be placed into a fuel bottle transfer basket (FBB). Two fully loaded FBBs will then be placed 
into a blanket storage can (BSC) and that placed into an HFEF-5 can. Figure 4 shows a loaded FBB 
(left), a loaded BSC (middle), and a loaded HFEF-5 can (right). 
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Figure 4. On the left, an image of a fuel bottle transfer basket (FBB) loaded with fuel bottle containers 
(FBCs). In the middle is the blanket storage can (BSC) containing two FBBs. The image on the right is 
an HFEF-5 can containing the loaded BSC. 

2.2 Interim Storage 

2.2.1 Radioactive Scrap and Waste Facility 

A key component in developing the strategy for non-candidate fuels is the recognition that storage 
space constraints inside the argon cell of FCF could necessitate the relocation of the NCF from the cell 
to another interim storage location. Historically RSWF has served to receive materials removed from 
the hot cells of FCF and HFEF provided they meet the criteria for acceptance and storage. The nuclear 
safety basis (SAR 407) for RSWF had previously analyzed storage of EBR-II driver fuel (primarily MK-
IICS) packaged in much the same as has been proposed for the non-candidate fuel and determined 
this configuration to be acceptable. Thus, it was possible that the NCF material could be bounded by 
previous analysis. This is discussed in greater detail in the next section. Consultation with MFC nuclear 
safety personnel and RSWF operations specialists suggested the program also review the criteria for 
material acceptance at listed in operational procedure RSWF-OI-003 (ref. 9). One of the key 
requirements is there shall be ‘no free liquids allowed in newly received waste’ (p. 9, ref. 9). Although 
the NCF is not considered waste, this requirement remains imposed. Prior to repackaging in the argon 
cell, the NCF will be dried in accordance with the criteria discussed in Section 2.1.1 above. Thus it 
appears that relocation of the non-candidate fuel from FCF to RSWF should be acceptable. However it 
is worth noting that relocation of uninspected EBR-II, which may be considered to be wet prior to being 
verified, otherwise, may need to be further evaluated. 
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2.2.2 Hazard, Accident, Criticality, and Transportation Analysis 

Analysis of the hazards and accident scenarios has been completed and is described by ECAR-2598 
(ref. 8). This document concludes that the repackaging configuration described in Section 2.1.2 does 
‘not result in any new or unbounded events.’ 

A criticality assessment (ECAR-1657) for the NCF arranged in the proposed packaging configuration 
was completed in August of 2012 (ref. 10). The conclusion was a criticality accident in the cask or at 
RSWF is not credible. Specifically, an HFEF-5 cask and RSWF liner will be critically safe provided that 
a package consists of no more than two tiers; each tier consists of no more than eight dried fuel bottle 
containers, and the two tiers are enclosed by a blanket or fuel storage can in the HFEF-5 can. This 
configuration is that which was described in Section 2.1.2. 

An evaluation of the suitability of the HFEF-5 cask for interfacility transfers is currently under review. 
EDF-7658 has been revised to include EBR-II Mk-IA, II, IIA, IIB, and IIS in FBCs. 

3. NCF Treatment Research and Development Options 

3.1 Electrochemical Treatment 

A primary objective of the Spent Fuel Treatment program is to eliminate the reactive and pyrophoric 
characteristics of the EBR-II driver fuel and thereby enable disposition of the treated fuel and its by-
products. For intact EBR-II driver fuel the sodium-filled porous fuel matrix is deactivated upon chemical 
and anodic dissolution of chopped fuel segments in an electrorefiner. Specifically, the metallic bond-
sodium is chemically converted to sodium chloride, where it accumulates in an electrorefiner salt pool. 
Under applied potentials the porous uranium metal matrix is anodically dissolved into electorefining salt, 
while refined uranium metal is simultaneously deposited and recovered on a solid cathode. During an 
electrorefining process transuranic and reactive fission product metals are deactivated by and partition 
to the electrorefining salt as dissolved chlorides. Non-reactive fission products, including the primary 
alloying agents (i.e., zirconium for U-10Zr fuels and Mo-Ru-Rh-Pd-Zr for U-5% fissium fuels), remain in 
metal form along with the fuel cladding hulls in post-treatment anode baskets. The cladding hulls and 
so-called “noble metal” fission products and alloying agents are processed into a metal waste form, 
while the electrorefining salt may be processed into a ceramic waste form after sufficient build-up of 
bond-sodium and reactive fission product chlorides. 

The prescribed electrorefining process is based on a metal fuel feed with anhydrous salt and an inert 
atmosphere to maintain the fuel feed and recovered products in metal form. Thus, any degradation of 
EBR-II fuel driver fuel due to exposure to air and/or moisture produces forms of the fuel that are not 
immediately compatible with existing treatment systems. Thus, an R&D plan is warranted to investigate 
treatment of NCF with existing systems. The following outlines some technical issues and processing 
options that need to be addressed for treatment of wet- and dry-stored NCF. 

Upon exposure to air and water, breached EBR-II driver fuel can form various compounds. Bond 
sodium can form oxides, hydroxides, and hydrated hydroxides on a breached fuel surface or caustic 
solution if in contact with pooled water. Uranium can form various oxides (e.g., UO2 and U3O8) and 
hydrides. Alloying agents (particularly zirconium), transuranic elements, fission products, and cladding 
are expected to oxidize to varying degrees. Furthermore, and particularly upon heating (e.g., bottle 
drying), sodium oxides and hydroxides may form mixed oxides with uranium and zirconium, i.e., sodium 
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uranates and sodium zirconates. To assess treatment options for NCF it is imperative that the various 
forms of breached EBR-II driver fuel are adequately characterized. 

Once characterized, treatability tests could be conducted. One proposed test would involve a lithium-
based electrolytic reduction process (commonly referred to as ‘oxide reduction’), which has been 
developed for converting commercial oxide fuel to metal as a head-end step to electrorefining. [ref. 11] 
The presence of zirconium oxide and sodium oxides suspected of being found in the NCF, which are 
not present in commercial oxide fuel to any significant degree, introduce different challenges to a 
lithium-based electrolytic reduction process for conversion of oxide fuel to metal. An experimental study 
was performed on the effects of zirconium oxide and sodium oxide in an electrolytic reduction process 
at bench scale. (ref. 12) In this study it was concluded that zirconium oxide preferentially formed lithium 
zirconate, which in subsequent electrorefining operations would draw down uranium trichloride to form 
lithium chloride, zirconium oxide, and uranium oxide. This same study also concluded that the sodium 
oxide would interfere with the efficiency of the electrolytic reduction process by forming parasitic 
reactions between the anode and cathode. While not examined specifically, sodium uranates and 
sodium zirconates would likely have similar outcomes to those in the prescribed experimental study, 
leading to parasitic reactions in the electrolytic reduction process and uranium trichloride draw down in 
the electrorefining process. 

Another treatment option would be to introduce NCF directly into an electrorefiner. By doing so, any 
metal fraction that remained in the NCF could be electrorefined and recovered. Sodium oxide would 
react with uranium trichloride to form sodium chloride and uranium oxide. The sodium chloride would 
dissolve and accumulate in the salt pool, as that from a metal bond sodium would. Even the oxides of 
the transuranic elements and reactive fission products would likely exchange with uranium trichloride to 
form their respective soluble chlorides and insoluble uranium oxide. Zirconium oxide and other less 
reactive metal oxides would likely remain as oxides in the anode basket with the cladding hulls. In 
short, oxidized EBR-II fuel would lead to a similar draw down of uranium trichloride as that from intact 
EBR-II fuel. However, the exchange of reactive oxides from NCF with uranium trichloride would lead to 
oxidized forms of uranium that are not amenable to electrorefining, as opposed to metallic uranium that 
would form from metallic transuranic and reactive fission products in intact EBR-II driver fuel. 
Preliminary studies have been performed on contacting degraded EBR-II fuel with ternary salt (LiCl-
KCl-UCl3). The partitioning of transuranic and reactive fission products to the salt phase at the expense 
of uranium trichloride has been observed. However, the mechanism of such reactions is not well 
understood and may involve the formation of uranium oxychlorides. 

Further investigation of direct introduction of NCF into an electrorefining process is proposed. Such a 
study could be performed at bench-scale using the Hot Fuel Dissolution Apparatus (HFDA) in HFEF. 
Figure 5 shows a photo the HFDA. 
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Figure 5. Photo of the Hot Fuel Dissolution Apparatus located in the Hot Fuel Examination Facility. 

Tests with dry-storage NCF would expand upon preliminary tests to assess the extent and kinetics of 
transuranic and reactive fission product partitioning into electrorefining salt. It would also assess the 
reaction mechanisms that occur and the retention of uranium oxide that is formed from these exchange 
mechanisms. Tests with wet-storage NCF would additionally address the impact that moisture may 
have on the electrorefining process, particularly from sodium hydroxide and hydrated hydroxides. The 
anode residue from both the dry- and wet-storage material would be characterized to assess 
subsequent disposition options. 

To investigate the electrochemical treatment of NCF, it is proposed that actual NCF from both dry and 
wet storage be electrorefined in salt from the Mark-IV electrorefiner using bench-scale equipment. This 
could be accomplished by chopping, or otherwise sizing, approximately 50 g each of dry and wet 
storage NCF, and transferring the sized material to HFEF. Approximately 1 kg of Mark-IV electrorefiner 
salt would need to be removed and transferred to HFEF. The salt would be crushed, as needed, and 
loaded into a crucible. The salt would be heated to 500C in the Hot Fuel Dissolution Apparatus (HFDA), 
characterized voltammetrically, and sampled for subsequent elemental and isotopic analyses. The dry 
storage NCF fuel would be loaded into a specially design permeable steel basket, capable of retaining 
fines in the sub-10 micron range. The fuel would then be immersed in the electrorefining salt and 
allowed to soak overnight. Salt samples would be taken for analysis to assess uranium trichloride 
drawdown and fission product partitioning into the salt. The fuel would then be electrorefined to a solid 
cathode. The cathode product would be harvested and collected until the basket is depleted of 
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available uranium metal. The basket would be removed, stored, and a post-run salt sample taken. The 
wet storage NCF fuel would then be loaded into an identical fuel basket, and the prescribed 
electorefining process would be repeated. After the second run, the HFDA would be unloaded and de-
energized. The harvested uranium from the two electrorefining runs would be loaded into two separate 
crucibles and placed inside a distillation apparatus along with the two baskets. The four items would be 
heated under vacuum to melt and consolidate the uranium metal in the crucibles and to distill away salt 
from the crucibles and baskets. After cool down, the consolidated uranium from each run would be 
sampled and analyzed to assess product purity. Additionally, the residue within each of the baskets 
would be sampled and characterized to assess disposition options. 

If the bench-scale experimental studies proved successful, it would be proposed that candidate NCF be 
collected and introduced into an existing electrorefining system at the end of the SFT campaign (i.e., 
after all intact EBR-II driver fuel has been treated) via specially fabricated anode baskets. The baskets 
would be fashioned with a porous membrane to exact retention of fine uranium oxide particulate that 
would be expected to form. Based on the characterization of the residue that remains in the anode 
basket, the material may be dispositioned into a metal or ceramic waste form. It is also possible that the 
anode residue could be converted to metal via an electrolytic reduction process and subsequently 
electrorefined, if uranium recovery were so desired. 

3.2 Oxygen and Thermal Passivation of Reactive Fuel Components 

Metallic fuel corrosion has been investigated for many years (refs. 13 through 16) and from such 
studies two general methods to passivate potentially reactive corrosion products have emerged. The 
treatment of reactive UH3, for example (ref. 17), involves a controlled exposure to 1 to 3 volume % O2 in 
a dry, Ar gas at 1 atm and 150°C. This allows the safe and effective means to convert UH3 to UO2 via 
the following reaction: 

2 UH3 + 3.5 O2(g) = 2 UO2 + 3 H2O. 

A down side to this process is for reactive material that is not readily exposed to the flowing, oxidative 
gas, such as if the corroded material is deep within the fuel, adjacent to cladding or protected by a layer 
of oxidized material (i.e., Na2O or NaOH). In this case, the passivation reaction is very slow or will not 
occur at all. For unclad, finally divided powder material, the reaction is quite effective in a reasonable 
time frame and will also react with metallic U, Zr and Na to form oxides. 

U + O2(g) = UO2 

Zr + O2(g) = ZrO2 

4 Na + O2(g) = 2 Na2O. 

For UH3 not readily exposed to a flowing Ar/O2 gas, thermal treatment (ref. 18) of the corroded material 
at 300 °C will spontaneously dissociate UH3 to uranium metal and hydrogen via the reaction: 

UH3 = U + 1.5 H2(g) 300 °C. 

What is extremely convenient of these alternative options is that they could potentially be applied to the 
treatment of NCF using the existing Bottle Inspection and Drying Station (BIDS) in FCF. A possible 
treatment scenario could be to attach a fuel storage bottle, containing NCF, to the BIDS and proceed 
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with the standardized fuel drying procedure. Following this, the temperature of the heater could be 
increased to 300 °C (engineering evaluation of BIDS needed to confirm system can operate at this 
temperature or if modification required) to decompose UH3 under flowing Ar gas. After this, the 
temperature of the fuel storage bottle would be reduced to 150 °C and a flow of Ar-2%O2 introduced. 
This would passivate any other active metals in the corroded material. After treatment, any remaining 
cladding could then be separated from the passivated powdered material and this powder packaged for 
disposal. 

It should be noted that INL has extensive experience in the passivation of non-irradiated, metallic fuel 
material including bond-sodium and corrosion products. For example, the Fuel Manufacturing Facility 
(FMF) has procured, modified and tested a commercial oxidation furnace (Nabertherm model LT 
40/12/P330, 1200 °C furnace, Nabertherm Inc. New Castle, DE, USA) for the passivation of active 
uranium metal (FMF Operation Instruction FMF-OI-612) as shown in Figure 6. 

 
Figure 6. Nabertherm oxidation furnace installed in Special Nuclear Materials glovebox located at the 
Fuel Manufacturing Facility. 

These operations are to be conducted in the Special Nuclear Material (SNM) glovebox in FMF on 
uranium fuel plate and scrap material after vacuum distillation operations to remove bond-sodium from 
EBR-II, MK-II fuel rods are complete in 2017. 

This is essentially the same operation as described above to deactivate corrosion products and bond-
sodium of NCF. It is conceivable that an identical or very similar high-temperature furnace with a 
reactive atmosphere introduction system could be modified for hot cell operations and NCF treatment. 
Which hot cell (FCF or HFEF) facility could accommodate the furnace and NCF treatment operations 
would require a system review; but, assuming a hot cell location could be identified, a rough cost 
estimate to procure, modify, test and install a furnace system, and to fulfill all facility and administrative 
safety requirements would be in the range of $1.5M to $3M. 
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3.3 Final Disposition Location 

Assuming successful treatment of the NCF, the product would consist of powdered oxides of enriched 
U, Zr, Na and fission-product contaminates. A final disposition path for this irradiated, high-dose ‘scrap’ 
oxide material currently does not exist; however, assuming that immobilization of this material in a 
durable waste form for long-term geological storage is the ultimate goal, then a suitable waste form 
does exist. This of course is the ceramic waste form (CWF) developed and qualified for disposal of MK-
IV and MK-V electrorefiner salt (ref. 19). The CWF is a durable, multiphase material comprised of 
glass-bonded sodalite (ref. 20) that is very accommodating of input feed. Indeed, the host phase for 
actinides in the CWF is a very stable oxide with a fluorite crystal structure. Other oxides such as Zr and 
Na and rare earth fission products are incorporated into the glass or sodalite phase of the waste form 
(ref. 21). A feasible approach to the disposal of treated NCF would be to mix this powdered material 
into the zeolite/salt/glass feed during CWF production, if the CWF were to be fabricated in HFEF. 

4. Costs and Timeline 

Sections 4.1 through 4.6 give cost estimates and associated personnel hours for various analyses on a 
per sample basis or a number of samples. Section 4.7 outlines the cost and timeline estimate for the 
electrochemical treatment option. 

4.1 Interfacility Sample Transfer Cost 

The estimated cost to transfer samples from FCF to either HFEF or the Analytical Lab (AL) is 
approximately $4500 per transfer. Any transfer from HFEF to AL has to be routed through FCF, but 
likely could be accomplished at the $4500 cost. 

4.2 Oxygen and Hydrogen Analysis Cost 
(equipment located in the Analytical Lab). 

A new instrument required to perform this analysis was previously acquired, however installation has 
not been completed. Some engineering supporting the installation is required and is anticipated to be 
complete by December 2014 and proposals to complete the installation will be sought from outside 
vendors. 

• Once the instrument is operational, the estimated cost for a batch of 5-8 samples: 

- sample (~ 0.1 g) for oxygen analysis $6500 (40 hrs; 10 scientist, 30 technician). 

- sample (~ 0.1 g) for hydrogen analysis $6500 (40 hrs; 10 scientist, 30 technician). 

4.3 Elemental and Isotopic Analysis Cost 

Batch of 5-8 samples. Dissolve, dilute, analyze, process data, and disposal (80 hrs total). 

• ICP-MS: $6500 - 40 hrs (10 hrs scientist, 30 hrs technician) 

• ICP-OES: $6500 - 40 hrs (10 hrs scientist, 30 hrs technician) 

NOTE: It may be a good idea to analyze for the elements comprising the stainless steel cladding 
(Fe, Ni, Cr, etc.). 
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4.4 pH and pOH Measurements Cost 

• Liquid samples (preferred). 

- $1600 - 10 hrs; 1 scientist, 9 technician 

• Water leach test (solid sample) 

- $3200 - 20 hrs; 2 scientist, 18 technician 

• Titration methods to determine hydroxide concentration. 

4.5 X-ray Diffraction (XRD) Cost 

$6500 - 40 hrs per sample (10 hrs scientist, 30 hrs technician). 

4.6 Electron Microscopy Cost 

$6500 - 40 hrs per three samples (10 hrs scientist, 30 hrs technician) 

4.7 Electrochemical Treatment Option Cost 

The estimated cost to prepare and transfer the prescribed NCF fuel and Mark-IV electrorefiner salt to 
HFEF is approximately $9000. This assumes that two transfers are required to deliver enough material 
to HFEF for testing. The estimated cost to perform the prescribed electrorefining tests in the HFDA and 
subsequent distillation operation in the DEOX furnace at HFEF is approximately $500k, including 
needed component fabrication. Transfer and analysis of post-test fuel and salt samples is 
approximately $50k. Data analysis and final reporting of this study is ~$50k. The HFDA and DEOX 
furnace support multiple projects in HFEF. It is projected that this equipment would be available to 
support the prescribed study in the middle of FY2015. Table 1 displays a projected timeline for the 
electrochemical treatment R&D. 

Table 1. Cost and timeline estimate for research and development of the electrochemical treatment 
options. 

 Fiscal Year 2015 

Quarter 1 2 3 

Task Transfer Salt to HFEF Electrorefining in HFDA Distill in DEOX furnace, 
analyze samples and data, 
write report 

Cost $9000 $250k $350k 
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5. CONCLUSIONS/RECOMMENDATIONS 

Engineering analysis has been completed verifying that EBR-II sodium bonded metallic fuel, that has 
been inspected and determined not to be a candidate for electrometallurgical treatment (EMT), can be 
stored in the Radioactive Scrap and Waste Facility. Additional evaluation may be required to determine 
whether or not the EBR-II fuel that has not been inspected and is suspected of potentially containing 
free liquid is subject to the requirement of being dry for storage at the Radioactive Scrap and Waste 
Facility. 

It is recommended that R&D be performed to evaluate the feasibility of using an electrorefining process 
to treat the non-candidate fuel. 

It is recommended that the feasibility of using the Bottle Inspection and Drying Station in the Fuel 
Conditioning Facility to passivate (deactivate) the reactive compounds resulting from the degradation of 
the sodium-bonded fuel be evaluated. Additionally, the type of furnace currently installed in the SNM 
glovebox in FMF could be utilized for passivation of NCF. 
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