
Qt>UF-9i,MIIL-~Ho 

TECHNICAL ASSESSMENT OF CONTINUED WET STORAGE OF EBR-H FUEL 

b y RFCI=1VED 
Robert G. Pahl and Emil M. Franklin ADD 1 7 1QQR 

Argonne National Laboratory-West " ' " 
P.O. Box 2528 O ^ T I 

Idaho Falls, ID 83403-2528 U O I I 

and 

Matt A. Ebner 
Lockheed Idaho Technologies Co. 

Idaho Falls, ID 83415 

The submitted manuscript has been authored 
by a contractor of the U. S. Government 
under contract No. W-3M09-ENG-38. 
Accordingly, the U. S. Government retains a 
nonexclusive, royalty-free license to publish 
or reproduce the published form of this 
contribution, or allow others to do so, for 
U. S. Government purposes. 

Paper to be submitted for the 
1996 DOE Spent Nuclear Fuel and Fissile Material Management Conference 

Reno, Nevada 

June 16-20, 1996 

DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 

Work supported by the U.S. Department of Energy, Reactor Systems, Development and 
Technology, under Contract W-31-109-Eng-38. 

MASTER 
DISTRIBUTION OF THIS DOCUMENT IS UNLIMITED *» 



TECHNICAL ASSESSMENT OF CONTINUED WET STORAGE OF EBR-H FUEL 

Robert G. Pahl 
Argonne National Laboratory 
Idaho Falls, ID 83403-2528 
(208) 533-7572 

Emil M. Franklin 
Argonne National Laboratory 
Idaho Falls, ID 83403-2528 
(208) 533-7255 

Matt A. Ebner 
Lockheed Idaho Technologies Co. 
Idaho Falls, ID 83415 
(208) 526-3089 

ABSTRACT n. BACKGROUND 
A technical assessment of the continued wet storage 

of EBR-II fuel has been made. Previous experience has 
shown that in-basin cladding failure occurs by 
intergranular attack of sensitized cladding, likely assisted 
by basin water chlorides. Subsequent fuel oxidation is 
rapid and leads to loss of configuration and release of 
fission products. The current inventory of EBR-II fuel 
stored in the CPP basins is at risk from similar corrosion 
reactions. 

I. INTRODUCTION 

National policy and facility mission changes have 
resulted in the termination of spent fuel processing and 
left approximately 2 metric tons heavy metal (MTHM) of 
EBR-II fuel in interim wet storage at the Idaho Chemical 
Processing Plant (ICPP). EBR-II fuel* is a stainless steel 
clad, sodium bonded U alloy (Figure 1). Up to 12 
elements (-0.6 Kg U) are stored in each container. There 
are 2,148 containers at the CPP-603 basin (-1.2 MTHM) 
and 1,488 containers at the CPP-666 basin (-0.8 
MTHM). As a result of observations of 9 leaking 
containers in 1994, the integrity of all of the EBR-II fuel 
in wet storage has been questioned. This paper describes 
the condition of previously characterized corroded fuel, 
summarizes recent non-destructive inspections, offers a 
mechanism for the in-basin corrosion and assesses 
continued wet storage of the containers. 

A. Previous Wet Storage Experience 

Before 1978, as-irradiated hex-duct assemblies of 
EBR-II fuel were wet-stored at the ICPP-603 basin prior 
to dissolution. Although no problems with cladding 
integrity were anticipated due to the short storage times, 
instances of cladding failure and the release of significant 
quantities of radionuclides to the CPP-603 facility led to 
the design of the sealed overpack container in current 
use. Two whole EBR-II subassemblies were returned to 
the ANL-W hot cells for examination following one of 
the fission product release incidents in the late 1970's. 
The results of these examinations were never published 
but are summarized below because of their significance 
to the current storage situation. 

1. Subassembly B3274S. Subassembly B3274S was 
a Mk-II driver subassembly which was irradiated up to 
-Jan. 1, 1976 attaining a peak burnup of 4.5 % (atomic 
% heavy metal). Gas sampling of the transfer cask at 
ANL-W showed that it was not carrying any breached 
fuel elements prior to shipment. It was sent to ICPP on 
Feb. 11, 1976 and as early as March 17, 1976 was 
suspected as the source of 1-131 present in air samples 
near its storage rack. On Dec. 8,1976 it was isolated in a 
sealed leak tester and confirmed as the source of the 
fission product releases. B3274S was shipped back to 
HFEF for examination on Feb. 7, 1977. The total in-
basin storage time was -350 days. 

2. Subassembly B3272. Subassembly B3272 was 
also a Mk-II driver with a peak burnup of 4.6 %. Fission 
gas samples from the transfer cask showed that it was not 
carrying any breached fuel elements. It was sent to ICPP 



on Mar. 16, 1976 and stored uneventfully in the basin 
until Sept. 8, 1977 when it was shipped back to HFEF 
for examination as an intact sibling to B3274S. The total 
basin storage time was -540 days. 

3. Examination of B3274S and B3272. Disassembly 
photographs (Figure 2) showed B3274S to be in a very 
degraded state after basin storage. HFEF personnel 
tentatively identified 65 suspect breach elements in the 
91 element subassembly B3274S. In -23 / 65 breaches 
the cladding was visibly forced open by the fuel/water 
reaction to such a degree that fuel spilled out of the 
cladding jacket during disassembly (-16 grams fuel loss 
in the 91 element assembly). B3272 appeared to be 
unaffected by the storage environment and looked 
normal on disassembly despite its longer storage period. 
A total of four B3274S elements and two B3272 
elements were examined metallographically. Grain 
boundary precipitation, intergranular cracks and grain 
dropping (falling out of individual surface grains) were 
observed in both subassemblies. Figures 3 and 4 show 
typical features in B3274S fuel failures. 

III. INTERGRANULAR ATTACK OF AUSTENITIC 
STAINLESS STEEL 

The likelihood of intergranular cracking of the 
cladding is influenced by its metallurgical condition and 
the corrosive environment it contacts. Typical Mk-H 
elements * operate at peak cladding temperatures which 
range from ~400°C at the bottom of the fuel column to 
~590°C at the top. The subassemblies described above 
would have remained at or below these temperatures for 
-225 days. Austenitic stainless steels 2 such as Type 316 
can become susceptible (sensitized) to intergranular 
attack in aqueous solutions if previously heated between 
approximately 425°C and 815°C. Thus every EBR-II 
fuel element is in a metallurgical condition which is 
well-known to be susceptible to intergranular attack 
provided that a corrosive environment is present. The 
accepted mechanism for such thermal sensitization 
involves the precipitation of a continuous network of 
chromium-carbide precipitates on grain boundaries 
which locally depletes the chromium adjacent to the 
grain boundaries. There are irradiation-assisted 
mechanisms which could also sensitize the grain 
boundaries to intergranular attack. Corrosion in aqueous 
media can then occur at the grain boundaries in these 
chromium-poor regions. The presence of chloride ions 
in the aqueous media promotes the process of 
intergranular attack. These two subassemblies were 
shipped to the basins at a time when chloride content was 
at its highest levels,~780 ppm, eventually declining to 

-400 ppm prior to their return to ANL-W. Although the 
basin water chemistry is currently well-controlled, all of 
the current CPP-603 basin inventory has been stored at 
chloride contents > 50 ppm, and approximately 50% of 
the inventory has been stored at chloride contents > 200 
ppm. 

A laboratory test-* was performed to demonstrate the 
degree of sensitization of irradiated cladding. Six 
cladding sections from two B3272 elements were 
subjected to an accelerated tesH for susceptibility to 
intergranular attack using boiling ferric sulfate-sulfuric 
acid solution. Sample weight loss (mostly due to "grain 
dropping") is converted into an effective corrosion rate. 
Complete disintegration of the irradiated cladding 
occurred during the early stages of the test (2-3 hours). 
The test was repeated on as-received (solution annealed) 
sections of the Type 316 cladding . Results from this 50 
hour test yielded corrosion rates of -0.36mm/year. This 
compares favorably with the 1.20 mm/year acceptance 
criteria^ for sensitized Type 316. Thermal aging at 
normal cladding temperatures and follow-on 
susceptibility testing have also been performed on the as-
received solution annealed Type 316 cladding stock . 
These tests 6 showed that aging at 565°C for 90 to 186 
hours produced microstructures susceptible to 
intergranular attack as judged by ASTM Practice 262A 
and 262E. These test results confirm that the cladding on 
as-irradiated EBR-II fuel is susceptible to intergranular 
attack. 

IV. FUEL/WATER REACTION KINETICS 

Having shown the cladding to be prone to failure by 
intergranular attack, the fuel/water reaction kinetics were 
then investigated. This is an important consideration in 
the assessment of continued wet-storage of EBR-II fuel 
because breached cladding per se does not lead to loss of 
configuration or to significant release of radionuclides. 
These events can only occur if significant fuel disruption 
accompanies the cladding failure. In order to reproduce 
what was observed in the destructive examinations of 
B3274S and B3272, a simple hot-cell laboratory test7 

was performed. A 4-inch section cut from the fuel region 
of an intact B3274S fuel element was artificially defected 
by machining a one inch long by 0.035 inches wide 
opening into the fuel matrix. The ends of the section 
were sealed in epoxy to exclude water and the sample 
was placed in ordinary tap water. Within 45 days, the 
defect had opened and the cladding diametrally strained 
-20% by the volumetric expansion of the fuel/water 
interaction product. Evidently, this section of cladding 
had not been embrittled by the basin environment. This 



simple demonstration showed how rapid and unyielding 
the irradiated fuel/water reaction can be. 

A slower but no less disruptive fuel corrosion 
reaction was reported by Neimark and Strain**. A 
breached but otherwise intact EBR-II fuel reacted with 
low levels of oxygen and moisture in a nitrogen hot cell 
storage container over a period of less than 19 years. 
Upon opening the container, it was observed that 
essentially all of the fuel had reacted, producing a 
massive cladding fracture. The reacted fuel had fallen out 
of the cladding and into the storage container as a fine 
powder. The fact that this reaction occurred in what 
would normally be considered a very benign atmosphere 
emphasizes how reactive irradiated EBR-II fuel can be. 

Following the placing of fuel elements into sealed 
overpack containers, it was assumed that little fuel 
degradation would occur in the relatively short periods of 
storage prior to chemical processing. However, the 
suspension of chemical processing activity has resulted 
in longer-term storage, and recent visual examination of 
the overpack containers showed emission of gas bubbles 
and visible corrosion stains. 

V. ASSESSMENT OF CURRENT STORAGE 
CONDITIONS 

Figure 5 shows the current overpack containers 
(Type 304 stainless steel) used for EBR-II fuel. The 
original overpack atmosphere in most of the containers is 
ambient air, but dry argon was used for later shipments. 
In 1994, during the repackaging of EBR-II fuel 
containers in CPP-603, underwater video inspections 
(100% of the inventory) identified 14 containers that 
were noted as suspect leakers. Specifically, 9 containers 
vented gas bubbles during handling and 5 exhibited 
brown-black stains (but emitted no bubbles). At that time 
it was postulated that intrusion of water had occurred in 
the 9 "bubblers" through loose Swagelock caps. The caps 
had been tightened prior to shipment to the basin by 
remotely torquing 60° beyond "hand-tight". Fiducial 
marks on the container surface indicated proper torquing 
of the seal. While the welds are all leak-tested after 
manufacture, no leak testing was done on the containers 
after they were remotely loaded at ANL-W. Of the 9 
containers which bubbled in 1994, video inspection 
showed that 5 had improperly tightened compression 
nuts. The dark stains on the five containers were 
suspected of having leached from corroded bottom 
welds, possibly due to the use of carbon steel weld filler 
metal. 

To identify EBR-II fuel containers that contained 
water, an inspection station was designed, fabricated, and 
tested in 1995. The device was installed in the CPP-603 
basin and a test matrix of suspect and non-suspect 
containers was chosen. The heart of the inspection device 
is the ultrasonic transducer system. Three (redundant) 
pairs of ultrasonic transducers are precisely located and 
focused to detect water in the containers. An eddy 
current coil was also incorporated into the system to 
detect carbon steel filler metal in the container bottom 
welds. 

The nominal total void volume of an EBR-II fuel 
container is -1040 cm ' (assuming no in-leakage to the 
inner spacer cavity). Water quantities exceeding 18 cm 3 

can be detected quantitatively. A reliable lower detection 
limit of ~5 cm' of water was demonstrated. Because of 
the placement of the upper sidewall transducers, water 
volumes greater than 700 cm 3 (>17.6 inch depth) cannot 
be quantified. 

The system response was calibrated at the start and 
end of each test session using 4 reference standards that 
consisted of sealed as-manufactured containers having 
the following characteristics: empty, 5 c m ' water, 300 
c m ' water plus 12 stainless steel dummy fuel element 
rods, and empty with 12 dummy rods and carbon steel 
welds on the container. 

The sample matrix consisted of a total of 27 fuel 
containers (-1.25% of the total CPP-603 basin 
inventory). The 14 containers described as suspect 
leakers above were included along with 5 other sibling 
containers which had been shipped and stored alongside 
the suspects. An additional 8 (non-suspect) containers 
were chosen because they were the oldest containers in 
the basin (wet-stored since 1978). 

Of the "bubbler" series, only one container released 
bubbles during both the 1994 and the 1996 inspection. 
Thus, while all of the containers which emit bubbles 
during handling contain substantial amounts of water, 
some water-filled containers may not bubble during 
handling. Ultrasonic inspection determined 10 containers 
held substantial quantities of water (7.6" to >17.6" depth, 
320 cm 3 to >700 cm 3 ) . These depths cover -50% to 
>100% of the as-irradiated fuel column length. In 
addition, one of the containers, which represented the 
oldest fuel in the basin, held a small quantity of water (5 
cm 3 to 18 cm 3 ). The remaining 17 containers were found 
to be dry and, contrary to initial suspicion, none had been 
welded with carbon steel filler metal. 



Of the 10 containers which contained substantial 
levels of water, 8 also gave ultrasonic wave form 
signatures similar to that of sludge. The ultrasonic 
signature for cladding- or fuel- based sludge had been 
mocked up by scanning a storage container purposefully 
filled with an alumina powder slurry. Rough estimates 
were made of the sludge depth in 2 of the containers. 
Sludge depths of -6" and ~8" were estimated. 

VI. ESTIMATION OF THE FUEL CORROSION RATE 

The sodium contained in the fuel element (~1.3 
grams) can react with water to form sodium hydroxide 
and hydrogen gas according to equation (1): 

2Na + 2H20 -> 2NaOH+ H2 (1) 

Caustic corrosion^ of the cladding or container is not 
expected for ambient temperatures below ~60°C, even in 
the presence of chlorides. 

The oxidation of metallic uranium by water 
produces uranium dioxide and hydrogen gas according to 
equation (2): 

U + 2H20->U02 + 2H2 (2) 

Generally, the amount of hydrogen gas evolved is less 
than stoichiometric, the remainder being trapped in the 
U/UO2 to form the hydride according to equation (3): 

U + | H 2 - » U H 3 (3) 

The amount of hydride^ found in the reaction product of 
water-corroded test samples is usually low (2% to 9%). 

Normally, corrosion of unirradiated uranium in 
water at ambient temperatures is fairly slow provided 
that the surface area to mass ratio is low. In the case of 
irradiated EBR-II fuel, two accelerating effects exist: 

1) The specific surface area of irradiated fuel is 
considerably higher than unirradiated uranium due to the 
open porosity caused by void growth and gas bubble 
swelling. 

2) The lower density of uranium dioxide (and 
uranium hydride) relative to uranium metal will cause the 
fuel meat to expand, resulting in extension of the 
cladding breach and further surface area creation in the 
fuel. 

The Mk-II fuel element is designed to allow a 33% 
growth of fuel cross-sectional area before fuel-cladding 
contact is made. The annular space surrounding the slug 
is initially filled with bond sodium. The liquid sodium is 
gradually displaced and absorbed by the fuel as it swells. 

Fission gas release occurs through the interconnected 
porosity of the fuel. Einziger and Seidel * tabulate fuel 
growth data, fraction of porosity filled with sodium, and 
the volume of sodium found in the fuel at burnup 
between 2.8% and 10.8% (which corresponds to the 
likely range of burnups in the stored fuel). Fuel growth 
varied from 35% to 48%. The bond sodium filled 18% 
to 57% of the porosity, corresponding to open-pore 
volumes of 0.21 cm^ to 0.78 cnA 

To estimate the surface area of irradiated fuel which 
can oxidize in water, the following assumptions are 
made: 

1) The volume of water which can react with the 
fuel is equal to that of the sodium found in open pores 
after irradiation. This is a reasonable assumption because 
the viscosity and surface energy of sodium at reactor 
temperatures is not greatly different than that of ambient 
water. 

2) The cladding is breached to the extent that 
water/fuel contact is unimpeded. 

3) The sodium/water reaction proceeds vigorously 
so that all sodium-logged pores quickly become water
logged. 

4) The water-logged pores are spherical and average 
10 microns (10x10"* cm) in diameter. 

For purposes of illustration the maximum corrosion 
rate for a totally exposed MK-II fuel slug at 8% peak 
burnup will be estimated. At 8% burnup, Einziger and 
Seidel * found that -0.39 cm^ or -31% of the porosity is 
Na-filled. Fuel growth is -42%. The volume of the 
porosity per cc of swollen fuel which will allow water to 
intrude is therefore -0.094 cm^'cnA 

Each pore contributes a volume of -5.2x10 cm-> 
so in order to satisfy the water-logged pore volume 
fraction of 9.4%, the number density of the pores must 
be -1.8 xIO pores per cnv*. Each pore has a surface area 
of 3.1x10"" cm^ so that the total surface area of these 
pores is -560 cm /̂cm^ of swollen fuel. 

The fuel slug after irradiation has a geometric 
volume of -4.2 cm^. Therefore, at the start of the 
corrosion process there is -2350 cm^ available for the 
corrosion reaction. Unirradiated U corrodes *" at the rate 
of -0.22 g U/cm^yr in oxygen-poor water at 25°C. 
Using this rate as appropriate for the U-5Fs fuel alloy, 
we see that die starting corrosion rate for the irradiated 
fuel is -520 grams U/yr . This can be compared to the 
corrosion rate based on the geometric surface area (-45 
cm^): -10 grams U/yr. 



A 52-fold increase in initial corrosion rates has been 
predicted by this calculation. The literature supports this 
order of magnitude enhancement for irradiated U swollen 
to this degree H»12# 

Calculations were made of the time required to 
corrode the Mk-II fuel slug taking into account the 
diminishing surface area. In one month, -60% of the U 
in the irradiated fuel slug has been oxidized, while only 
- 1 % of the U would have reacted had the fuel been 
unirradiated. In 6 months, the irradiated fuel case shows 
complete oxidation in contrast to -8% for non-porous 
fuel. 

The actual fuel corrosion rate will likely be bounded 
by the estimates made for the nonporous and porous fuel 
conditions. Characterization of the fuel which has been 
exposed to water is needed to identify the reaction 
products and their properties so that an effective 
stabilization treatment can be applied. 

VII. CONCLUSIONS 

The continued wet-storage of EBR-II fuel in the 
CPP basins has been assessed by non-destructively 
inspecting leaking storage containers, characterizing the 
intergranular attack of the cladding and estimating the 
maximum fuel oxidation rate. This assessment has shown 
that EBR-II fuel containers are no longer water-tight and 
that the cladding is susceptible to intergranular attack. 
Once breached, extensive fuel degradation can occur by 
uranium oxidation. Risks associated with the continued 
long term storage of EBR-II fuel in water include fuel 
disruption and fission product contamination. 
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Figure 3: Metallographic cross-section of B3274S 
cladding showing intergranular cracking and grain drop 
out (oxalic acid etch). 

Figure 2: B3274S fuel element bundle after hex-duct 
removal. 

Figure 4: Metallographic cross-section of failure site in 
B3274S fuel. 
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