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ABSTRACT 

The results of a study of the condition of spent nuclear fuel 
elements from the Advanced Test Reactor (ATR) currently 
being stored underwater at the Idaho National Engineering 
Laboratory (INEL) are presented. This study was 
motivated by a need to estimate the corrosion behavior of 
dried, spent ATR fuel elements during dry storage for 
periods up to 50 years. The study indicated that the 
condition of spent ATR fuel elements currently stored 
underwater at the INEL is not very well known. Based on 
the limited data and observed corrosion behavior in the 
reactor and in underwater storage, it was concluded that 
many of the fuel elements currently stored under water in 
the facility called ICPP-603 FSF are in a degraded 
condition, and it is probable that many have breached 
cladding. The anticipated dehydration behavior of 
corroded spent ATR fuel elements was also studied, and a 
list of issues to be addressed by fuel element 
characterization before and after forced drying of the fuel 
elements and during dry storage is presented. 

I. INTRODUCTION 

Spent nuclear fuel elements from the Advanced Test 
Reactor (ATR) currently being stored under water at the 
Idaho National Engineering Laboratory (INEL) are being 
considered for transfer to dry storage systems for safe 
storage for periods up to 50 years. In order to anticipate 
the corrosion problems that might be encountered during 
the dry storage of spent ATR fuel elements for these 
extended periods, it is necessary that the initial state of 
each element be known. 

At this point in time there is little hard data on the 
current condition of wet-stored spent ATR fuel, and 
because drying schemes have not been developed, there is 
no information on the condition of the spent fuel elements 
as they start into long term dry storage. Consequently, this 
study was aimed toward first developing a best estimate of 
the current condition of wet-stored spent ATR fuel 
elements. Next, some of the corrosion problems associated 
with thermal drying were addressed. Finally, a brief 
examination was made of some of the issues that are 
anticipated relative to corrosion during dry storage. 
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II. CORROSION DURING REACTOR OPERATION 

The ATR is a high neutron flux, water cooled 
research reactor, and its fuel is aluminum alloy clad 
uranium aluminide-aluminum alloy composite in plate 
form in which 235U represents 93% of the uranium 
present-l ATR fuel elements consist of an assembly of 
these plates that are curved in their transverse direction and 
straight in the long direction. Each plate contains a fuel 
'meat' or composite core structure that consists of uranium 
aluminide particles each surrounded by an aluminum alloy 
matrix, currently the aluminum alloy AI-X8001. The 
particles include all three of the known uranium aluminide 
compositions with a typical mixture containing 6% UAI2, 
63% UM3, and the remainder U&. The 'cladding,' which 
is currently Ai-6061, is metallurgically bonded to a thin 
AI-1 100 inter-layer that is in-turn metallurgically bonded 
to the fuel composite structure. 

ATR fuel is a widely used fuel type that has operated 
successfully for many years in both research and isotope 
production reactors. In a typical spent ATR fuel element, 
40% of the uranium has been fissioned and converted to 
fission products. The reactor coolant water and fuel 
cladding are reasonably compatible, but as will be 
discussed below, both general and pitting corrosion of the 
aluminum alloy cladding have been observed. However, 
cladding breaches have been observed in only about 0.5% 
of the elements operated in the reactor.:! 

M e r  final removal from the reactor, spent ATR fuel 
elements are allowed to cool and radioactively decay 
underwater for about one year in a storage canal situated 
next to the reactor. A typical ATR fuel element is held 
underwater in the ATR complex, either in the reactor or in 
storage, for about ten years.:! All spent ATR fuel elements 
are eventually sent to the Idaho Chemical Processing Plant 
(ICPP) where they are stored underwater. Many of these 
spent fuel elements are currently stored in ICPP-603 FSF 
in which the storage water is contained in a 40-year old 
unlined-concrete canal. Up until 1992,3 these spent fuel 
elements were routinely chemically processed to extract 
the remaining 235U, and safe, long-term storage was not a 
concern. 
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According to Alwitt$in the temperature range 293 to 
463 K, which includes the storage canal temperature range 
and covers the operating fuel surface temperatures in the 
ATR, duplex films are formed consisting of 
pseudobohmite next to the metal and a layer of bayerite (a- 
Al(OH)3) in contact with the water. Bayerite is easily 
'washed' from the cladding surface during reactor 
operation, but it builds up on all exposed aluminum 
surfaces during storage in static water. 

Pseudobohmite is the initial crystalline product of the 
aging of amorphous aluminum trihydroxide ~recipitates.~ 
Pseudobohmite contains more water than bohmite (y- 
AlOOH), with composition depending upon sample 
history. H2O/Al2O3 ratios for pseudobohmite have been 
observed to vary from 1.74 to 2.3. 

Corrosion of aluminum in flowing water 
environments similar to those found in the core of the ATR 
was studied many years ag0.~*~*79* This early work 
indicated that aluminum fuel cladding was being oxidized 
and generally removed by solution or erosion of the 
corrosion products into the flowing, reactor cooling water 
as a function of temperature, pH, and hydroxide dissolution 
rate.6 AII important question relative to the dry storage of 
spent ATR fuel is the thickness of cladding that is 
remaining, either generally or locally, after operation in the 
reactor to prevent fission product or fissile material loss 
during storage (ATR fuel cladding thickness is nominally 
0.38 mm as-manufactured). 

The results of an analysis of some irradiation 
behavior data9 indicated that the ATR fuel element 
cladding was thinned by up to 9% on average after 
operating in the reactor for 406 days to a burnup of 
2 .13~10~7 fissions/m3. Data were not available for 
deriving values for peak thinning of the cladding that is 
expected in the hottest regions of the fuel elements. This 
result, derived from data on the irradiation behavior of 
ATR-like fuel plates, is consistent with observations 
reported by Griess, et. In general, these clad thinning 
data do not include pitting corrosion, which has been 
observed to penetrate the cladding of ATR fuel elements 
and release fuel and fission products to the reactor 
coolantlOJlJ2 

The pits produced in the cladding of ATR fuel plates 
during reactor operation are elongated in the direction of 
the water flow.11*12 These pits have been observed to 
penetrate the thickness of the fuel plate cladding, and the 
fuel meat appears to have been removed from under these 
small holes into the flowing coolant water. Post irradiation 
examinations of ATR12 reactor fuel elements have 
indicated that the fuel material 'washes out' through 
pinholes created by pit corrosion penetration of the 
cladding. 

Pinholes observed and studied in two ATR fuel 
plates12 were located approximately 74 cm from the top of 
the plates and 1.1 and 1.8 cm from one side. Both fuel 
plates had been irradiated to about 1 . 8 ~ 1 0 ~ ~  fissions/m3, 
76% of the design limit, in the ATR. Each plate had only 

one pinhole through the cladding on the convex side. It is 
interesting to note that soak tests performed on these 
plates, used to indicate leakage of fission products, did not 
indicate the existence of the pinholes. The failure occurred 
at the point along the fuel element where the axial 
temperature profile reaches its peak value. Furthermore, 
the calculated hot stripe for the fuel plate in question is 
located at 1.34 cm from the side plate of the fuel element, 
between the locations of the observed pinh01es.l~ The 
deepest corrosion pits should be found in this region of the 
fuel plates for all spent ATR fuel, and this region should 
also have seen the maximum general clad thinning due to 
in-reactor corrosion. 

According to Vinjamuri,12 one breached plate 
operated in the reactor for 19 days after fission product 
leakage into the reactor primary coolant was observed. 
This leakage was later observed to have been caused by a 
pinhole with a major diameter of 0.67 mm. Another plate 
operated for 6 days after failure, and its pinhole was 
measured to have a major diameter of 0.85 mm. A circular 
cavity approximately 1 cm diameter was found inside the 
fuel material under each pinhole undercutting the cladding. 
The ATR fuel plates that operated in the failed condition 
had an average h e a r  fuel loss rate after cladding breach of 
38 mg/day. 

The loss rate of the fuel is probably governed by the 
size of the pinhole, but it may also be governed by the 
concentration gradient in the water through the pinhole. It 
is possible that fuel loss through a pinhole would be greatly 
reduced under canal storage conditions in static water 
where the local concentration gradients are expected to be 
shallower and the temperatures are lower than in the 
reactor. Plugging of the pinhole with corrosion product 
would also be expected in static water, as found in the 
cladding of similar fuel elements.14 

An investigation of leaking ATR fuel elements 
revealed that elements with confirmed leaks had burnups 
within 80% of their design limit and had been underwater 
at least 23 months.15 Burnup was found to be more 
important than time underwater. In any case, the lone- 0 term 
fission product and fissile material containment potential 
of the fuel elements at the end of their operating life is 
neither well known nor can it be accurately predicted. 

JII. CORROSION DURING UNDERWATER STORAGE 

Corrosion of spent ATR and similar fuel elements is 
known to be occurring as they set under water in various 
storage facilities around the country. A digitized video 
image of the top of a typical spent ATR fuel element 
currently stored underwater in ICPP-603 FSF is presented 
in Figure 1. This image reveals that significant corrosion 
of the fuel element components has already occurred in 
this environment. Some of the corrosion product was 
washed away prior to recording the image. This image 
was captured from a cursory video record, and the storage 
inventory records indicate that this particular fuel element 
was placed in storage at ICPP-603 FSF in December of 



1985. The condition of the fuel plates inside the fuel 
element structure cannot be deduced from these images. 

All spent ATR fuel elements stored in ICPP-603 FSF 
have mechanical damage to the top end of the fuel plates, 
like that seen in the lower right-hand comer of the view in 
Figure 1. This damage results from the use of a bayonet 
device that is wedged between the plates for lifting the 
element. The deformed regions of the plates generally 
show heavier corrosion product buildup than the adjacent 
undeformed regions, as illustrated in Figure 1. 

Pitting corrosion of spent ATR fuel elements can 
cause the cladding to breach long before general surface 
corrosion causes loss of containment integrity. Localized 
or pitting corrosion is seen in aluminum that is immersed 
in water, both static and flowing, and the process can be 
accelerated by the presence of impurities in the water, such 
as copper, lead, mercury, nickel and tin, plus galvanic 
coupling between less chemically active metallic materials 
such as stainless steel.16 

Corrosion studies on irradiated aluminum clad 
nuclear fuel and isotope production targets stored under 
water15 indicated that pits could penetrate the cladding 
(0.76 mm thick) of 8001 aluminum clad fuel alloy within 
45 days and 1100 aluminum clad target alloy in 107 to 182 
days when these components were stored in the low purity 
waters of an unlined-concrete, disassembly basin at 

temperatures of 313 K or less. The corrosion pit densities 
on the surface of the 1100 aluminum were measured to be 
0.125 pits/cm2, while for the 8001 aluminum had only 0.01 
pits/cm2. 

Caskey17 summarized the effects of various water 
purity parameters on the corrosion of aluminum clad fuels 
and targets stored underwater. High water conductivity 
and chloride concentrations indicated that waters in the P, 
K, and L reactor disassembly basins at the Savannah River 
Site, which are unlined concrete basins, were generally 
corrosive to aluminum, including being conducive to the 
propagation of pitting corrosion. This was in contrast to 
the observation that pitting corrosion had not been found 
on aluminum cladding after 3800 days of storage in RBOF, 
an epoxy lined basin with a stainless steel floor and good 
water quality maintenance capability. Galvanic attack was 
also not observed in the RBOF environment. 

The ATR storage canal is lined with seal welded 
stainless steel sheet3 and the canal water is continuously 
recirculated through the TRA demineralization plant. 
Water quality has been controlled at pH values ranging 
from 5.0 to 7.0 and a conductivity (5.0 yS/cm>* Never- 
the-less, pitting corrosion of ATR fuel cladding, unrelated 
to surface contamination, has been observed to occur as a 
result of immersion in ATR canal water.19 AISO pitting 

Figure 1. Typical spent ATR fuel element stored underwater in ICPP-603 FSF for 8 years. 



corrosion of Al-6061-T6 has been seen after a 4-year 
exposure to the water in ICPP-666, a stainless steel lined 
storage pool located at the It has been reported 
that the water quality in the ICPP-666 and TRA-670 
(ATR) is as good as that maintained in the SRS RBOF 
fa~i l i ty ,~ so it is surprising that pitting corrosion has only 
been observed in ICPP-666 and TRA-670 at the INEL. 

Howell and Zapp21 concluded that the most 
important factors causing aluminum corrosion in 
disassembly basins are: high water conductivity (>130 
pS/cm); basin water chemistry (ppm C1- vs. ppb); sludge 
(source of concentration of corrosive ions, e.g. Fe*, Cl-); 
galvanic couples between stainless steel and aluminum- 
clad and couples between different aluminum alloys; 
scratches and dents in protective oxide coatings; and 
relatively stagnant water. Their observations on the 
corrosion behavior in the SRS basins indicate that galvanic 
corrosion is occuning much as expected. Aluminum was 
observed to be sacrificial to stainless steel, 8001 alyninum 
is sacrificial to Al-6063, and Al-6061 is sacrificial to 1100 
aluminum. All of these alloys are found in SRS storage 
basins. 

When corrosion pits have penetrated the fuel 
cladding, corrosion of the fuel particles can proceed. 
Corrosion of UAlx-Al composites in water and air was 
reviewed by Caskey.19 Corrosion experiments at SRS in 
563 K water for 60 days indicated corrosion rates for 
UAlx-AI about twice that of 8001 aluminum. It is difficult 
to make a comparison between the corrosion of irradiated 
UAlx-Al composites in static and flowing water with the 
limited data currently available. 

The kinetics of corrosion pit penetration of 6061 
aluminum alloy fuel cladding have been studied for ATR- 
type fuel plates under both reactor operation and 
underwater storage conditions.1° The plot presented in 
Figure 1 below was derived from tabular data found for the 
maximum pitting deepening rates as a function of 
temperature. Vinjamuri's datal2 is included in this plot. 
The following Ahrrenius relation fits, with an r2 of 0.99, 

. the temperature (T in kelvins) dependence of the pit- 
deepening-rate in ATR-like water quality and environment: 

Pit deepening rate ( d s )  = 2 . 5 3 ~ 1 0 ~ ~  exp[-2898.5/Tl. 

The Savannah River Site (SRS) data for pit corrosion 
penetration of fuel and target cladding in storage basins22 
are also plotted in Figure 2 for comparison. The higher pit 
penetration rates caused by lower water quality are 
graphically indicated in this plot. Neither irradiation flux, 
heat flux, fuel bumup, nor water pH were examined as 
parameters in either study. 

If the corrosion rate is steady over time and is 
accurately predicted by the equation presented above, the 
cladding for the average spent ATR fuel element is 
expected to be penetrated by a corrosion pit after about 
seven years of storage underwater with a cladding surface 
temperature of 302 K. This suggests that the spent ATR 
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fuel element seen in Figure 1 has corrosion pits that have 
breached the cladding. 
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Figure 2. Temperature variation of the maximum pit 
deepening rate in .aluminum cladding on 
irradiated fuel and targets caused by exposure 
to water. 

The data in both Figures 1 and 2 suggest that the 
remaining containment life in spent ATR fuel cladding is 
less than might be expected because the cladding has been 
thinned or pitted during reactor operation, especially in the 
hottest regions of the fuel plate. There is also a small 
fraction (at least 0.5%) of the fuel elements expelled from 
the ATR that are known to be leaking fission products 
when sent to the ICPP storage facilities. Also, there are 
probably a significant number of fuel elements delivered to 
the ICPP for storage and reprocessing that were not leaking 
when removed from the reactor but have small pimple-like 
surface defects on the fuel plates23 that can become 
leakage points within a short period of time. 

IV. THERMAL DEHYDRATION OF SPENT FUEL 
ELEMENTS 

Forced thermal dehydration is being considered as a 
means for reducing or eliminating further corrosion of the 
spent ATR fuel elements during long-term dry storage. 
Prior to dehydration, water washing of the spent fuel 
elements is also being considered to remove loose 
aluminum hydroxides and foreign materials. The thermal 
dehydration process for the aluminum corrosion products 
expected to be found on the surfaces of spent ATR fuel 
elements currently stored in ICPP-603 FSF is presented 
diagrammatically in Figure 3. This diagram, which is 
extracted from a more detailed diagram found in the 
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Figure 3. Transformation sequence of the ideal corrosion products expected to be present on the surface of spent ATR fuel 
elements that have been stored in canals such as ICPP-603 FSF. 

literature,24 represents the transformation sequence from 
the various forms of Al(OH)3 to the various AI203 forms 
as a function of temperature. It is anticipated that the 
thermal dehydration of previously wet-stored, spent ATR 
fuel elements will have a direct effect on their corrosion 
behavior during long-term dry storage. 

Alwitt4 points out that chemical equilibrium is 
difficult to achieve in reactions involving the formation of 
the various hydrated oxides of aluminum, and the 
dehydration reaction products are always the most 
kinetically accessible phases. The resultant products will 
depend on such parameters as the vapor phase 
composition, heating rate, temperature, and particle size 
and purity of the original corrosion product. 

The data, graphically represented in Figure 3, indicate 
that loosely bound water starts to evolve from the surface 
of water-corroded aluminum at about 400 K. The 
dehydration of bayerite to form pseudobohmite and 
ultimately bohmite does not start, even in a vacuum, until 
the film is heated above 443 K. Bayerite can be 
completely dehydrated to q-Al2O3, a spinel alumina 
structure, at about 500 K, while pseudobohmite can be 
transformed to y-Al2O3, another spinel alumina structure, 
at temperatures as low as 623 K. y-Al203 is also the 
crystalline product of thermal oxidation of aluminum metal 
in the temperature range 723 to 873 K, but it contains 
water in its lattice. Much higher temperatures (>1300 K) 
are required to form the completely anhydrous corundum 
sbucture of alumina, a-Al2O3. 

Estimates of the dehydration behavior of corrosion 
products found at cladding breaches are not presented 
because neither the nature nor the composition of these 

products are known at this point. One should expect these 
corrosion products to be a mixture of hydrates of uranium 
oxide and fission product oxides, and they are also 
expected to contain most of the insoluble or inert solid 
fission products. 

Cladding breaches caused by drying of water-logged 
fuel elements should be expected, and the resulting damage 
should be expected to affect the corrosion behavior of the 
elements during dry storage. Heating of the spent fuel 
elements may also cause accelerated fission gas release 
from the fuel particles that can lead to clad blistering and 
perforation. Mechanical damage resulting from handling 
associated with the drying process should also affect the 
dry storage performance. In any case, thermal drying 
processes are expected to have a profound influence on the 
corrosion behavior of the ATR fuel elements during dry 
storage. 

V. CORROSION OF DEHYDRATED SPENT ATR 
FUEL ELEMENTS 

References were not found regarding the behavior of 
spent ATR or similar fuel elements in dry storage, but 
some estimates of the long-term corrosion behavior of the 
aluminum can be derived by inference from other studies. 
Data taken from aluminum alloy samples (including Al- 
1100) exposed to the atmospheric elements for periods as 
long as 30 years indicate that, in general, aluminum 
corrodes (loses metal mass) initially at about 100 @y. 
However, after 6 months to 2 years of exposure, 
atmospheric corrosion rates of aluminum alloys drop 
below 3 @y in seacoast environments to as low as 0.8 
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p d y  in arid climates. These slower, long-term corrosion 
rates have been observed for periods up to 30 years.17 

The corrosion of spent ATR fuel elements in dry 
storage conditions will depend on such parameters as the 
integrity of the cladding, surface temperature, cover gas 
composition, availability of oxygen to the surface, 
corrosion product composition and quantity remaining on 
the fuel element surfaces, and storage container materials. 
If the spent fuel is to be stored in a tightly sealed container, 
it is highly unlikely that the atmosphere over the stored 
fuel element will be completely dry even after the fuel has 
gone through a thermal drying process, so the corrosion 
mechanism is expected to be similar to that found in humid 
environments at least until all available water is consumed. 

A bounding mechanism for corrosion of thermally 
dried spent fuel elements in dry storage might involve a 
slow conversion of the bohmite or pseudobohmite left over 
after drying to an anhydrous alumina according to the 
following reaction: 6Al00H + 2Al + 4&03 + 3H2. 
This reaction could consume significant quantities of the . 
aluminum metal left in the spent fuel element after drying. 
Significant amounts of hydrogen could also be produced 
by this same process. This process will also be influenced 
by the availability of externally supplied reactants such as 
oxygen from a cover gas or a leak in a sealed container. In 
any case, relevant experimental data will be required to 
establish the possible corrosion mechanisms in dry storage. 
Long-term corrosion data are especially needed to define 
continuity and reliability of the model indicated in short- 
term experiments. 

VI. CONCLUSIONS AND RECOMMENDATIONS 

The data uncovered in this study indicate that a 
typical spent ATR fuel element stored in ICPP-603 FSF is 
in a degraded condition. The full extent of this degradation 
will not be known until a serious characterization effort is 
undertaken. A statistically significant sample of spent 
ATR fuel elements needs to be examined in sufficient 
detail to indicate the level and kinds of degradation that are 
present. 

It is clear that some level of n'ondestructive 
characterization of all currently stored fuel elements will 
be required, as recommended in the Spent Fuel Working 
Group R e p ~ r t , ~  before these fuel elements can be dried and 
placed in dry storage. The characterization of the fuel 
elements as they currently stand will have to answer, at a 
minimum, the following: 

1) Is the cladding confining the fissile and fission 
product isotopes? 

2) How much water is physically or chemically 
attached to the fuel element surfaces after drip 

3) Can the fuel element be handled prior to or after dry 
storage without loss of fissile and radioactive fission 
product isotopes? 

drying? 

4) How much fissile material is left in each fuel 
element? 

Non-destructive characterization of spent ATR fuel 
elements destined for dry storage should, at least, bound 
the answers to these questions. 

The literature leads us to conclude that the aluminum 
cladding of a typical spent ATR fuel element is pitted and 
thinned by corrosion, especially in those locations on the 
fuel plates that operated at the highest temperatures in the 
reactor. Because much of the corrosion is expected to have 
occurred during reactor operation, spent fuel elements 
should be considered to be in a degraded condition 
regardless of the underwater storage facility and the time in 
storage. Because of the age of the spent ATR fuel 
elements stored in ICPP-603 FSF, extrapolation of the pit . 
penetration data indicates there is a high probability that 
corrosion pits have penetrated the cladding of many fuel 
plates. Both the poor water quality found in ICPP-603 FSF 
and the mechanical damage already imposed on each spent 
ATR fuel element stored there further increases the 
probability of breached cladding in those fuel elements that 
are to be placed in dry storage. The initial corrosion 
should be less for the spent ATR fuel elements stored in 

Data found in the literature indicate that thermal 
dehydration of the corrosion products found on the surface 
of aluminum corroded in water will not produce anhydrous 
alumina in practical fuel treatment times unless heated to 
temperatures in excess of about 750 K. Any residual 
water, be it free or bound to the corrosion product, will be 
available to react with aluminum metal during dry storage 
of the fuel element during the anticipated 50 years of 
interim storage. 

Forced thermal dehydration of corroded spent ATR 
fuel elements is also expected to be a potentially damaging 
process due to the potential for further degradation and loss 
of radioactive fission products and fissile materials. Both 
the additional handling and the thermal treatment could 
cause additional fuel element degradation. A drying 
process will have to be developed based on trade-offs 
between the benefits of additional drying and further 
degradation of long-term fission product and fissile 
material retention capabilities of the cladding. The four 
questions posed previously will have to be addressed for 
each fuel element after it is dried and readied for storage. 
In addition, it may be necessary to define the potential 
problems derived from reintroducing force-dried elements 
into underwater storage at least with respect to degradation 
of corrosion resistance. 

Data on the corrosion behavior of spent ATR fuel 
elements were not found for the anticipated dry storage 
environment. Dry storage behavior of spent ATR fuel 
elements cannot be predicted with confidence at this 
juncture, and a practical dry storage temperature limit will 
require additional research, including experiments with 
actual spent ATR fuel elements in varying states of 
disintegration. The published long-term data suggests that 
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aluminum corrosion rates in air drop by as much as a factor 
of 100 after periods from 6 months to 2 years, so it is 
recommended that dry storage tests or demonstrations for 
spent ATR fuel elements should include samples that 
continue in test for periods longer than two years. 
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