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SUMMARY 

The Idaho National Engineering Laboratory (INEL) currently stores a wide 
variety of spent nuclear fuel. Most of the fuel was originally intended to be stored 
underwater for a short period of thermal cooling, then removed and reprocessed. 
However, due to the political constraints prohibiting reprocessing, the fuel has been 
stored underwater for much longer than originally anticipated. During water 
storage, dust and airborne desert soil have entered the oldest INEL pool at the Idaho 
Chemical Processing Plant (ICPP-603), accumulating on the fuel. Also, the 
aluminum fuel cladding or containment is corroding, compromising fuel storage 
configurations. Plans are now underway to move some of the more vulnerable 
aluminum plate type fuels and other fuel types into dry storage. Various types of 
damaged aluminum fuel from the ICPP-603 basin will be repackaged in stainless 
steel canisters. This canister material is then the barrier and could be susceptible to 
corrosion damage from the interior and exterior environments. 

Nonradioactive (cold) experiments have been set up in ICPP-1634, and 
radioactive (hot) experiments have been set up in the Irradiated Fuel Storage Facility 
(IFSF) at ICPP. The objective of these experiments is to provide infomation on the 
interactions (corrosion) between the spent nuclear fuel currently stored at the ICPP 
and the dry storage canisters and containment materials in which this spent fuel will 
be stored for the next several decades. This information will be used to help select 
canister materials that will retain structural integrity over this period within 
economic, criticality, and other constraints. The two purposes for Dual Purpose 
Canisters (DPCs) are for interim storage of spent nuclear fuel and for shipment to 
a final geological repository. Information on how corrosion products, sediments, 
and degraded spent nuclear fuel may corrode DPCs will be required before the 
DPCs will be allowed to be shipped out of the State of Idaho. The information will 
also be required by the Nuclear Regulatory Commission (NRC) to support the 
licensing of DPCs. 

The rates of canister degradation expected to adversely affect the performance 
of the container for a period of 50 to 100 years will be established. The corrosion 
experiments will be used to determine the most likely degradation mechanisms that 
can aff-wt the fuel canisters in a vented andor seaIed dry moduiar storage system. 
Nonradioactive experiments will provide benchmark data for comparisons with the 
radioactive experiments. These data can be used to determine if radioactively hot 
environments accelerate certain degradation mechanism. The IFSF at ICPP was 
selected as the location for the radioactive experiments because the gamma dose 
levels are typical of those that will occur in DPCs. 

Baseline values for the corrosion products to be introduced into the canisters 
have been established. Some important baseline values have been achieved through 
interfacing with results from a corroded fuel drylng study (Lords et a1 1996). An 
appropriate test matrix has been established for the experiments to yield the 
maximum amount of data on the canister materials. The typical and worst 
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(bounding) cases of spent nuclear fuel to be transferred fiom wet storage into vented 
dry storage are examined in these experiments. 

Stainless steels 304L and 316L are the most likely materials for dry interim 
storage canisters. Welded stainless steel coupons are used to represent the canisters 
in both hot and cold experiments. An experimental sludge mix, based on the results 
of a chemical evaluation of the desert soil as a source of airborne particulates, along 
with the corrosion products found in the basin, is the medium in which the coupons 
are submerged. The sludge is contained in plastic coated glass jars. The stainless 
steel coupons are immersed in two types of this sludge. Experiment mixture #1 is 
a general mixture of clay-like materials and aluminum oxide. Experiment mixture 
#2 is Mixture #1 along with various anions and cations that were identified within 
the composition of the sludge in ICPP-603. Some of these jars are at room 
temperature, some are heated to 80°C, and some are being irradiated. Some jars are 
vented while others are not. To provide-a good statistical data base, four jars that 
each contain one coupon have been included for each separate set of conditions. 

Microbes currently exist in the ICPP-603 and ICPP-666 fuel storage basins. 
We included these microbes in our experiments to determine if they can survive in 
the various environments. Coupons will occasionally be removed from the clay 
mixtures and inspected for microbes and microbially influenced corrosion (MIC). 
If microbes appear to be causing corrosion, additional experiments could be 
conducted to codurn this. 

Radioactive experiments are being conducted as extensions of the 
nonradioactive experiments. Metal coupons have been introduced into a gamma 
field above stored spent nuclear fuel in the IFSF. These stainless steel (SS) 
specimens were placed into the gamma radiation by being stored inside a tray 
fashioned so that it fits atop the storage facility between the IFSF canister lids. We 
fabricated trays that each contain 9 plastic-coated jars. High and low range 
radiochromic film strips located in each tray are being used to measure the gamma 
radiation dose. A thermometer is mounted on the side of each tray to measure the 
maximum and minimum temperatures. So far, two trays have been lowered by 
crane into the IFSF to rest above the most radioactive spent fuel canisters. The trays 
and their contents will be removed periodically and examined. 

If the stainless steel coupons corrode over a period of time, the identification 
of the corrosion mechanism will make it easier to deal with the situation in an 
expedient and cost efficient manner. However, we do not expect much corrosion 
of the stainless steel coupons used in our experiments. If that is the case, our 
experiments will demonstrate to the NRC, others, and ourselves that canisters made 
with SS-304L or SS-3 16L will be reliable for the dry storage of spent nuclear fuel 
over decades and even centuries. 
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Corrosion Experiments on Stainless Steels Used 
in Dry Storage Canisters of Spent Nuclear Fuel 

1. EXPERIMENT OBJECTIVE 

The experiment objective is to provide information on the interactions (corrosion) between the spent 
nuclear fuel currently stored at the Idaho Chemical Processing Plant (ICPP) and the dry storage canisters 
and containment materials in which this spent fuel will be stored for the next several decades. This 
information will be used to help select canister materials that will retain structural integrity over this 
period within economic, criticality, and other constraints. The two purposes for Dual Purpose Canisters 
@Pes) are for interim storage of spent nuclear fuel and for shipment to a final geological waste 
repository. Momtion  on how corrosion products, sediments, and degraded spent nuclear fuel may 
corrode DPCs will be required before the DPCs will be allowed to be shipped out of the State of Idaho. 
The information on the material interactions will be needed to confirm that the DPCs can be safely moved 
out of the State of Idaho. The information wiII also be required by the Nuclear Regulatory Commission 
(NRC) to support the licensing of DPCs. 

Nonradioactive (cold) experiments have been set up in ICPP-1634, and radioactive (hot) 
experiments have been set up in the Irradiated Fuel Storage Facility (IFSF). The cold experiments will 
provide benchmark data for comparisons with the hot experiments. This information is needed to 
determine if radioactively hot environments accelerate certain degradation mechanisms. The hot 
experiments have been designed to have minimal impact on IFSF operation. 



2. INTRODUCTION 

The Idaho National Engineering Laboratory (INEL) currently stores a wide variety of spent nuclear 
fuel. Most of the fuel was originally intended to be stored underwater for a short period of thermal 
ccoling, then removed and reprocessed. However, due to the political constraints prohibiting 
reprocessing, the fuel has been stored underwater for much longer than originally anticipated. During 
wi&r storage, dust and airborne desert soil have entered the oldest MEL pool (ICPP-603), accumulating 
on the fuel. Also, the aluminum fuel cladding or containment is corroding, compromising fuel storage 
colnfigurations. Plans are now underway to move some of the more vulnerable aluminum plate type fuels 
and other fuel types into dry storage. Various types of damaged aluminum fuel from the ICPP-603 basin 
will be repackaged in canisters. This canister material is then the barrier and could be susceptible to 
corrosion damage from the interior and exterior environments. 

Observation of the ICPP-603 fie1 storage basin environment and pool sludge indicates that the 
actual material on the fuel is a combination of components rather than pure aluminum corrosion product. 
Elemental analysis of corrosion on the aluminum coupon exposed to ICPP-603 basin water supports this 
asessment. Airborne dust and silt blown into the ICPP-603 facility from the desert drifts and settles into 
the open cooling channels in the fuel, forming a mixed deposit of sediment and aluminum oxide. 

In the past the ICPP-603 basin experienced an algae bloom due to the desert dust, which severely 
recluced water clarity. The algae problem was treated with a biocide, which aggravated the fuel cladding 
c01-rosion problem due to the introduction of high chloride levels. The result was severe pitting of 
aluminum &el cladding, with complete penetration in some cases. The water chemistry also caused 
excessive corrosion of carbon steel fuel storage devices such as storage hangers. 

Residual moisture contained within hydrated corrosiodsediment products between the aluminum 
clad fuel plates may be difficult to remove using normal drylng practices. Any remaining moisture may 
lead to additional degradation of the fuel and canister materials. 

The worst canister corrosion is expected to occur where saturated corrosion products fall fiom 
aluminum clad fuel and press against welds located on the bottom of the canister, as shown in Figure 1. 

condition has been simulated by placing stainless steel coupons containing butt welds into various 
mixtures of sediment and corrosion products, as shown in Figures 2 and 3. These mixtures of hydrated 
aluminum oxide and clays were used to model the aluminum corrosion products and sediments expected 
in these aluminum-clad fie1 types. 

Material interaction studies are being conducted to determine some of the degradation mechanisms 
for spent nuclear fuel container inserts in a dry modular storage system. These tests will demonstrate the 
effkcts of water and potential reactants introduced into the container during loading and subsequent 
storage of spent nuclear fuel. Some of the degradation mechanisms that may be investigated include: 

1. 

2. 

General and pitting corrosion of the container material and weidment 

Environmentally Assisted Cracking (EAC) and other cracking mechanisms 
(e.g. hydrogen embrittlement) 

2 



Cross section view of SS canister containing SNF 
for dry storage. Sludge has fallen into bottom and 
is now in contact with heat sensitized area of weld. 

/- 

Sensitized area 
caused by weld heat 

Figure 1. A piece of wet sludge shown making contact with weld area of SS canister in dry storage. 
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Glass jar with 
plastisol coating 

Teflon tape /- for anchor 

-Sludge mixture 
Number 1 or 
Number 2 

Figure 2. Schematic of a stainless steel coupon immersed in a clay mixture contained in a pint jar. 
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C275-WHT-896-03 

Figure 3. Photograph of a stainless steel coupon being immersed in simulated corrosion product 
number 1. 

5 



3. Microbially Influenced Corrosion (MIC). 

The rates of canister degradation expected to adversely affect the performance of the container for a 
period of 50 to 100 years will be established. The material interaction studies will be used to determine the 
most likely degradation mechanisms that can affect the he1 canisters in a vented and/or sealed dry modular 
storage system. Nonradioactive experiments will provide benchmark data for comparisons with the 
radioactive experiments. These data can be used to determine if radioactively hot environments accelerate 
certain degradation mechanisms. The IFSF at ICPP on the INEL was selected as the location for the 
miiwtive experiments because the gamma dose levels are typical of those that will occur in DPCs. 

Baseline values for the corrosion products to be introduced into the canisters have been established. 
Solme important baseline values have been achieved through interfacing with results from a corroded fuel 
drying study (Lords et al1996). An appropriate test matrix has been established for the experiments to yield 
the maximum amount of data on the canister materials. The typical and worst (bounding) cases of spent 
nulclear fuel to be transferred from wet storage into vented dry storage are examined in these experiments. 

The material interaction test program has been broken into several phases. Only Phase 1, the 
eqeriments that have been set up in 1996, has been clearly defmed. This includes setting up nonradioactive 
and radioactive experiments as documented in this report. Test plans for material interaction experiments in 
n d o a c t i v e  and radioactive environments were developed and the experiments have been set up. 

Phase 1 

Initial radioactive and nonradioactive tests are being conducted to obtain general corrosion rates of 
stainless steels 304L and 3 16L exposed to environments typical (and worst case) of aluminum clad 
spent nuclear fuel that has been previously stored in water, then transferred to dry, vented storage 
areas. These tests also demonstrate the feasibility for conducting future tests in a radioactive 
environment. 

Phiase 2 

Radioactive and nonradioactive tests will be conducted on a variety of materials (possibly carbon steel 
and aluminum) in a variety of environments. The lessons learned from Phase 1 will be applied to this 
test sequence. We anticipate that localized corrosion phenomena such as pitting corrosion, EAC, and 
MIC will be studied in this phase. In this phase we may also put metal coupons inside IFSF canisters 
or hot cells at different locations. 

~ 

Phase 3 

Based on the results of Phases 1 and 2, we may recommend a variety of items. A corrosion monitoring 
plan could be established. Experiments could be conducted in sealed, pressurized (perhaps in an inert 
gas) vessels to examine how sealed DPCs corrode. Materials such as borated stainless steel could be 
tested for corrosion in environments expected in a frnal geological repository. 
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3. EXPERIMENT OVERVIEW 

Nonradioactive ("cold") and radioactive ("hot") experiments have been set up. These experiments 
will investigate on the possible corrosive action on stainless steel of airborne particulate matter that has 
settled as a sludge in the storage basin at the ICPP-603. Particular attention has been paid to the 
composition of the sludge, corrosion products of spent nuclear &el (SNF), chemicals added to storage 
water that inhibit microbial growth, stainless steel types, and sensitized areas around the canister welds. 
Experimental results are expected to provide information by which we will be able to avoid using an 
unsuitable material or using a more expensive material than required. 

Radioactive experiments are being conducted as extensions of the nonradioactive experiments. 
Metal coupons have been introduced into a gamma field above stored SNF in the IFSF. These stainless 
steel (SS) specimens were placed into the gamma radiation by being stored inside a tray fashioned so that 
it fits atop the storage facility between the IFSF canister lids. Dosimeter measurements will be made so 
that quantitative gamma field levels can be monitored. 

The experimental conditions parallel typical and worst case scenarios located in and around the 
storage canisters containing spent nuclear fuel fiom ICPP-603. Welded stainless steel coupons are used 
to represent the canisters in both hot and cold experiments. An experimental sludge mix, based on the 
results of a chemical evaluation of the desert soil as a source of airborne particulates, along with the 
corrosion products found in the basin, is the medium in which the coupons are submerged. The sludge is 
contained in plastic coated glass jars, as shown in Figures 2 and 3. The stainless steel (welded 304L and 
3 16L) coupons are h e r s d  in two types of this sludge. Experiment mixture #1 is a general mixture of 
clay-like materials and aluminum oxide. Experiment mixture #2 is Mixture # 1 , along with various anions 
and cations that were identified within the composition of the sludge in ICPP-603. Some of these plastic 
coated bottles are at room temperature, some are heated to 80°C, and some are being irradiated. Some 
jars are vented while others are not. The coupons are positional stabilized by a length of Teflon tape that 
is tied around each one. If these coupons develop corrosion characteristics over a period of time, the 
identification of the corrosion mechanism will make it easier to deal with the situation in an expedient and 
cost efficient manner. 
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4. EXPERIMENT REQUIREMENTS ' 

1. Follow the American Society of Testing and Materials guide, ASTM G 1-88, "Standard Practice for 
Preparing, Cleaning, and Evaluating Corrosion Test Specimens," June, 1988. 

2. Follow ASTM G 3 1-72, "Standard Practice for Laboratory Immersion Corrosion Testing of 
Metals," 1985. 

3,  Follow C. V. Mchtyre letter CVM- 17-9 1 to R E. Mizia, "Updated Operating Instructions for 
Corrosion Experiments," November 19,199 1. 

4. Follow C. V. Shelton-Davis letter CVSD-15-92 to Br C. Norby, "Run Plan for Corrosion 
Experiments," October 26,1992. 

5.  Fill out wzNC0-5234X (10/94), "Waste Stream Approval Form," and receive approval. 

6. Fill out WDJC0-5630X (9/93), "Experimental Facility Safety & Hazard Checklist," and receive 
approval. 
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5. EXPERIMENT ASSUMPTIONS 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

Interactions with and corrosion of canister materials will be studied, not fuel integrity, degradation, 
or retrievability. 

Interactions between different fuel types will not be examined. 

Trace elements such as uranium and fission products will not be included in the experiments 
because they are not expected to influence the corrosion rates. 

Stainless steel coupons will be placed in a water saturated, simulated corrosion product clay to 
represent the most corrosive condition (highest water content). 

All stainless steel coupons will be butt welded, then finished to a uniform 120 grit finish. 

Adequate facilities are available at ICPP to conduct the radioactive experiments, and the facility 
managers will allow these experiments to be conducted. 

Additional funding will be required in 1997 and beyond to complete both the hot and cold 
experiments. 

Four coupons per experiment will provide adequate statistics for the coupon mass measurements 
(weight loss over time and, hence, corrosion rates). 

Coupons can be reused within the same experiment after being cleaned of corrosion products and 
weighed. 



6. EXPERIMENT SETUP 

The highest priority canister materials being tested first are the following stainless steels (SS): 304L 
amid 3 16L. Only a few materials have been selected now for testing because of funding and schedule 
ccinstraints. It is important to test the materials that have the highest probability for being used as storage 
cointainers of fuel transferred from the ICPP-603 pool. SS-304L is the material currently being 
considered for fuel canning station canisters placed in the Irradiated Fuel Storage Facility at ICPP. SS- 
304L and SS-3 16L are the most likely materials for dry interim storage canisters over the next several 
dedes.  The current carbon steel canisters in the IFSF contain dry fuel that has not been in the ICPP-603 
peal; therefore, the canisters are not liely to corrode on the inside - Five carbon steel coupons were 
fastened on the outside of the two corrosion trays placed in the IFSF. This will help determine the 
corrosion rate of carbon steel in the air within the IFSF. Aluminum may be used for some IFSF canisters, 
so four A1-606 1 coupons were included in the radioactive experiments. 

Each SS-304L coupon contains a butt weld made with weld rod material ER-308L. Each SS-316L 
coupon contains a butt weld made with weld rod material ER-3 16L. This will allow us to see if the welds 
or heat affkcted zones corrode faster than the base coupon material. The coupons all have standard 120 
gnit finishes placed after welding to allow smoother microscopic inspection of the coupons during post- 
test evaluation. 

A mixture of clays, aluminum oxide, and water was determined to be a reasonable representation of 
the actual deposit expected in the plate fuels (Lords et a1 1996). This mixture also creates a product that 
has improved experimental properties, with the clay acting as a binder for the aluminum oxide powder. 
Thus mixture was developed to parallel the INEL soil analysis, with measured amounts of boehmite 
(aluminum oxide) added to represent the corrosion product on aluminum-clad fuels. Table 1 shows the 
nominal weight percent and measured masses of the materials used in the simulated corrosion product 
mixture number 1. Commercially available bentonite can be used in place of montmorillonite, the 
dominant constituent in INEL soils. Bentonite is composed mostly of montmorillonite and typically 
includes some of the illite and kaolinite also present in soils at the INEL. Water was blended with the dry 
mixture to produce a thin putty. This saturated clay mixture provides the maximum moisture expected in 
a dlry storage environment, modeling a "worst case" corrosion environment. 

Table 1. Composition of simulated corrosion product mixture number 1. 

NOMINAL MASS (Yo) MEASURED MASS (Kg) - 
- Compound Dry Wet "Cold Test" "Hot Test" 

Bentonite 31 7.75 1.39 0.834 

KOalinite 27 6.75 1.21 0.726 

Boehmite 42 10.50 1.88 1.129 

Water -- 75.00 13 -40 8.070 

- Total 100 100 17.88 10.759 - 

= 
- 
- 
- 
- 
- 
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To determine the appropriate amount of water to add, we made a batch of simulated corrosion 
product mixture number 1. The density of the dry mixture is about 0.66 g/cc. We placed this dry mixture 
in several different beakers, then added water to each beaker. The water content ranged from 60 to 80 
weight percent. These wet mixtures were then allowed to stand for 24 hours and firm up. A stainless 
steel coupon inserted in mixtures with water contents of 75% or less will remain standing. The coupons 
will fall over in mixtures with water content greater than 77.5%. All nonradioactive experiments use 75% 
water by weight to allow more water in the mixture (which may help produce higher corrosion rates). 
The density of this wet mixture is about 1.1 g/cc. 

Two to three weeks after making these wet mixtures, we examined the beakers, which were left 
open. A large hction of the water had evaporated, causing the clay mixtures to shrink. The clay pulled 
away fiom the sides of the beakers in some locations. Therefore, ample clay mixture was added above 
and around the stainless steel coupons to ensure that the coupon remains mostly covered if the mixture 
drys out. 

To form clay mixture number 2, additional elements were added to clay mixture number 1 to 
represent other materials currently present in the sludge at the bottom of the ICPP-603 pool. The 
elements and compounds include iron, calcium, zinc, chloride, nitrate, and sulfate. Table 2 shows the 
measured masses and weight percents of the materials used in the simulated corrosion product mixture 
number 2. The sludge is representative of the composition that may exist between the spent fuel plates. 
These sludge and corrosion products may not be completely removed when the fuel is dried and 
transferred into dry storage. Only the elements with reasonably high concentrations in the sludge, or with 
an expected impact on the stainless steel (such as chloride) are included in clay mixture number 2. A few 
days after mixing clay mixture number 2 for the cold test, a 1 cm layer of clear liquid formed on top of 
the sludge. To avoid this in the radioactive test, for safety reasons, we reduced the amount of water in 
clay mixture number 2. 

Table 2. Composition of simulated corrosion product mixture number 2 (measured). 

I "C0LD"TESTMASS I "HOT" TEST MASS I 
Compound I (Ye) I (Kg) I (YO) I (Kg) 

I 
0.726 

Bentonite 7.593 1.39 10.495 

Koalinite 6.610 1.21 9.136 
~ ~~~~ ~~ ~ ~ 

Boehmite 10.269 1.88 14.220 1.130 

Water 73.207 13.402 62.919 * 5.000 

Zn(N03>, 6H20 0.028 0.005 1 0.039 0.0031 

NaCl 0.040 0.0074 0.055 0.0044 

Fe(N0,X 9H20 0.442 0.081 0.613 0.0487 

F%03 1.655 0.303 2.303 0.183 

ZnO 0.142 0.026 0.200 0.0159 

caso, I 0.014 I 0.0026 I 0.020 1 0.0016 11 
I Total 100.000 18.3071 I 100.000 I 7.9467 

~ ~~ 
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* The water content in the hot test is reduced in this mixture to achieve a thicker consistency so that 
the sludge will not nm out of the jars if tipped over. The dry mass percents are the same for both 
tests. 

Figure 4 shows the authors of this report preparing the simulated corrosion product mixtures for the 
ntmadioactive experiments. Section 8.0 presents the procedure for the makeup of the test mixtures used 
in both the hot and cold material interaction experiments. Section 9.0 presents the technical bases for the 
makeup procedure of the test mixtures. 

Microbes currently exist in the ICPP-603 and ICPP-666 fuel storage basins. We included these 
microbes in our experiments to determine if they can survive in the various environments. Coupons wiiI 
ocxasionally be removed fiom the clay mixtures and inspected for microbes and Microbially Influenced 
Cmosion (MIC). If microbes appear to be causing corrosion, additional experiments could be conducted 
to con€irm this. To get the microbes into our experiments, we used basin makeup water. This water 
wmes from the well system, and then is processed and sent to the makeup tank, which is a service tank 
for storage for the basin. The water contains the organisms that probably are the majority of the 
organisms in the basin. We may examine coupons in sterile mixtures and compare these coupons with 
those from our unsterile experiments. 

6*1 Nonradioactive Experiments 

Some of the nonradioactive experiments are sealed and some are open (vented). The sealed 
experiments represent the worst case environments where water remains present in the dry storage 
canisters. The open experiments represent the more realistic environment that exists in vented dry storage 
areas such as the IFSF. 

For the nonradioactive experiments, the stainless steel coupons and clay mixtures are being kept at 
two different temperatures, 2OoC and 8OoC, to determine the affect of temperature on the corrosion rates. 
This temperature range is representative of what might occur in the corrosion products at the bottom of a 
airy storage canister. The 8OoC temperature is being maintained by placing the experiment jars in a dry 
OVIrn. 

Table 3 presents the 16 different nonradioactive material interaction experiments that are being 
coiiducted. Four coupons have been included for each experiment, with one coupon in each jar. This will 
provide a good statistical base. Table 4 lists the coupon masses, surface areas, environments, and jar 
numbers for the nonradioactive experiments. 

6.2 Radioactive Experiments 

J Table 5 presents the 4 different radioactive material interaction experiments on stainless steels that 
have been inserted into the IFSF. Four coupons have been included for each experiment. Thus, 16 jars 
are needed, with one coupon per jar. Because we had positions available for 2 extra jars, and because we 
needed to keep the corrosion trays balanced, two A1-6061 coupons were placed in each of the two extra 
jm. Some coupons could be left in the clay mixtures for several years. In addition, five carbon steel 
coupons were fastened on the outside of the two corrosion trays placed in the IFSF. Table 6 lists the 
coupon masses, surface areas, environments and jar numbers for the radioactive experiments. 
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C275-WHT-896-04 

Figure 4. The authors of this report are shown preparing the simulated corrosion product for the 
nonradioactive experiments. 
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Tiable 3. Testing Matrix for nonradioactive material interaction experiments. 

All of the jars placed in the IFSF will be vented. In a radioactive environment, radiolytic species 
such as nitric, formic, and oxalic acids and hydrogen peroxide may be produced from radiolysis within 
the saturated clay mixtures. However, in vented canisters the majority of these species should be released 
to the air. If significant corrosion has occurred &r irradiation, the chemistry of the clay mixtures in the 
vented jars will then be analyzed for these radiolytic species. 

We fabricated two trays that each contain 9 plastic-coated glass jars. A tray design that contains 9 
jars is shown in Figure 5.  The tray also contains several strips of radiochromic film to measure the 
garnma radiation dose. The two trays have been lowered by the crane in the Irradiated Fuel Storage 
Facility to rest between the lids of the most radioactive spent fuel canisters (those containing fuel from the 
Fort St. Vrain reactor), as shown in Figure 6. Thus, the tray and its jars can easily be removed by crane 
periodically and examined. This is much cheaper and more flexible than trying to place coupons within 
the IFSF canisters. In addition, the gamma flux on top of the canister is only 10-30% lower than the flux 
inside the canister. 
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Table 4. Coupon mass, surface area, environment, and location for the nonradioactive experiments. 
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Taible 4. (Continued) 
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Table 5. Testing matrix for radioactive material interaction experiments. 

Clay 
Experiment Metal Composition 

Number Coupon Type Number 

1 ss-304L 1 

2 ss-304L 2 

3 SS-3 16L 1 

4 SS-3 16L 2 

5 A1-606 1 1 

6 A1-606 1 2 

7 cs-1020 - 

]All coupons are in vented jars, placed within a gamma radiation field in the IFSF (IFSF temperature varies with 
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Figure 5. This photograph shows one of the corrosion trays and nine jars containing metal coupons 
dipped in either Mixture #1 or Mixture a. After this photo was taken, each jar was placed in a partially 
open plastic bag and reinserted into the tray. Radiochromic film was then added before placement in the 
FSE 
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Figure 6. Two trays containing a total of 18 pint size experiment jars are shown resting in the IFSF 
between lids of canisters containing spent fuel fkom the Fort St. Vrain reactor. 
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Figure 7. This close-up photograph shows a thermometer mounted on the side of a corrosion tray and 
three carbon steel coupons mounted on the top. 
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Gamma radiation dose rate calculations were performed using the MCNP Monte Carlo code. This 
calculation indicates a gamma dose rate of about 500 R/hr on top of a canister containing spent nuclear 
fuel from the Fort St. Vrain (FSV) High Temperature Gas-Cooled Reactor. In this case the gammas have 
passed through a 0.625-inch-thick canister lid. The FSV fuel provides an ample radiation dose for the 
experiment jars. The actual dose could also be lower because the FSV spent fuel has been stored for 
several years since the last dose measurements were taken. 

Two sets of radiochromic film strips were installed into each leg of each tray. Each set contained 1 
or 2 pieces of low range radiochromic film and 2 or 1 pieces of high range film (3 pieces per set). The 
calibrated range of the radiochromic film is 1000 to 200,000 rad for the low range and 500,000 to 
25,000,000 rad for the high range. The radiochromic film strips will be removed fiom the tray every few 
months, before they saturate &om the high radiation levels, and then replaced with fresh radiochromic 
film. Measurements of the gamma dose will be very useW for the experiment analysis and 
documentation. The film will measure the radiation dose fluctuation within each tray. 

It will also be useful to have temperature measurements. Temperature measurements are 
important for characterization of the corrosion and will also help determine if the radiochromic film 
temperature limits were exceeded. A thermometer was attached to each tray to determine the minimum 
and maximum temperatures experienced during the few months that the tray is in the IFSF. Figure 7 
shows a close-up of the carbon steel coupons and the thermometer mounted on the outside of the tray. 

A three-legged tray has been designed to fit between the canister lids, as shown in Figure 6. The 
tray has been designed to fit through the shuttle bin and meet other requirements specified in Section 11. 
Three jars have been placed in each leg. Two trays are adequate to conduct the first round of 
experiments. If needed, each tray could be moved to a different position as more spent fuel is loaded into 
IFSF. This would allow us to adjust the radiation doses received by each tray. Or, to minimize tray 
handling operations in IFSF, the trays can be left in place for several years after the first few radiation and 
temperature measurements have been taken. 

An Unreviewed Safety Question (USQ) screening has been performed to address several potential 
safety issues. Because safety considerations may have prevented the use of sealed jars in the IFSF, we 
vented each jar by drilling a small hole in each lid. This allows about the same ratio of vent area to 
container volume that exists in the IFSF spent kel canisters, which will reduce the rate of evaporation. 

Clear plastic-coated glass jars (16 ounce) contain the coupons and mixtures. The plastisol coating 
reduces breakage and contains the mixtures and glass particles long enough for disposal if breakage 
occurs. We performed one experiment to examine a safety aspect of the radioactive tests to be conducted 
in the IFSF. We filled one of the plastic coated jars with the base mixture, then dropped it fiom a height 
of six feet onto a concrete floor. m e  glass shattered, but was contained within the plastic coating, as 
shown in Figure 8. The jar retained its original shape and did not leak fluid (even though the plastic had 
one small crack). This shows that plastic coated jars placed in IFSF will not release any mixture even if 
accidentally bumped into something. In addition, large amounts of gamma radiation do not significantly 
degrade the plastisol coating. A bottle with plastisol coating was placed in a radiation chamber at 
Argonne national Laboratory and bombarded at the rate of 22x10' rads per hour for a period of 66 hours, 
for a total exposure of 1.5~10' rads. The coating was peeled fiom the bottle, and the tensile strength was 
determined to be 2300 pounds per square inch, which is still above the minimum specification for tensile 
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Figure 8. This pint size glass jar with a plastisol coating was filled with simulated corrosion product 
mjxture number 1 (consisting of a thin putty) and dropped from 6 feet onto a concrete floor. The glass 
shattered, but was contained within the plastisol coating. 
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strength. Therefore, the plastical coating will still function successfdly in the event of jar breakage, even 
after 3 to 4 years in the IFSF, and probably after 10 years. 

Placement of the stainless steel coupons in trays resting outside and above the canisters, as 
presented, here has the following advantages over placement of steel coupons inside the IFSF canisters: 

1. Much easier and less costly to design, insert, and retrieve 

2. Measured radiation doses and temperatures 

3. Fewer safety issues because the fuel inside the canisters will not be affected 

4. Easier setup and installation because the entire trays of experiments could be prepared ahead of 
time in a nonradioactive laboratory. 

In later phases of this project we wish to also put metal coupons (dipped in Mixtures #1 and #2) 
inside the vented IFSF canisters. The vented canisters are dried to an undetermined level and then placed 
in an uncontrolled humidity environment. By placing the samples (coupons and sludge) into the IFSF 
canisters before drying, we can determine the moisture content of the sludge after drymg and storage for 
several years. Also, the corrosion experiments will then occur in environments (humidity, temperature, 
radiation) that more closely resemble what the actual fuel canisters experience. 
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7. PRE-EXPERIMENT COUPON MEASUREMENTS 

Metal coupons were prepared and measured following the first requirement in Section 4.0. The 
width, length, thickness, and hole inner diameter were measured for each coupon. Two width and two 
thickness measurements for each coupon were used to obtain an average width and an average thickness 
for each coupon. The coupons were all scrubbed, rinsed in water, dried with pressurized air, rinsed in an 
acetone bath, dried again with pressurized air, then dried further in an oven. Subsequent to the initial 
scirubbing and rinse, we handled the coupons with tongs and gloved hands to avoid contamination. We 
m:ighed each coupon to the nearest. 0.0001g. From these measurements, we calculated the area, volume, 
and density of each coupon. For any values that deviated significantly from the mean, we remeasured the 
coupon. Each coupon was inspected, and one Coupon with previous corrosion was rejected. Measured 
and calculated parameters for each coupon are presented in Table 7 for SS-304Ly Table 8 for SS-316LY 
Table 9 for AI-6061, and Table 10 for carbon steel-1020. 
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19.2935 I 1.9191 5.089) 0.273 I 0.949) 22.7571 2.5344 
* This coupon was defective and was not used in the experiments. t lSO’ 
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91 6.9627 1.9205 5.108 0.289 0.949 23.129 2.6957 
92 7.0004 1.9245 5.107 0.2905 0.957 23.177 2.7127 
93 6.8391 1.916 5.109 0.286 0.956 23,019 2.6597 

Table 10. Measured and calculated parameters of carbon steel 1020 coupons. 
I I I I I I I I 

I 

LD. Mass Width Len.& Thickness Hole I.D. Area Volume 
k) (cm) (cm) (crn) (cm) ( C d )  (cm3) 

~~ ~~ ~~ ~~~~~ 

A0026 23.0135 1.933 5.098 0.3277 0.9% 23.868 3.0693 
A0027 23.082 1.935 5.103 0.325 1 0.953 23.871 3.0521 
A0028 23.206 1.935 5.103 0.3277 0.955 23.912 3.0758 
A0029 23.1415 1.935 5.103 0.3277 0.958 23.906 3.0748 
A0030 23.1589 1.93 5.095 0.3277 0,955 23.821 3.0624 
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13. TECHNICAL BASES FOR EXPERIMENT MIXTURE COMPOSITIONS 

8.1 Experiment Mixture #I 

Use: Bentonite 310 g 
Kaolinite 270g 
Boehmite 420g 

These relative amounts of clay and aluminum corrosion product were selected (Lords et al1996) to 
simulate ICPP-603 basin sludge for drying studies. The same materials and proportions are being used 
for the material interaction studies in order to be consistent with the drying studies. Variation of any of 
them by as much as a factor of 2 or 3 would probably make little if any difference in the amount of 
wlrrosion produced on stainless steel coupons. 

The amount of water to add is arbitraxy and probably does not matter for long-term tests. We added 
water in predetermined amounts to achieve a desired consistency (like a thin putty). 

8.2 Experiment Mixture #2 

Use the same basic mixture as above, but with added corrosion products and other materials to 
sirnulate ICPP-603 basin silt (also called "sludge"). The compositions and amounts of additives used 
were based on chemical analyses of actual sludge. A copy of the analysis results of "603 sludge," 
Analytical Chemistry log number 93-080214, is available. 

- M,aior ComDonents 

Fe is a "major" component, i.e. >5%, of the sludge. It is known to have originated from two 
soiurces: a) rust particles that fell into the basin fiom overhead structures and b) corrosion of welds, 
carbon steel, and stainless steel directly exposed to basin water. Based on knowledge that the mass of Fe 
is Ismall compared to the silicacious material in the sludge, it was recommended for Fe to comprise 5% of 
the: test material. Because rust probably contributes most of the Fe, actual FqO, is used to simulate 95% 
of the Fe and Fe(N0,),9Hz0 is used to simulate the remaining 5%. The small amount of Fe present in the 
clays can be ignored. 

Si was also determined to be a "major" component comprising 25% of the sludge. Since airborne 
dust (particles of dirt or soil) is known to be by far the greatest contributor to formation of the sludge, the 
clays bentonite [5AIz0,'2M@ 24Si0,'5HzO(NqO) and A12~,,(A~,83Si3.17)0,,(OH)2N~,,] and kaolinite 
(46%si02, 38% A120,, and 2. I% Ti03 adequately simulate the Si. 

- Minor Components 

Zn was reported as a "minor" component, i.e. between 0.1% and 5%. Its source of origin is fiom 
dissolution of the Zn layer on galvanized steel in the basin. We selected Zn to comprise 0.5% of the test 
marterial. Because such Zn has been dissolved and then at least partially precipitated to be in the sludge, 
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we used finely powdered ZnO to comprise 95% of the Zn, with Zn(N0,);6H20 providing the remaining 
5%. 

Other minor components are Mg, AI, Ti and Ca. Mg, AI and Ti are all adequately simulated by the 
clays and the boehmite (which some references also call "clay.") The Ca, which originates fiom CaSO, 
leached from the cement in the concrete pool walls, was recommended to comprise 0.2% of the test 
material. It can be simulated with very finely powdered CaSO,. 

Trace ComDonents 

Only "trace" amounts of B, Cu, Cr, and Pb were detected. Their presence at levels <O. 1% is not 
expected to SigJllfcantly affect the test results, so we omitted them. 

Chloride 

Chloride is present at low levels, but it is not hsignificant with respect to corrosion potential fiom 
the test mixture #2. Six basin sludge samples were analyzed for C1- with the following results: 573,508, 
890,607,512 and 544pg/g, which averages 606 & 140pg/g. For conservatism, the maximum level of 890 
pg/g or 0.89 mg/g was used, rounded to 1.0 mg/g or 0.1 wt% of the "damp dried" sludge. The chloride 
was added as NaCl. Almost any chloride compound could be used, but NaCl was selected because it 
should not affect the pH, and the cation sodium should have little effect on the corrosion properties. 

r>H 
The pH of the test material is very important with respect to corrosion. For at least the past decade, 

the pH of ICPP-603 basin water has averaged 7.9. It was recommended for the pH of the water 
containing the dissolved/slunied additives listed above to be adjusted to pH 7.9 & 0.5 before it is mixed 
with the clays. A portion of the final clay mixture could be slurried in high quality deionized water and 
the pH checked at that time to verify that the pH of the test material is appropriate. The pH of each 
mixture was determined to be within this range, so no adjustment was required. 



9. MAKEUP PROCEDURES FOR EXPERIMENT MIXTURES 

9.1 Experiment Mixture #I 

Use: Bentonite 310g 
Kaolinite 270g 
Boehmite 420g 

Dry: 

Wet: 

For a dry mixture, place the above materials in a bucket or container that is no more than 
50% full after the addition. Thoroughly mix by tumbling or stirring. 

For a wet mixture, prepare as above. Then slowly add water with continuous electric- 
beater-type stining until the desired consistency is attained. And then thorouchly stir it 
some more to assure homogenous mixing. Be sure to measure and record the amount of 
water added. The water can be added all at once if a known, desired amount is measured 
ahead of time. 

9.2 Experiment Mixture #2 

Prepare a wet mixture as above, but first dissolve andor slurry in water the materials listed below. 
These additional components are based on analyses of actual ICPP-603 basin sludge submitted under 
Anialytical Chemistry log number 93-080214. Major, minor, and trace amounts of various elements in the 
sludge were considered to be added to Mixture #2. 

Mstjors e 5%) 

Fe Include Fe at 5% of the total weight of the dry mixture. 

95% of the Fe is to be added as FqO,. Use 67.9 g F%O, per kg of 
drymixture#l 

5% of the Fe is to be added as Fe(NO,), 9H,O. Use 18.1 g of 
Fe(NO3)3 9H,o per kg of dry mixture # 1. 

Si Already adequately simulated by the clays. 

Zn Include Zn at 0.5% of the total weight of the dry mixture. 

95% of the Zn is to be added as finely powdered ZnO. Use 5.9 g of ZnO per kg of dry 
mixture #1 

5% of Zn is to be added as Zn(N03),6H0. Use 1.14 g of Zn(N03),6H20 per kg of dry mixture 
# I  
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Minors (0.1 - 5.0%) 

Mg Already adequately simulated by the clays. 

AI More than adequately simulated by the boehmite and the clays. 

Ti Already adequately simulated by the clays. 

Ca Include Ca at 0.2% of the total weight of the dry mixture. Simulate with finely powdered 
CaSO,. Use 0.59 g CaSO, per kg of dry mixture #1. 

Traces (lo. 1%) 

3 Ignore. Not significant in the current tests. 

Cu Ignore. Not significant in the current tests. 

Cr Ignore. Not significant in the current tests. 

Pb Ignore. Not significant in the current tests. 

Chloride 

Add 1.65 gNaCl per kg of dry mixture #l. 

Preparation 

Place all of the above additives into a beaker and add the total amount of water that is desired. Mix 
or stir long enough for the soluble components to dissolve. A small portion of the F%O,, CaSO, and ZnO 
should remain undissolved. Stir the solution just before it is added to the clay. Adjust the pH to 7 .93 .5  
with NaOH (and/or HNO,, if necessary). Add slurried solution to the mixed clays with adequate stirring 
and mixing as described above for the wet preparation of mixture # 1. 
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10. IRRADIATED FUEL STORAGE FACILITY 

The radioactive (hot) material interaction experiments will be conducted in the Irradiated Fuel 
Storage Facility (IFSF). The IFSF is a nuclear fuel storage facility located in the Fuel Receiving Storage 
Facility (ICPP-603) at the Idaho Chemical Processing Plant (ICPP), which is part of the Idaho National 
Eaigineering Laboratory (INEL). The IFSF, formerly known as Graphite Storage Facility (GSF), was 
constructed in 1974 at the ICPP to provide safe storage for spent, high-temperature, gas-cooled reactor 
(HTGR) fuels. 

Table 11 shows all of the fuel types and compositions that either are or may be handled and stored 
at the facility. Potential reactions with water preclude safe storage in a water medium for many of these 
fuels. Even the use of leakproof metallic canisters for underwater fuel containment is not suitable 
&cause the possibility of corrosion or loss of integrity of a sealing gasket increases with time. Corrosion 
of fuel and storage devices is minimal in the IFSF because of the dry environment and the constant 
circulation of the low humidity outside air from the INEL environment. 

The ICPP-603 storage complex consists of three interconnected fuel storage basins (FSB), a fuel 
receiving area, and the IFSF. The IFSF was designed to 1) meet interim fuel storage requirements 
pending eventual retrieval for final disposal, 2) provide safe storage for fuels that are potentially 
chiznically reactive with water or industrially hazardous when exposed to the environment, and 3) make 
maximum use of existing equipment and facilities. The IFSF was built as an extension to the ICPP-603 
Undemater Fuel Storage Facility. 

The IFSF is constructed of noncombustible materials, mostly concrete and steel. Concrete shielding 
walls divide the building into a number of functional areas, each designed and equipped for a specific 
task. The functional areas include 1) the cask receiving area, 2) the permanent containment structure, 
3) the fuel handling cave, 4) the control and instrument room, 5 )  the fuel storage area, and 6) the crane 
maintenance area. 

The fuel storage area contains the carbon steel storage rack that provides both spacing and support 
for the 636 fuel storage canisters, each of which is 18 in. in diameter and 11 ft. long. The storage rack 
maintains the canisters in a staggered 24-in. center-to-center spacing for criticality control and heat 
transfer purposes. The rack has 38 rows of canisters, alternating 17 and 18 canisters per row. For heat 
transfer reasons, the storage rack also positions the canisters about 2.5 in. above the facility floor. The 
storage rack and a canister are shown in Figure 9. 

The top of the storage rack, except for the openings for the canisters, is covered with sheet metal, 
which allows the rack to serve as a plenum for cooling air, in addition to providing canister positioning 
and support. Most of the cooling air is supplied at one end of the rack structure and is exhausted at the 
other end to provide positive cooling of the stored canisters. The major flow path is below the surface. A 
small flow of air is directed above the rack to prevent dead air spaces and hot spots. The storage canisters 
have lids to limit cooling air contact with the stored fuel. 

Figure 10 shows a plan view of the IFSF showing the locations of the various types of spent nuclear 
fuel and the two corrosion experiment trays. Figure 6 shows an enlargement of the areas in which the 
trqys were placed. 
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Table 11. IFSF fuel types and composition listing. 

Fuel Type I Fuel Composition 

Advanced Reactivity Measurement Facility (ARMF)* 

Advanced Test Reactor (ATR)* 

Battelle Memorial Institute Specimen (BMI-Spec)* 

Berliner Experimenter Reactor II (BER-11) 

UAl, A1 clad 

UAL, A1 clad 

U, nickel-plated, A1 clad 

U-ZrH, ss clad 

Coupled Fast Reactivity Measurement Facility (CFRMF)* I UAk, A1 clad I 
~ ~~ ~~ 

Fort St. Vrain Graphite (UC, ThC) 

High-Flux Beam Reactor (HFBR)* U N ,  U30,, A1 clad 

Missouri University Research Reactor (MURR)* UAl, Al clad 

Oak Ridge Research Reactor (Om)* UAZ, U30,, Al clad 

Peach Bottom Graphite (UC, ThC) 

Rover Graphite (UC) 

Training, research, and isotope reactors (TRIGA-AI)* I U-ZrH,Alclad 

Westinghouse Atomic Power Division (WAPD)* UO,, SS clad, NaK between 
cladding sheaths 

* These fuel types have not yet been inserted into the IFSF. 
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Fuel Storage Rack and f C a l i  Air Plenum 

Figure 9. Fuel storage rack and canister in the IFSF. 
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Figure 10. Plan view of the IFSF showing the locations of the various types of spent nuclear fuel and 
the two corrosion experiment trays. 
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1 I. REQUIREMENTS FOR CORROSION TRAY 

Must be able to hold 9 wide mouth jars filled with clay mixtures 

Must be able to rest between the IFSF canister lids (some tilting is allowed) 

Must be able to use shuttle bin operations without falling down the hole in the middle 

Must be able to be moved with a crane 

Must be designed to reduce probability of being tipped over or dropped accidentaily by the crane 

Must have a rod to prevent jars from falling out if tray is tipped over 

Must contain holes to allow venting with the air in IFSF and to allow water to drain out 

Must be able to hold radiochromic film that can be replaced easily 

Must be able to hold a thermometer 

Must keep jars from banging into each other 

Must be designed to reduce probability of bumping into handles on the canister lids 

Must load tray such that it remains relatively balanced while hanging from the crane 

Must be able to screw 3 carbon steel coupons on the top of the tray 

Must not contain jars with mixtures that run easily when jars are tipped over. 



12. DESIRED POST-EXPERIMENT COUPON MEASUREMENTS 

Results fiom the experiments will include the following: 

Record appearance of coupons (corrosion products/pits/cracks) and take photographs 1. 

2. Determine the rate of mass loss by weighing each coupon before and after each experiment. The 
corrosion products will be removed from the coupons before they are weighed 

3. Perform a surface analysis when needed (depth of pits and cracks) 

4. Dekrmine coupon degradation mechanisms 

5.  Record the coupon radiation doses and the maximdminimum tray temperatures. 

No results are reported here because the steel coupons must remain in the sludge m i m e s  for at 
least a few months before being removed and examined. Some of the coupons will remain in the 
mixtures for several years before examination. 

After the specimens are removed fiom the test solutions they will be cleaned according to approved 
methods (see item 1 of Section 4.0). The coupon will be scrubbed, rinsed, and dried in a manner similar 
to the preparation procedures. Then the coupon will be measured carefully and weighed to the nearest 
0.000 1 g. Calculations will be made that reflect the percent weight change and corrosion rate. As 
specified in the ASTM standards, the corrosion rate (CR) will be calculated by the following equation: 

CR = (mass lost) 
(surface area)(time of exposure)(density) 

After preparation, measurement, gravimetric observations, and calculations, the coupon will be 
visually inspected with magnification. Photomicrographs, electron micrographs, and other high 
magnification evaluations may be performed to fully document the corrosive action encountered. 

These experiments are designed to resolve possible concerns about the safety and longevity of dry 
storage of SNF. The results could also lead to safer and more economical methods of transfer and storage 
of SNF. 
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Appendix A 

CORROSION OVERVIEW 

General uniform corrosion is affected by the chemical composition of the corrosive medium, water 
content, temperature, and alloy composition. Water that is in contact with the surface of the metal serves 
as the electrochemical path for corrosion reactions. Differing electrical potentials may arise on the 
surface of many metal structures for varying reasons, including different chemical environments. When 
this happens, one area of the structure becomes the cathode (reduction), while one area becomes the 
anode (oxidation). The anodic area loses electrons, and the metal transforms into metallic ions that move 
into solution in the water. This loss of metal atoms weakens the structure by producing pits, cracks, or 
general failure at the area of corrosion. The electrons move along the structure to the cathodic area and 
reduction takes place. 

This weakening of the structural properties of metal may present a problem in the area of SNF 
storage. The stainless steel containers that will hold spent fuel in a dry environment are very resistant to 
corrosion under normal conditions. However, external factors such as sensitization, stress, elevated 
temperatures, gamma radiation, presence of microbes, and exposure to elevated concentrations of 
chemicals may speed the corrosion reaction along the affected surface areas of the storage structures. 

Acceptable movement of spent nuclear fuel from wet storage to dry storage must take into account 
the potential for corrosion of the stainless steel containment vessels. In order to recommend dry storage 
conditions for the spent nuclear &el now stored in the ICPP wet storage basins, information on the past 
storage history, fuel condition, and failure mechanisms for the spent nuclear fuel must be identified. This 
must be accomplished in order to determine potential impacts on dry storage or other operations that may 
be conducted prior to dry storage. Valuable information will be obtained from experiments being 
performed to identie the corrosion mechanisms of the stainless steel canisters in a "cold" environment 
(absence of all but background radiation) worst case scenario along with the effects of the "hot" 
environment (gamma radiation field present). A preliminary research trail has been established, which 
will assist in determining the most probable corrosion mechanism in the areas adjacent to the weld areas 
of the canisters. Also, background information concerning the types of materials to be evaluated and the 
physical environments that may affect the corrosion of the canisters is reported. 

The SNF exposed to the ICPP-603 water has been subjected to relatively aggressive conditions. 
These include extended time underwater, addition of chloride to the water basin, and the formation of 
sludge from blowing sediment through the bay doors. The experiments concentrate on the corrosion 
enhancement effects of the sludge and the chemicaIs present in the sludge on the SS canisters. A h m e  
sediment was deposited in the basin as the doors were opened and closed while admitting fuel to the area. 
With the butt welds exposed to a sludge similar to the sludge formed on the SNF and its cladding in the 
wet storage facilities, the ionic composition of the sludge may have an adverse corrosion effect on the 
sensitized areas of the SS canisters. Even though the SNF has been through a dqmg process (after 
removal fkom the wet storage basins), there will remain anywhere from five to two-hundred fifty pounds 
of water associated with many of these spent fuel elements after they are sealed in dry storage canisters. 
It is possible that some of the sludge will fall into the bottom of the SS canister, as shown in Figure 1. 
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While the number of corrosion-related Occurrences for all of the Department of Energy's (DOE) 
Defense Programs facilities totals only 1.5% of the reported occurrences (DOE 1992), such degradation, 
if imcorrected, can lead to undesirable results. The need for the evaluation of the degradation 
mechanisms of the materials in the Irradiated Fuel Storage Facility is supported by the known corrosion 
of storage components in ICPP-603 @irk 1994). 

The standard, used to compare stainless steel with other metals, is based on the general atmospheric 
coirrosion rate for stainless steels, as evaluated by the International Nickel Company (Ailor 1982) in a 
msuine air environment. Specimens of 304 stainless steel had an average corrosion rate of 0.03 pm/y 
after 15 years. Long term (26 year) atmospheric studies on stainless steel 304L (SS-304L) yielded 
corrosion rates of less than 10 @y. The concentration of chlorides obtained from the corrosion 
products were found to be 1225 ppm C1- (Johnson et al. 1995) . 

One particular study showed that type 304 stainless steel (SS-304) has had no observable corrosion 
after 13 years, but galvanic corrosion has been observed on carbon steel (CS) welded to SS-304. Also, 
dgae observed on nonradioactive specimens durings recent examinations of the ICPP-666 facility 
suggests the possibility of microbially influenced corrosion (MIC) on some of the structures (Hoskins et 
d. 1993). 

These experiments help us investigate corrosion that may exist where airborne substances, blown in 
&om the desert at times when bay doors were opened, have settled on the SNF assemblies to be stored in 
SS containers. It is possible that this sludge contains chemical and/or biological contaminants that may 
enhance corrosion activity at such sensitized points around the weld. 

Numerous fuel types now stored in the ICPP-603 and ICPP-666 facilities do not have prior dry 
storage precedents and need to be evaluated to determine whether the transition from wet to dry storage 
has special issues not previously addressed with fuel @pes for which there is experience. Some fuel 
dalddings in ICPP-603 are known to be breached, exposing the metallic fuels to aqueous corrosion that 
could include generation of uranium oxides and hydrides. Another consequence of cladding failure 
includes the release of fission gas if pinholes are fomed. 

The older of the two facilities, having stored spent nuclear fuel since 1959, is ICPP-603. One of the 
intentions of this experiment is to approximate the physical and chemical environment of the storage 
facility. This is accomplished by using a water based sludge containing ions found in these pools. Into 
this sludge, a stainless steel welded coupon is placed to attempt to replicate corrosion expected in dry 
storage of SNF. 

ICPP-603 consists of three unlined concrete pools filled with water and holds 41 different types of 
spent nuclear fuel received as early as 1959. The fuel types stored in this pool include metals, alloys, 
hydrides, and oxides in several different fuel matrices. The majority of the spent nuclear fuel is clad with 
Ai, stainless steel, or Zircaloy, but some spent nuclear fuel is either unclad or has defective cladding. A 
sludge has also fomed in these basins, and contains a mixture of the corrosion products of these SNF 
elements, cladding, and airborne materials from the surrounding desert environment. This sludge was 
analyzed and modeled by scientists at the ICPP for the purpose of creating a chemically compatible 
environment for the experimental SS coupons. Our experiments using welded stainless steel coupons 



submerged in this sludge are underway in an attempt to discover whether or not there is general corrosion 
or a localized attack at or around the weld area. 

Important facts in the design and sequence of events in the storage environment for ICPP-603 
include a long service time (>40 yr.) and the development of an aggressive pool chemistry, due to 
algicides, including up to 800 ppm chloride during one period of time. A summary of the algicides also 
includes calcium hypochlorite, chlorine, and iodine. However, chloride levels were down to about 
50 ppm by 1994. 

The chloride levels are of significant importance because of the aggressiveness of chloride ions 
(Cl-) on many materials including stainless steels. Chloride levels have changed because of the need to 
eliminate algae and because the water system was changed from a once-through system to a recirculating 
system that required cleaning the water. To control water conditions, nitrates, new water, and UV lights 
were wed. A summary of the historical pool chemistry for ICPP-603 includes a pH of 5.0 - 8.5, a 
C1- content of up to 800 ppm, a temperature of 20 "C, and a conductivity of 600 pS/cm. Conversely, the 
historical pool chemistry for ICPP-666 shows that the pH, was controlled at 5.5, a chloride level of 
30 ppb, a temperature of 20 "C, and a conductivity of 1 pS /cm. 

The cladding, buckets, and storage cans used for wet fuel storage are fabricated fiom one of three 
merent materials: stainless steel, carbon steel, or aluminum. There are few data on the integrity of the 
individual cans, except for some underwater visual inspections and Fermi mock-up can testing. The 
status of some of the materials, based on these sketchy data, include severe corrosion of AI-alloy and 
carbon steel fuel buckets and storage cans. The stainless steel buckets and cans seem to be relatively free 
of general corrosion. The metallurgy of stainless steel and its resistance to corrosion is an important item 
to consider before moving this material to dry storage. 

An overall view of metallurgy focuses on two basic solid substances. These are substituted solid 
solutions and interstitial solid solutions. For example, carbon steel is a mixture of an interstitial solid 
solution of carbon in body centered cubic iron and an intermediate metallic compound Fe,C called 
cementite. In many cases, multiphase materials present a problem from a corrosion standpoint because 
the two phases may have marked differences in electrochemical characteristics. This usually happens in 
alloys. 

Austenitic stainless steels (SS) are composed of basically four elements in differing proportions. 
Iron, carbon, chromium, and nickel are alfoyed to produce these stainless steeIs. The 300 series 
(containing nickel in significant amounts) stainless steels are more corrosion resistant than the 400 series 
stainless steels (which contains Fe, C, and Cr with no nickel) series, with notable exceptions in the 
presence of chloride ion. The materials tested in these experiments are the 304L (70.3% Fe, 0.02% C, 
18.2% Cr, and 8.25%Ni) and the 316L (68.7% Fe, 0.02% C, 16.3% Cr, lO.l%Ni, and 2.1% Mo). 

Austenitic stainless steel is essentially nonmagnetic and cannot be hardened by heat treatment. 
These alloys must be cold-worked only, which leads to stresses and some possible sensitization when 
bending. Most contain nickel as the principal austenite former and possess better corrosion resistance 
than straight chromium steels. The workhorses of these alloys are labeled as 304,304L (the L means 
carbon content of less than 0.03 %), and 3 16. The molybdenum bearing 3 16 is considerably better in 
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mmy applications than 304. Stainless steel 3 16 exhibits much better resistance to pitting, sulfuric acid, 
and hot organic acids. However, SS-304 has better corrosion resistance than SS-3 16 in nitric acid. 

A heat effect called sensitization occurs whenever the 300 series stainless steels are heated between 
42!7 "C and 760 "C. This forms chromium carbides at the grain boundaries, thus tying the Cr with C and 
noit allowing Cr to act as a deterrent to corrosion. These grain boundaries are now subject to 
intergranular attack and are anodic to the surrounding grains. The coupons used in our experiments 
wcre welded at a temperature approaching the melting point of stainless steel (1300 "C) and were not 
stress relieved, thus adding to the worst case scenario for this experiment. In the heat-affected zones 
adjacent to the weld, sensitization may have occurred. However, the L grades of stainless steels have 
very little or no tendency toward sensitization because of the very low carbon levels (NACE 1984). Also 
during welding, a large variation of thermal expansion occurs between the solidifying molten metal pool 
and the base metal. Upon solidification, this often results in high residual tensile stresses, which may lead 
to rapid deterioration and destruction in this area in a hostile environment (NACE 1984). Under these 
circumstances, stress corrosion cracking may occur in a hostile chemical environment. The SS-304 and 
SS-3 16 grades of stainless steel are highly susceptible to stress corrosion cracking, particularly by 
chloride ions. 

Stainless steels are resistant to general corrosion over the entire surface area of the structure, but 
m y  few structures are immune from localized corrosion. Localized corrosion is a selective attack on a 
meital by corrosion in small special areas or zones. One of the more important types of localized 
CoiTosion is pitting. Pitting is a type of localized corrosion where small volumes of metal are removed to 
produce craters or pits. Another localized corrosion type, intergranular corrosion, takes place when 
small volumes of metal are preferentially removed along paths that follow grain boundaries, producing 
fissures or cracks. Environmental cracking takes place when there are extraneous stresses that may 
prcduce localized corrosion cells because of the environment in which the structure is located. There are 
thnee major types of environmental cracking. Stress corrosion cracking is a spontaneous brittle fracture 
of la susceptible material under tensile stress after the material has been in a specific environment for a 
period of time. This is an anodic process. Hydrogen induced cracking is a cathodic process where 
nascent hydrogen competes for the lattice bonding electrons or the formations of metallic hydrides in the 
presence of chemical poisons such as H2S. In normal cases, hydrogen gas is formed at the cathode, and 
the gas escapes rather harmlessly in a vented container. Finally, Liquid metal cracking (a 
physicochemical process) occurs when molten metals come in contact with a surface over a period of 
time. This process will not be considered as an avenue for corrosion in our experiments. 

Selection of canister material must be based on both interior and exterior environments. There are 
several considerations for the exterior environment. 

1. Will the canisters be stored in a dry facility or submerged in a storage pool? 

2. What is the expected duration of interim storage? 

3. What are expected temperatures and environments? 

Stainless steel; because of its resistance to general corrosion, is chosen for storage structures in 
many spent nuclear fuel facilities. For example, the durability of stainless steel canisters holding debris 



from the TMI-2 a r e  was estimated for both wet and dry conditions (Johnson, Lund, and Pednekar 94). It 
was predicted that at 20 "C (68 OF) in moist air or in water (2 ppm C1-), durabilities will exceed any 
foreseeable interim storage period. 

Stainless steels are highly resistant to general corrosion with the formation of a protective oxide and 
can exhibit excellent integrity in environments that do not promote localized corrosion. Stainless steel 
(tie-plate) coupon data from the ICPP-603 indicate a negligible loss of material over 15 yrs. The 
corrosion rate for the coupons was less that 3.3 pdyr with a confidence level of about 95 %. The low 
general corrosion rates cited in the INEL coupon studies are basically concerned with cladding materials 
and not canisters exposed to sludge. 

In one general corrosion study (NACE 1984) the oxide layer correlated to 60% of the total corrosion 
penetration. If the process is not taken to be diffusion-limited, the oxide layer penetration corresponds to 
a corrosion penetration of 1.6 to 2.4 pm while in a reactor. The type 304 oxide layer measurement 
correlated well with oxide layer thickness measurements of 6 pm from a SS-304L light water reactor 
(LWR) assembly that had been irradiated for three cycles in the Haddam Neck reactor (NACE 1984). 
This oxide layer appeared tenacious and stable after a five-year period of storage in a PWR spent fuel 
pool. Therefore, the stainless steel canisters considered for this study are not expected to fail in water 
storage or dry storage by general corrosion due to the protective nature of the oxide film. 

The introduction of chloride ions for algae control changed the corrosion expectations of stainless 
steel (Schleicher 1963). It was discovered that coupon weight changes were 30 times higher for increases 
in the chloride level from 3 ppm to 200 ppm at 450 "C. Corrosion rates are similar for tests with both 
irradiated and unirradiated coupons. Corrosion particles, consisting primarily of FqC,, FeJ, and FqO,, 
were found in the Organic Moderated Reactor Experiment (OMRE) coolant from corrosion of the steel 
reactor vessel. 

Most of the studies on corrosion have been completed in moist air environments, water 
environments, and soil environments. This study will investigate the effect of a sludge that is in contact 
with a sensitized area of a stainless steel structure. A number of factors from other studies will be 
investigated, including environmental conditions, sensitization of the metals, internal and external 
stresses, plus other factors that enhance the probability that corrosion will occw on metallic surfaces. 
Some of the mechanisms of corrosion that may affect the surface integrity of stainless steel structures in 
contact with the sludge are described below. 

Intergranular Stress Corrosion Cracking (IGSCC): If stresses are present in this aggressive 
environment above some threshold value, IGSCC may occur. Stress corrosion cracking requires the 
confluence of a susceptible microstructure (i.e., sensitized), a tensile stress (residual stresses from welding 
operations), and an aggressive environment. Bruemmer (1984) identified conditions necessary for 
IGSCC in sensitized Type 304 stainless steel in water at 32°C. The conditions were a combination of 1) 
chlorides 2 Sppm, 2) bulk carbon content 2.06 wt%, and 3) applied stress 2 1.4 times the yield strength. 
Higher temperatures such as fuel storage temperatures, increase the aggressiveness of the environment 
and promote the initiation of IGSCC. Sensitization can occur during irradiation at temperatures as low as 
427°C and at temperatures as low as 482 "C in the absence of neutron radiation. Water environments and 
moist air environments have produced rapid corrosion and cracking in sensitized stainless steel, even at 
spent fuel pool temperatures. For example, tests relating to Three Mile Island (TMI) canisters were done 
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on U-bend SS-304L specimens in contact with C1- levels of 25-470 ppm, pH values of 7.3 to 8.1, in 
contact with tuf'frock, and saturated air for a period of 25 months. These tests showed that sensitized 
specimens failed by intergranular stress corrosion cracking (Johnson et al. 1995). Specific to the fuefs in 
ICPP-603, IGSCC was identified as a potential failure mechanism. 

Galvanic Corrosion: Galvanic corrosion arises from the galvanic coupling of stainless steel clad 
fuel with A1 or carbon steel (CS) cans used for storage. The stainless steel will be noble to the AI and CS, 
so corrosion of the cans will accelerate preferentially to the corrosion of the CS. Large cathode-to-anode 
ratios will serve to further accelerate the corrosion of the less noble material. 

Crevice Corrosion: Crevice corrosion may be exhibited for tight crevices. Crevice corrosion for 
austenitic stainless steel is accentuated by the presence of aggressive anions such as CI-. At high C1- 
cojncentrations, the he1 that has been in water storage would be vulnerable to varying amounts of crevice 
coi~osion dependent on the tightness of the crevice. 

Hydrogen embrittlement: Most literature indicates that hydrogen embrittlement in stainless steel 
is inot a prevalent degradation mechanism. Hydrogen is thought to have a low solubility and high 
mobility in austenitic stainless steel, which reduces the trapped hydrogen in the material. This makes the 
austenitic stainless steel resistant to hydrogen cracking. However, Jones (92) has observed hydrogen- 
induced crack growth in irradiated 3 16 stainless steel at 100 "C. Therefore, the issue of hydrogen-induced 
craick gowth has not been clearly resolved in the literature. 

Intergranular Attack (IGA): IGA is the sensitization of stainless steels characterized by the 
formation of chromium carbides at the grain boundaries that deplete the chromium in the areas directly 
adjacent to the grain boundaries and render the material susceptible to environmentally induced corrosion. 
Jn order for sensitization to be an issue, the material must be held for a minimum amount of time at a 
teniperature above the threshold temperature for diffusion to occur to deplete the chromium levels 
adjacent to the grain boundaries. These zones of chromium depletion can become prone to corrosion 
when exposed to a suf?kienty aggressive environment, resulting in IGA. 

Irradiation Assisted Stress Corr'osion Cracking (IASCC): Chromium depletion can also occur 
without carbides being formed as the result of radiation induced segregation, which leads to IASCC. This 
also may be of some importance in the radioactive experiments. 

Microbially Influenced Corrosion (MIC): Corrosion by water and steam are concerns worldwide. 
Stainless steel grades containing Mo (3 16L) may be used in sea water because of their resistance to the 

chloride ion induced corrosion. Their performance, however, may be contingent upon high velocity (>4 
ds), aeration, and fieedom from deposits of scale or marine organisms. The regular carbon grades (SS- 
304 and SS-3 16) may be subject to intergranular corrosion in natural waters under some conditions 
(NACE 1984). These conditions would include high chloridity, bacterial action, and oxygen cells. 

Troublesome microorganisms are apt to cause corrosion. Slimes, which include fungi, yeasts, 
bacteria, and entrapped quantities of inorganic and organic materials, often attack sensitized areas of 
melals and begin the process of corrosion. Slime deposits can cause oxygen cell type corrosion and 
pitting. Bacteria such as Sporovibrio desulfuricun (sulfate reducing bacteria), which generates H,S by 
metabolizing sulfates, and Crenothrix, ("iron-eating" bacteria), which metabolizes soluble iron and 
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mangananese while excreting the oxides, may also be present in the water or airborne particulates found 
at the ICCP facility. These microorganisms are controlled by chlorination procedures, which in 
themselves are causes of corrosion. 

Bacteria in the sludge could also increase the 0, concentration at the canister area, thus producing 
an oxygen concentration cell. 

Oxygen concentration cells: Corrosion in soils or sludges is sometimes attributed to oxygen 
concentration cells (differential oxygen cells - differential aeration cells) which, as a result of some 
action, produce an oxygen gradtent along the surface of a structure. The area that contains the highest 
concentration of oxygen is the cathode, while that part with little oxygen supply is the anode and will 
c o d e .  

Corrosion due to temperature changes, called temperature cells, is the result of two electrodes 
formed on the same metallic surface. The electrode at the higher temperature becomes the anode and thus 
will corrode. The electrode at the lower temperature becomes the cathode. 

Corrosion due to surface film cells is a real possibility because a film, only a few atoms thick, may 
form on metals with a potential as much as 0.3 volts different fiom the unfilled metals. This galvanic 
couple may produce corrosion. However, it is more usual to speak of how the oxide films prevent 
corrosion. Stainless steels are known for their ability to form such films, and thus owe much of their 
corrosion resistance to them. Aluminum oxide film represents a resistance barrier rather than a change in 
potential. Aluminum, in practice, is a much more corrosion resistant metal than would be expected f h m  
its potential in the Electrochemical Series because of this highly resistive film. 

Combination cells may also be at work weakening the structures. These cells are produced by 
more than one type of corrosion mentioned here. Sometimes they work together to produce more 
corrosion. For example, an oxygen cell and a temperature cell can be acting together to produce even 
more corrosion than either could produce alone. 

Stainless steel has a proven track record for resisting general corrosion. However, the possibility of 
localized corrosion exists in the present spent nuclear fuel storage facilities at the ICPP. Stainless steel 
that could come into contact with wet sludge, may be more vulnerable to localized corrosion than general 
corrosion. This sludge is a mixture of fuel and cladding corrosion products, clays, ions, bacteria, and 
other materials from air-borne particulates that settled in the fuel storage pools at ICPP. During the dry 
storage of the SNF, some of the sludge attached to the spent fuel rods and cladding may become 
dislodged. If this sludge material is moist and comes into contact with the weld areas of the stainless steel 
canisters, corrosion is possible. This corrosion may be enhanced by the chemical composition of the 
sludge, elevated temperatures, and/or by the presence of the gamma field in the dry storage environment. 

We do not expect much corrosion of the stainless steel coupons used in our experiments. If that is 
the case, our experiments will demonstrate to the NRC, others, and ourselves that canisters made with 
SS-304L or SS-3 16L will be reliable for the dry storage of spent nuclear fuel over decades and even 
centuries. 
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