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ﬂ ABSTRACT
L.

. The National Spent Nuclear Fuel Program has been tasked with providing

rl all necessary documentation, performing research and analyses, and addressing
packaging issues to ensure DOE-owned spent nuclear fuel is accepted for

disposal at a monitored geological repository (currently expected to be located at

Yucca Mountain, Nevada). One aspect of these requirements is a laboratory

) study on the release characteristics of spent nuclear fuel over time in the

repository environment. The release rate test program evaluated four fuel types

Y (uranium metal, aluminum based, mixed oxide, and graphite) using several

\ j experimental methods. Flow through tests were completed for aluminum-based

- fuel, uranium metal, and mixed oxide fuels. Drip tests and colloidal analyses

- were performed with all but the graphite fuel. Batch tests were completed with

]_ }\ uranium metal fuel and mixed oxide fuel. Some colloid experiments with

Lo uranium metal fuel and mixed oxide fuel were done. The test program was
designed to be similar to the commercial fuel program for comparison purposes.

¥

J Results from the mixed oxide tests indicate release rates comparable to the
commercial uranium dioxide fuel tests. Plutonium content is higher with the

{ \ mixed oxide fuel and thus the release is greater, but the fraction of sample

"j content that is reacting is similar. Uranium metal fuel reacts relatively quickly to

form a variety of uranium oxyhydroxide products. Monitoring changes in these
( products over time may have more bearing on actual releases in the repository
. than the initial fuel dissolution. Aluminum based fuel, specifically uranium
' aluminide, degrades at rates somewhat comparable to commercial fuel. It may
C not be a congruent rate, however, and different reaction products are formed due
to the high aluminum content. Radionuclides released as colloids may be
significant from a transport viewpoint. Colloid generation from fuel degradation
is initially very high with uranium metal fuel, but appears to drop significantly
l after a few months.
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W SUMMARY
- Current U. S. Department of Energy (DOE) policy is that DOE-owned
o spent nuclear fuel will be disposed of in a geological repository proposed at the

Yucca Mountain Project site in Nevada. In support of the performance
{ t assessment, experiments were performed to evaluate the potential for
radionuclides to be released to the environment during fuel degradation. The
project was terminated prematurely because of funding constraints, but several
I years worth of results were generated. In parallel to the laboratory research, a
‘ review of literature data that could be applied to specific DOE fuel types was
completed. A general model that encompassed all relevant published data was
generated. Finally, a comparison between the literature model and the
} experimental results was presented with recommendations for describing the
expected fuel performance in a repository.

[ The release rate test project included three fuel groups (uranium metal,
b aluminum-based, and mixed oxide) used in three experimental methods. Graphite
fuel was originally planned for study, but the project was terminated prior to any
ﬂ) experimentation. Flow through tests were designed to evaluate the forward
dissolution rate with no back reactions. Results should give the maximum release
rate and the dependence on individual solution components. Unsaturated drip
" tests simulated the expected repository conditions to more closely estimate the
( actual release rates. An evaluation of alteration product generation and
composition could also be made from these tests. Static batch tests were
g originally developed to accelerate the drip test conditions and to provide
[ .t information on the solution composition at the fuel surface. This test method was
also used to support the anoxic/oxic studies with uranium metal fuel. In addition,
"y some colloid generation and stability tests were performed with each fuel type,
| though they were the most extensive with uranium metal fuel.

Uranium metal fuel reacted rapidly in water and produced a variety of
) l alteration products. Nearly all the plutonium and some of the uranium released
' were colloid-sized particles. However, they appear to agglomerate over time
producing larger particles that may precipitate out of solution. Uranium release
| rates ranged between 4 and 44,000 mg/m’/d, depending on the environmental

‘) conditions. Data from the literature review were used to derive an Arrhenius
equation describing uranium degradation. The expression was based on an anoxic

T environment, which is more conservative than an oxic atmosphere. All

_[ experimental data were enveloped by this expression, and thus it is the

recommended model for a conservative estimate of uranium metal fuel
a { degradation in the repository.
-3

Aluminum-based fuel was generally more resistant to degradation than
uranium metal fuel. Uranium release rates ranged from 0.1 to 420 mg/m?/d,
depending on the material and the environmental conditions. Preferential attack
in the form of pitting was found in some experiments, and others had an
: aluminum oxide gel on the surface that controlled releases. The literature review

k reported a different expression for each type of aluminum-based fuel, and the one
- for aluminum alloy fuels was selected for comparison with the experimental data.
Model values were at about the median of the test results. The Yucca Mountain
J Project prepared an analysis and model report to predict aluminum fuel

oy
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degradation and used specific values rather than an equation. The conservative
numbers bounded most of the experimental results, but not all. New values are
presented that encompass all the test data.

Mixed oxide fuel is quite resistant to degradation in water systems, more
resistant than commercial UO, fuels. Release rates of uranium were about
0.1 mg/m¥/d or less, depending on the test method. No literature data were
available on mixed oxides, so information from individual oxides (uranium and
plutonium) was used for comparison. The plutonium dissolution rate is more
conservative than uranium and describes little of the data generated by the release
rate experiments. However, the UO, model adopted by the Yucca Mountain
Project bounds the mixed oxide fuel degradation quite well. Particle size may be
a concern because of the redistribution of radionuclides during irradiation.
Fragments will expose the grain boundaries where certain elements may have
accumulated.

Peach Bottom fuel elements were retrieved from storage for inclusion in
the release rate test project. Initial characterization was completed to ensure
proper identification of the compacts, and samples were selected. Prior to test
preparations or shipping of the samples to the experimental laboratories, the
project was terminated. Therefore, all samples were returned to storage.

The release rate test project was terminated before all the anticipated data
could be collected. However, some information is available, and a reasonable
comparison to published data was made. The literature-derived equation for
uranium metal fuel is adequate to bound the expected uranium release rates. A
similar expression for aluminum-based fuel may be acceptable as a best estimate
but is not conservative. Specific numerical values for an upper bound were
presented based on the experimental results.
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Review of DOE Spent Nuclear Fuel
Release Rate Test Results

1. INTRODUCTION

The U.S. Department of Energy (DOE) has produced over 200 nuclear fuel types from various
projects during the last 50 years. In 1992, a decision was made to discontinue reprocessing of spent nuclear
fuel (SNF) for uranium recovery and instead direct dispose of the SNF in a monitored geological repository
(MGR). The Yucca Mountain Project (YMP) in Nevada is the current proposed repository site. The most
likely mechanism for release of radionuclides from an MGR into the biosphere is slow dissolution and
transport by groundwater and the use of groundwater in various farming activities. It must be shown through
laboratory experimentation and computer modeling that the cumulative release of specific radionuclides to
the accessible environment for 10,000 years after disposal is within specified limits. The details of these
requirements are stated in the Code of Federal Regulations (10 CFR 63,' and 40 CFR 197%).

DOE implemented a release rate test project under the National Spent Nuclear Fuel Program
(NSNFP), located at the Idaho National Engineering and Environmental Laboratory (INEEL), to evaluate
the SNF radionuclide release characteristics. Dearien® summarized the preliminary requirements for
acceptance of DOE-owned SNF at a repository and provided recommendations on how to meet the
requirements. With respect to SNF leachability (the initial step in release of radionuclides), he suggested
existing data, bounding or sensitivity studies, and grouping of similar fuel types, be used as much as
possible. A team of experts was assembled to evaluate the data requirements, fuel types, and their
potential impact on the overall repository performance, and possible methods of collecting information
(including existing data). Their results are discussed in Section 2.

American Society for Testing and Materials (ASTM) C 1174-91, “Standard Practice for
Prediction of the Long-Term Behavior of Waste Package Materials Including Waste Forms Used in the
Geologic Disposal of High-Level Nuclear Waste™ was used as a guide during development of the project.
This practice describes the iterative process of developing predictive models using a number of different
types of laboratory testing. Initial models were selected from literature reviews and from the data
generated in studying radioactive releases from commercial spent fuel. Exchange of information between
experimenters and modelers have been conducted through periodic status meetings and summary reports
and will be complete through this final report and data transfer.

Six test methods are described in this ASTM:

1. Attribute tests—tests designed to define the inherent properties of the material such as chemical
composition and radionuclide content.

2. Characterization tests—tests used to assist in understanding reaction mechanisms such as anodic
polarization tests and X-ray diffraction of reaction products.

3. Accelerated tests—tests with more aggressive than actual conditions in order to predict long-term
behavior in a shorter timeframe.

4. Service condition test—in situ tests designed to simulate actual expected conditions as much as
possible.
5. Analog tests—analyses of existing analog materials that can be used to predict or confirm

expected reactions in a repository.
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6. Confirmatory tests—tests designed to confirm the model predictions (preferably in situ).

The first three types of tests were included in the release rate test project (see further discussion in
Section 2.2). A limited review of analog studies was performed by the performance assessment
organization of the NSNFP and is linked to the research in this project. Service condition and
confirmatory tests could be performed at a future date, if required. The ASTM sections on modeling and
prediction are not within the scope of this project.

1.1 Scope and Objectives

The release rate test project was created to experimentally evaluate the degradation rates and
mechanisms of selected fuel. Data from the experiments will be fed into models to predict the release of
radionuclides to the environment, ultimately estimating the dose rate over time at the repository site
boundary. The primary objective of the project is to provide experimental confirmation that radionuclide
releases from SNF over the 10,000-year regulatory period have been conservatively modeled. In order to
meet this goal, several aspects of research have been implemented. Review of available data on
degradation of nuclear fuel (spent or unirradiated) or similar materials has been initiated by several
organizations that are discussed in later sections. NSNFP is preparing a document to summarize all the
results.

A significant effort was made to reduce the amount of experiments that would be required and
still meet the expected needs of the regulation. Based on predicted release rates from YMP preliminary
models and information of fuel composition and volume, four fuel types were selected for study. Six
experimental methods were chosen, primarily based on work in progress with commercial fuels.
Laboratory tests were initiated to evaluate SNF behavior in a wide variety of conditions (temperature,
solution chemistry, and oxygen content). Results provide information on dissolution rates, radionuclide
release rates, reaction mechanisms, gas generation, reaction product composition, form and type of
reaction products, and solution chemistry changes. Because of funding changes in the overall NSNFP,
experiments were discontinued prior to completion of the entire planned matrix. This report outlines the
experimental strategy planned, describes the tests that were completed with results, and discusses the
consequences of work that was eliminated. Although data generated by the release rate project feed into
predictive models and the performance assessment, only the experimental work and resulting
documentation are within the scope of the project. However, personnel have interfaced closely with the
modelers, the performance assessment personnel, and those at the YMP reposnory to ensure the research
meets the data needs and technology risks are minimized.

1.2 References

1. 10 CFR 63, “Disposal of High-Level Radioactive Wastes in a Proposed Geological Repository at
Yucca Mountain, Nevada,” Code of Federal Regulations, Office of Federal Register,
November 2001.

2. 40 CFR 197, “Public Health and Environmental Radiation Protection Standard for Yucca Mountain
Nevada,” Code of Federal Regulations, Office of Federal Register, June 2001.

3. J. A. Dearien, “Guidelines for Meeting Repository Requirements for Disposal of U.S. Department
of Energy Spent Nuclear Fuel (Draft),” DOE/SNF/REP-009, September 1997.

4. ASTM C 1174-91, “Standard Practice for Prediction of the Long-Term Behavior of Waste Package
Materials Includmg Waste Forms Used in the Geologic Disposal of High-Level Nuclear Waste,”
1997.
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2. PROGRAM DESCRIPTION

A team of experts was established early in the project from each DOE site that has an interest in
the project results. Included are the primary fuel storage sites (Hanford, INEEL, and Savannah River
Site), laboratories with experimental capabilities (Argonne National Laboratory-East [ANL-E],
ANL-West [ANL-W], Lawrence Livermore National Laboratory, and Pacific Northwest National
Laboratory [PNNL]), YMP, and the Naval Reactor Program (Bettis Atomic Power Laboratory). Oak
Ridge National Laboratory was included at a later date because of their expertise with Peach Bottom fuel.
Team members met approximately every 6 months to discuss the experimental progress and any issues
with the project direction. In the first few discussions, a program plan was developed to define fuel
selection, experimental methods, and quality assurance requirements.’

The program plan describes the criteria for fuel selection and presents an initial list of
recommendations. Once data from preliminary predictive models were available, the selection list was
reviewed, and a few changes were recommended. Four experimental methods were chosen based on the
ASTM definitions and the experiments performed with commercial fuel. Sections 2.1 and 2.2 discuss the
selection processes and results in detail. Quality assurance requirements are outlined in the program plan,
and all experimental activities are required to comply with the Quality Assurance Requirements and
Description (QARD).? Each test site was responsible for implementing a quality assurance program that is
approved by the NSNFP Quality Assurance organization.

2.1 Fuel Selection

In order to simplify the laboratory testing required to study the release rate characteristics of
DOE-owned SNF, a grouping of similar fuel types was completed. Table 2-1 lists the resulting eleven
groups based on characteristics expected to be important to radionuclide releases (primarily fuel matrix,
although cladding and enrichment were considered). A brief description of each group is below.?

Group 1 Classified. This group is entirely Naval fuel, and the Naval Nuclear Propulsion Program
is responsible for providing any information required for disposal acceptance. It will not be addressed in

the balance of this document.

Table 2-1. Fuel groups for release rate testing.

Group Number Group Title
Group 1 Classified
Group 2 Plutonium/Uranium Alloy (Pw/U alloy)
Group 3 Plutonium/Uranium Carbide (Pu/U carbide)
Group 4 Mixed Oxide (MOX)
Group 5 Uranium/Thorium Carbide (U/Th carbide)
Group 6 Uranium/Thorium Oxide (U/Th oxide)
Group 7 Uranium Metal (U metal)
Group 8 Uranium Oxide (U oxide)
Group 9 Aluminum-Based Fuel (Al-based)
Group 10 Miscellaneous Fuel
Group 11 Uranium Zirconium Hydride Fuel (U-Zr-Hx)
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Group 2 Plutonium/uranium alloy fuels. Center sections of the Fermi driver fuel subassembly
(uranium-molybdenum alloy with stainless steel cladding) compose over 40% (based on metric tonnes of
heavy metal [MTHM]) of this group with an enrichment of about 25% ***U. Additional fuel types
included in Group 2 are the Heavy Water Components Test Reactor driver assemblies and the Annular
Core Research Reactor fuels. Heavy Water Components Test Reactor assemblies are a uranium thorium
alloy with an enrichment of 80% ***U composing about 24% of the Group 2 inventory. Annular Core
Research Reactor fuels are uranium zirconium alloys with an enrichment of 12% **°U and make up about
26% of the inventory. Alloying the plutonium and uranium can cause a significant change in the
degradation properties of the material. Preferential attack at grain boundaries is more likely in an alloy
and may cause incongruent releases. Conversely, the alloying element may stabilize the uranium reducing
its susceptibility to dissolution, which is fairly rapid in the unalloyed form.

Group 3 Plutonium/uranium carbide fuel. Most of this group is fuel from the Fast Flux Test
Facility. The fuel consists of uranium carbide pellets or spheres with a helium or sodium bond between
the fuel and the nongraphite cladding. Effective enrichments range from 10 to 18% **U. Very little is
known about the expected degradation properties of these particles.

Group 4 Mixed oxide fuel. Mixed oxide (MOX) fuels are a mixture of uranium and plutonium
oxides with an effective enrichment over 15% **U. Fast Flux Test Facility driver and test fuel assemblies
compose the majority of this group. Cladding materials vary. Although the uranium oxide is expected to
react in a similar fashion as the commercial fuel (uranium oxide), the high plutonium content adds an
unknown factor.

Group 5 Uranium/thorium carbide fuel. Fort St. Vrain and Peach Bottom fuels compose the bulk
of Group 5, with a small amount from the General Atomic Gas Cooled Reactor. Fissile (thorium with
93% enriched **U) and fertile (only thorium) carbide particles with pyrolytic carbon coatings are the
unique characteristic of these fuels. Peach Bottom Core 1 fuel particles have one coating; Peach Bottom
Core 2 particles have two coatings; and the Fort St. Vrain particles have a silicon carbide layer over two
pyrolytic coatings, making it particularly robust. The particles are bonded together by a carbonaceous
matrix material with no cladding. Fort St. Vrain and Peach Bottom Core 2 fuels are generally in excellent
condition (with some exceptions where Core 2 fuels have seen long exposures to groundwater), but it is
estimated that about 60% of the Core 1 particles have been breached. Expected releases from the
damaged fuel could be very significant.

Group 6 Uranium/thorium oxide fuel. Shippingport light water breeder reactor fuels make up
most of the uranium/thorium oxide group. Reactor tests were used to demonstrate production of fissile
23y from thorium. Uranium oxide, up to 98% enriched 23U, mixed with thorium oxide was made into
cylindrically shaped ceramic pellets and placed into Zircaloy-4 tubes. The ceramic is expected to react
differently than standard uranium oxide, but in an unknown manner.

Group 7 Uranium metal fuel. Most of the fuel in this group is zirconium clad N-reactor fuel, but
also includes some aluminum clad Single Pass Reactor fuel. Enrichments are less than 2% **°U and
typically have low burnups. A fair amount of information is available on uranium metal chemistry and
degradation, which is different than uranium alloys or uranium oxides.

Group 8 Uranium oxide fuel. Uranium oxide fuels are from commercial reactors (particularly
debris from the Three Mile Island reactor accident) or are fuels similar to commercial spent fuel.
Enrichment of commercial fuel is typically 1-2% **°U. However, High Flux Isotope Reactor and
Shippingport Pressurized Water Reactor fuels are included in this group and have enrichments up to 93%
23y, Stainless steel is the primary cladding material, but most of the material in this group is damaged.
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Research has been continuing with commercial fuel for a number of years, and thus, a great deal of
information is available about uranium oxide fuel.

Group 9 Aluminum-based fuel. Fuel types included in Group 9 are uranium aluminide, uranium
silicide, and uranium oxide dispersed in a continuous aluminum phase with aluminum cladding. Over
36% of the fuel inventory are from foreign research reactors. Enrichments vary between 11 and 93% 25y,
with the silicide fuels having less than 20% **°U. Some work has been done with aluminum and silicide
fuels, and the reactions are different than other uranium metal or alloy fuels. '

Group 10 Miscellaneous fuel. DOE owns some fuels that have miscellaneous matrices that do not
fit into any of the other groups. This small group will be modeled as uranium metal fuel as a bounding
condition. No further consideration is given to this category because it contains a small amount
(0.03 MTHM) and examining each fuel element is not practical.

Group 11 Uranium zirconium hydride fuel. The majority of this fuel group is from the Training
Research Isotopes General Atomics (TRIGA) reactor. Uranium particles are dispersed in a zirconium
hydride matrix and are clad with aluminum, stainless steel, or Incoloy-800. Enrichments vary widely. The
unique matrix is expected to provide some resistance to degradation over other metallic fuels.

Each of these groups (except Groups 1 and 10) was prioritized by the release rate test team
according to the need for laboratory data based on mass of material, fissile content, selected fission
product content, expected release rates, uniqueness, and availability. Final selection criteria and results
are reported in “Selection of Fuel Types for Release Rate Testing.” Table 2-2 lists the specific data on
volume, fissile content, and amount of technetium and neptunium for each of the fuel categories (initial
modeling efforts indicate technetium and neptunium are the most likely to exceed regulatory limits).
Fissile material is based on the sum of the fissionable radioisotopes (**°U, 2*U, *'Np, **Pu, Z°Pu, *Py,
#py, 22py, 2 Am, 2 Am, and ***Cm) listed in “Performance Assessment of Direct Disposal in
Unsaturated TUFF of Spent Nuclear Fuel and High-Level Waste Owned by U.S. Department of Energy.”

Table 2-2. Selected data for DOE-owned fuel groups.

Mass Fissile Content *Tc 2Np

Group Number Group Name (MTHM) (Ci) (Ci) (C1)
2 Pw/U alloy 9.1 95,372 330 5.54
3 Pu/U carbide 0.1 9,926 1 0.02
4 MOX 12.4 1,329,113 125 3.86
5 Th/U carbide 26.3 53,689 400 8.90
6 Th/U oxide 504 150,702 213 2.81
7 U metal 2,127.2 2,785,425 3,541 78.82
8 U oxide 178.1 2,231,742 1,533 39.38
9 Al-based 20.9 173,779 1,273 11.03
11 U-Zr-Hx 1.6 28,733 44 0.56

Note: These data were used for planning purposes only; they have not been qualified per the Yucca Mountain Project quality
assurance document Quality Assurance Requirements and Description, DOE/RW-0333P (see Reference 2).
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Preliminary modeling at the time of the selection process indicated only five fuel groups had a
potential for making a significant impact on the repository: Groups 4 (MOX), 5 (Th/U carbide),
7 (uranium metal), 8 (uranium oxide), and 9 (aluminum-based). Uranium metal and aluminum-based fuels
made the largest impact. Uniqueness was also considered as a selection criterion. Although each group is,
by definition, a collection of similar fuel types unique from other groups, a uniqueness factor was added
to the carbide fuel groups (3 and 5). These fuels are different enough from metal, alloy, and oxide fuels
that standard test methods could prove ineffective. The last criterion used in the analysis is availability.
Samples of SNF had to be accessible within a reasonable cost and timeframe to be considered for testing,
preferably one representative or bounding of the entire group. Four fuel types were immediately
available: N-reactor fuel from Group 7, MOX fuel from Group 4, and several fuel types from Group 9
(Al-based). Peach Bottom fuel (Group 5) was scheduled for repackaging and thus, samples could be
collected at that time.

Uranium metal fuel (Group 7) has the most mass based on MTHM, the most fissile material, the
most *Tc and 2'Np, is expected to have a significant impact on the repository, and samples are available.
Thus, it was chosen as the highest priority for testing. Group 8, uranium oxide, should be the second
priority based on MTHM, fissile material, and %Tc and ®'Np content. However, a great deal of
information is available (compared to other fuel groups) on similar fuels because of the extensive testing
with commercial fuél. Data from those experiments will be used when modeling Group 8 fuels rather than
duplicating the effort. Even though the mass of aluminum based fuel (Group 9) is not particularly high, it
was chosen second in priority due to the high fissile material, **Tc, and *’Np content and the modeling
results (high potential for a significant impact on repository performance). Samples are also available for
testing. MOX fuel (Group 4) contains a large amount of fissile material, even though it is low in mass and
®Tc and 2"Np content. It was shown to have.a potential for causing a significant impact to the repository
dose, and samples are available, so it was chosen as the third priority. Group 5, Th/U carbide, was also
shown to potentially have an impact on the repository dose, and its release characteristics could be very
. unique. For these reasons, it was chosen for testing (samples could be retrieved) even though the fissile
material, *Tc, and 2'Np content and mass were not particularly high. The remaining groups, 2 (Pu/U
alloy), 3 (Pw/U carbide), 6 (Th/U oxide), and 11 (U-Zr-Hx) will not be tested experimentally. Their mass,
fissile material, “*Tc, and 2'Np content were generally low, samples would be difficult to retrieve, and
initial models showed an insignificant impact to the overall repository performance. Their release
characteristics will be estimated using literature data, experimental results with other fuel, or estimates of
values that would conservatively bound the group. Table 2-3 summarizes the results of the fuel selection

process. Only the four highest priority groups were scheduled for experimental analysis (see Reference 4).

Table 2-3. Fuel group testing priorities.

Ranking Group Number Group Name Testing Recommended?
1 7 U metal Yes
2 9 Al-baséd Yes
3 4 MOX Yes
4 5 Th/U Carbide Yes
5 11 U-Zr-Hx ' No
6 6 Th/U Oxide No
7 2 Pu/U alloy No
8 3 Pw/U carbide No
9 8 U oxide No
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2.2 Experimental Methods

In addition to selecting the fuel materials that would be evaluated, the experimental methods for
performing the evaluations had to be chosen. A decision was made to focus more on depth with a few fuel
types (using only the four defined in Section 2.1) rather than a limited amount of tests with a larger range
of materials (see Reference 4). Information that would be useful for understanding and predicting long-
term degradation of SNF in a repository environment includes:

o Initial physical and chemical characteristics

. Changes in physical and chemical characteristics over time
. Forward reaction rate

) Release rates of various radiohuclides over time

. Chemical and physical form of released radionuclides

. Potential for generation and stability of colloids

. Degradation mechanisms and rates

. Characterization of reaction products

. Paragenesis

o Degradation dependence on temperature and solution composition
. Changes in solution chemistry over time

. Gas generation rates and composition.

Five test methods were selected to address these technical needs. Characterization of the fuel is
necessary as a baseline for comparison during the experimental progression and will address the first item
above. This may include physical condition, microstructure, and isotopic composition and distribution.
The amount of characterization required for each fuel type will depend on the information already
available. Forward reaction rates and the effects of temperature and solution chemistry are the primary
purpose of flow through tests. However, some information on mechanisms, reaction products, and
releases over time can also be gleaned. Unsaturated drip tests provide some information on nearly all
areas with the exception of initial conditions, forward reaction rate, and effects of temperature and
solution composition. Static batch tests are designed to study the changes in solution chemistry over time,
but can also provide information on releases, mechanisms, reaction products, and gas generation. An
evaluation of colloid generation is included in the drip and batch tests, but a separate experimental task is
in place for detailed studies on size, composition, and stability. Additional tests could be performed to
define or clarify certain aspects of the fuel degradation. For example, galvanic tests could be performed to
evaluate potential fuel/container interactions, and gap inventory analyses are done to determine the
amount of volatile radionuclides available for immediate release. Each of these test methods is described
in more detail in the following sections.
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2.2.1 Characterization

Certain information is required about the fuel samples prior to any testing in order to have an
initial point of reference. Characterization of a sample similar to the ones used in the experiments
provides this baseline. This group of tests corresponds to the ASTM categories of attribute and
characterization tests.® A number of different techniques are available to study the various characteristics
of a fuel sample. The methods used depend on the information already known, the capabilities of the
method, and the needs of the experimenter. Visual examination and optical metallography provide
information on the integrity of the sample (physical damage) and the structure (phase distribution, grain
size and shape, etc.) Inductively coupled plasma—mass spectrometry (ICP-MS) provides data on isotopic
content. Electron microscopy (transmission, scanning, and microprobe) results in fission product
identification and distribution within the sample. The specific methods used for each fuel type are
discussed in the section for that particular fuel.

2.2.2 Flow Through Dissolution Tests

Flow through dissolution tests, a form of accelerated tests per ASTM C-1174, (see Reference 6)
are performed by contacting a fuel sample with a relatively large volume of flowing water. By increasing
the flow rate until a steady state dissolution rate is achieved, the forward reaction rate (the dissolution rate
when no back reactions occur between the dissolved components and the sample) can be found. The
forward reaction rate is equivalent to the intrinsic rate at a particular temperature and solution
composition. Because these tests are relatively short term (typically less than 1 year), a matrix of various
environmental conditions can be completed within a reasonable timeframe. Thus, the dependence of the
dissolution rate on temperature and solution chemistry can be found. Flow through tests can also be used
to identify any preferential leaching of particular elements, such as cesium and technetium. This work is
being performed at PNNL.

Figure 2-1 is a schematic of the flow through test apparatus. The solution is fed from the
feedwater container to the specimen cell with a controlled flow pump. Flow is in an upward fashion to
ensure continuous immersion. Specimen cells are about 5 cm long, are made of 316 stainless steel, and
are capped at both ends using 316 stainless steel frits with openings of about 2 pum. Samples are taken
from the exit solution and the off-gas for analyses. Temperature, solution chemistry, pH, and oxygen
content (by sparging the feed solution with selected gases) are varied in the test matrices.’

2.2.3 Unsaturated Drip Tests

Unsaturated drip dissolution tests are designed to simulate expected repository conditions. These
are also a type of accelerated test according to ASTM C-1174 due to the small size samples and
simulation in a laboratory. Groundwater from the YMP site is equilibrated with Topopah Spring tuff and
then slowly dripped onto the fuel particles and allowed to drain through a mesh on the sample holder
bottom. Tests are also performed with only water vapor. The SNF surface area to solution volume is kept
high to maximize the feedback effects (in contrast to the flow through test where back reactions were
minimized). Analyses of the sample, solution, and gas provide information on fuel degradation rates,
radionuclide release rates, chemical and physical form of released products, secondary phase formation,
paragenesis, solution chemistry changes, and reaction mechanisms. Because drip tests are designed to
simulate actual repository conditions, the longer the test is run, the better the data produced (they typically
continue for a number of years). These experiments are conducted at ANL-E.
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Figure 2-1. Schematic of flow through test experimental equipment.

Figure 2-2 illustrates the test equipment currently used in unsaturated drip tests with uranium
metal and aluminum-based fuels. Early versions of the equipment used a one stage fuel holder, with
10 pum laser drilled holes in the bottom (still used with the MOX fuel). However, the more reactive fuels
(uranium metal, in particular) plugged the holes very quickly and prevented the solution from passing
through (discussed in Section 3.3). The current version requires fuel samples be placed on the first of a
three-stage fuel holder. The top stage has a gold mesh bottom with openings of 0.6 mm; the second stage
also has a gold mesh bottom with 0.25-mm openings. Zircaloy-4 with laser-drilled 10-pum holes is used in
the bottom chamber. Solution is injected in either 0.75-mL (high drip rate) or 0.075-mL (low drip rate)
increments approximately every 3.5 days. A stainless steel test vessel collects the solution and any
particulate material that passes through the three stages. All tests are performed at a constant 90°C.
Samples can be taken of the solution or solids from any stage or from the test vessel. Pressure in the spent
fuel holder is also monitored. and gas samples can be removed for analyses.®

224 Static Batch Tests

Static batch dissolution tests, also performed at ANL-E, are a third type of accelerated test
according to ASTM C-1174. Crushed fuel samples are placed in a holder with just enough liquid to form
a constant thin film on the surface. The fuel surface area to solution volume is larger than in the drip tests,
but still much less than the flow through tests. Thus, compositional changes in the solution can be more
closely monitored as the water reacts with the fuel. Detailed information on the reaction phases formed
during degradation can be collected in typically less than 2 years (depending on the fuel type).

Particles of spent fuel are placed on the gold mesh sample holder and lowered into the stainless
steel test vessel. The vessel 1s then sealed and placed in an oven at 90°C. (See Figure 2-3 for a photograph
of the test equipment.) Enough solution is added for a fuel surface area 1o solution volume ratio of about
3,000 to 5,000 m''. After a specified length of time, the vessel is opened, and solution and solid samples
are taken for analyses. Each test continues for a different duration, providing reaction sequence
information over time.”
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Figure 2-2. Schematic of unsaturated drip test vessel (left) and photo of three-stage fuel holder (right).
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Figure 2-3. Photograph of static batch test equipment.
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2.2.5 Colloid Tests

Colloids are small particles between 1 and 1,000 nm in size that can remain suspended in a liquid,
depending on specific conditions. Larger particles will precipitate and settle out of solution. Smaller
particles are considered dissolved in solution and are subject to solubility limits. Colloids pose a unique
problem with respect to a repository environment in that the concentration of a particular radionuclide can
exceed its solubility limit and remain suspended in solution. Depending on the amount and stability, the
presence of colloids can alter the release values of certain radionuclides. Sparingly, soluble radionuclides
associated with colloids can be present in solution at concentrations that substantially exceed the
solubility of the radionuclide and can be mobilized greater distances than predicted based on solubility in
groundwater. Transport of radionuclide contaminants at numerous waste sites have been underestimated
by models when compared to the field data.'® Previous work with high-level waste glasses indicate that
significant quantities of actinide-bearing colloids may be generated during degradation." Therefore, a
study of the generation and characteristics of potential colloids from DOE SNF was included in the
release rate test project.'?

For the purposes of this project, three types of colloids are of interest: real, pseudo, and waste
form colloids. Real colloids are formed from the hydrolysis and polymerization of actinide ions dissolved
in solution. The formation of real colloids is solubility limited based on solution chemistry, preventing
significant introduction to the environment. Radionuclides adsorbing onto preexisting groundwater
colloids can be transported via pseudo-colloids. This mechanism will allow radionuclides to be released
and transported in groundwater above the solubility limit. Even more significant is the generation of
waste form colloids. As the waste form (SNF in this project) degrades, it forms alteration phases on the
surface. Colloid-sized particles of the alteration phase, including radionuclides, spall from the surface into
solution. Figure 2-4 depicts the three types of colloids examined by this project (see Reference 12).

A series of experiments were designed to evaluate the generation, stability, and characterization
of colloids from degradation of DOE-owned SNF. Analysis of the corrosion products from unsaturated
drip tests and static batch tests provide some information. Additional controlled batch tests allow constant
monitoring of the degradation process without interference from other processes. These latter tests can
also be used to evaluate the interaction of radionuclides with specific ions that may be present in the
groundwater (see Reference 12).

Several analytical techniques are available that provide different types of characterization
information about colloids. Changes in solution chemistry will be determined by measuring pH,
conductivity (ionic strength), and potentiometry (Eh). Dynamic light scattering (DLS) is used to
determine the particle size distribution and bulk colloid concentration in solution. It is based on the
fluctuations of light scattered by the constant motion of the suspended colloids. This method can be
performed in situ and is applicable to the test sequences specifically designed for colloid studies.

groundwate
colloid Ty

(a) (&)

Figure 2-4. Three types of radionuclide bearing colloids: a) pseudo-colloid, b) real colloid, and c) waste
form colloid.
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Sequential filtration involves separating colloids in a solution into designated size fractions. ICP-MS and
nuclear spectroscopy of the filtrates provide data on the elemental composition and activity of
radionuclides associated with a particular size fraction. Samples from unsaturated drip and static batch
tests are well suited for this technique. Transmission electron microscopy (TEM) will be used to
determine the morphology, structure, and elemental composition of the colloids by energy dispersive
x-ray spectroscopy (EDS), electron diffraction, and electron energy loss spectroscopy. X-ray diffraction
may also be used to determine mineral form of reaction products. A relatively new technique, size
exclusion chromatography—ICP-MS, is a highly sensitive method of quantifying actinides at very low
concentrations. It will be used to identify and quantify radionuclides associated with colloids in a specific
size fraction. Lastly, electrophoretic measurements will be made to determine the surface charge of the
colloids, which is used to understand stability and transport properties (see Reference 12).

2.3 Simulated Groundwater

Several wells have been drilled and sampled near the potential repository site at Yucca Mountain,
Nevada. The groundwater retrieved from a well designated as J-13 most closely simulates the pore fluid
found in the proposed disposal site. Thus, its composition, and variations thereof, are often used as a
representative of the solution expected in the repository. Many of the release rate experiments described
in this document have test solutions based on the composition of J-13 well water.

PNNL prepares simulated J-13 well water using deionized water and laboratory chemicals
according to a specified formulation. The following compounds are used to make the solution: CaSO4,
CaCl,*2H,0, Mg(NO;),#6H,0, NaF, NaHCO;, KHCO, and silicic acid. Samples of the resulting
solutions are analyzed for verification of a reasonable duplication. The bicarbonates and silicic acid must
be completely dissolved before the other chemicals are added to ensure the correct final composition and
prevent precipitation. Column 2 of Table 2-4 shows the composition PNNL is trying to achieve.
Variations are made to the composition so specific conditions can be evaluated experimentally. For
example, increasing the nitrate or bicarbonate concentration is used to change the pH (see Reference 7).

ANL-E has a supply of actual J-13 well water; thus, they do not need to prepare the solution with
chemicals. The water is subsequently equilibrated with Topopah Spring tuff (also from the Yucca
Mountain area) at 90°C according to a defined procedure, making it a good approximation of expected
repository groundwater. A new designation, EJ-13, is used to describe the modified solution. Column 3 in
Table 2-4 lists the expected range of composition for EJ-13 (see Reference 8).

Other solutions are used in specific tests at both PNNL and ANL-E. For instance, bicarbonate and
nitric acid solutions are evaluated in flow through tests to isolate the effects to those constituents.
Deionized water tests are performed in cases where a baseline reaction is needed. Silicon and iron
solutions are used to evaluate their effects on the stability of colloids. Each of these specific solutions will
be discussed in sections where they apply.
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L Table 2-4. Nominal composition of simulated J-13 and EJ-13 well water.
J-13 Concentration EJ-13 Concentration

}- Ions (mg/liter) (mg/liter)
) pH ~8.5 ~8.1
[" Al NA 0.3-2.0
: B NA 0.1-1.5

Ca 13 4-12
.r a 7.1 5-100

F 2.3 1.5-5.0
N K 5.3 NA
o Mg 1.9 0.05-4.0
: Na 44 40-60
L Si 33 30-90

' NO; 8.1 5-100

r SO, 18 12-100
L HCO, 120 60140
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3. URANIUM METAL FUEL

Uranium metal fuel makes up 85% of the total DOE SNF inventory based on metric tons of heavy
metal and primarily consists of zirconium clad N-reactor fuel. An estimated 50% of this fuel has been
damaged mechanically through handling processes or from subsequent corrosion of mechanically
damaged regions from underwater storage. Because of the large amount of fuel in this group, it also
represents the most fissile material and the highest technetium and neptunium content in the DOE
inventory. The degraded condition increases the risk of radionuclide release, and uranium is known for its
susceptibility to corrosion in water environments. An activity plan' was prepared to discuss the planned
test requirements to predict uranium metal fuel behavior. Some flow through experiments had been
completed prior to the preparation of the activity plan, and those results indicated additional testing was
needed. Experimental plans included additional flow through tests, some characterization, static batch
tests, and unsaturated drip tests. Colloid tests were added after the activity plan was issued because early
results indicated that colloids were produced during dissolution, which could have a negative effect on the
performance assessment. Quality assurance requirements were also defined in the activity plan. Test
method details are discussed in Section 2.2. The characterization, static batch tests, most of the flow
through tests, some unsaturated drip tests, and initial colloid tests were completed prior to the termination
of the project.

Three N-reactor fuel elements were sectioned for potential experimental evaluation based
primarily on physical condition. Some material was used for other testing in support of drying operations.
All three elements are Mark IV fuel, uranium metal fuel meat coextruded with Zircaloy-2 cladding with a
preirradiation U** enrichment of 0.947%. N-reactor fuel consists of two concentric tubes and all samples
were taken from the outer tube, with an outer diameter of 6.2 cm and an inner diameter of 4.3 cm.
Elements #SFECS5,4378 and #SFECS,4366 were stored in the K West basin, where fuel is stored in
water-filled sealed canisters. K East basin contains fuel stored in open canisters, and element
#SFECS5,2540 was removed from that facility. Secttons from element #SFEC5,4378 were.used for
characterization, batch, and drip tests; and element #SFEC5,4366 was sectioned for flow through tests
(see References 1 and 2).

3.1 Characterization

Characterization of element #SFEC5,4378 was performed at PNNL and at ANL-E. One end of
the element was damaged, probably from reactor discharge operations, extending about 2 inches down the
element length. Sections were removed from the damaged end, the edge of the damaged area, and from
the intact center area. One-inch wide rings were cut from the outer element tube and then sectioned
circumferentially into 16 samples (see Figure 3-1). PNNL performed a metallographic analysis of the
intact and damage edge sections, and ANL-E examined the damaged section.**

A transverse and longitudinal face from the intact area of the fuel element was examined optically
at PNNL. The samples were mounted and polished prior to the initial examination. Subsequent attack
polishing and heat tinting (15 minutes under a halogen lamp) causes a light halo (partial oxidation) around
the dark uranium hydride inclusions. Figure 3-2 shows the microstructure of the central intact sample,
transverse view. The white, blocky features are uranium carbide inclusions, and the dark spots with a light
halo are the uranium hydride inclusions. Distribution appears to be random throughout the surface with no
obvious concentration gradient on both the transverse and longitudinal samples. Dark areas without the
halo are considered pits, from particle pull-out or fuel matrix pits. No degradation between the cladding
and the fuel matrix was seen (see Reference 3).
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Figure 3-1. Sectioning diagram of N-reactor fuel element for release rate tests
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Figure 3-2. Microstructure of an intact N-reactor fuel section, longitudinal view, showing carbide and
hydride inclusions, minor fuel pull-out, and pitting (see Reference 3).

In the sample at the damaged end, two major cracks were visible in the matrix. One was located
at the inside surface, the other at the outer surface, and both originated at the breached end of the sample.
The cracks branched down and across the fuel, as shown in Figure 3-3, forming a network of cracks.
Portions of the crack branches penetrated into the cladding, also visible in Figure 3-3 (left). Heat tinting
resulted in a halo around sections of the cracks, indicating hydrogen had migrated into the crack forming
uranium hydrides. Other than the surface corrosion and subsequent cracking and hydriding within the
cracks, the damaged section was very similar to the intact fuel sample, shown in Figure 3-2. Inclusions of
uranium hydride and carbide are randomly located on the surface. The cladding-fuel matrix bond was not
preferentially degraded and does not appear to be a pathway for hydrogen migration (see Reference 3).

Samples from the damaged end were examined at ANL-E using visual, metallography, and
electron microprobe analyses (EMPA)." Visual inspection revealed that extensive cracking extending in
all directions within the fuel meat was present in most samples (Figure 3-4), Dark areas near the cracks
were visible on some samples, possibly regions of oxidized fuel. The bond between the fuel meat and
cladding appeared intact even where cutting damage (burrs) was apparent (see Reference 3).

Both transverse and longitudinal orientations were investigated with metallographic and EMPA
examinations. Cracking near the cladding/fuel interface was seen extending from the fuel towards and in
some cases into, the cladding. The maximum cladding penetration was approximately 67 pm (Figure 3-5).
Uranium carbide inclusions were seen uniformly throughout the sample surface and are shown as lighter
blocks in Figure 3-5. An etching process, rather than the heat tint method used at PNNL, was used to
reveal uranium hydrides. Although confirmation of the hydride composition was not made, the results
were similar to those found at PNNL (distributed throughout the fuel). Some cracks displayed oxidation
of the fuel along the crack surface, as shown in Figure 3-6 (see Reference 5).
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Figure 3-3. N-reactor fuel sample at the damaged end showing crack network from the cladding through
the fuel matnix (see Reference 3).

Figure 3-4. Uranium metal fuel sample showing extensive cracking (see Reference 5).
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Figure 3-5. Uranium metal fuel scanning electron microscopy image showing crack extending into

cladding (see Reference 5).
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Figure 3-6. Uranium metal fuel sample indicating oxidation of fuel along crack surface (see Reference 5).

EMPA examination revealed a significant amount of interdiffusion between the cladding and fuel
had occurred. Zirconium, the cladding material, had diffused into the fuel about 15 pm. An opposite
gradient of uranium was found, decreasing as the zirconium increased into the cladding (see Figure 3-7),
Scanning across a crack indicated that corrosion products were present, confirming the visual and
metallographic examinations. No fission products were detected because the concentrations were below

detection limits (see Reference 5)
3.2 Flow Through Dissolution Tests

Flow through dissolution tests with uranium metal fuel were performed at PNNL following the
same methodology as was used with commercial light water reactor (LWR) fuel. Descriptions of the test
method and equipment are found in Section 2.2.2, Temperature, pH, and solution chemistry were varied
to evaluate the forward reaction rate under different environmental conditions. Samples of the effluent
were removed one to three times per week and analyzed for uranium. Selected samples were also
analyzed for americium, strontium, cesium, technetium, and plutonium. A direct comparison between the
steady state results from the LWR experiments and the uranium metal fuel tests was anticipated.
However, significant variations in the N-reactor fuel tests were found, and thus, additional tests were
planned to identify the source of the irregularities.”’
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‘igure 3-7. Uranium metal fuel electron microprobe analysis line scan across cladding and fuel mea
Fig 1 tal fuel elect probe analysis | n acr ladding and fuel meat

indicating interdiffusion (see Reference 5)

3.2.1 Test Matrix

Ten dissolution experiments were originally planned with the uranium metal fuel at different
conditions; five of which could be used as a direct comparison with LWR fuel. Solutions evaluated
include simulated J-13 well water, bicarbonate solution, and nitric acid with pH ranges between 3 and 10
Feed initially flowed downward in the tests to effectively close the system and keep gases, primarily O
and CO,, trapped in the solution. However, large irregularities were seen compared to LWR test results,
probably caused by air pockets in the test cell. Thus, the initial six tests (1, 2, 3,4, 9, and 10) were
inverted so water flowed upward for the balance of the experiments. Temperatures were varied between

25 and 75°C. Table 3-1 hsts the imtial experimental conditions

Some of the coupons were reused in subsequent experiments. Justification for reuse was based on
the assumption that a visibly uncorroded coupon would not compromise the results in the following test
Because microscopic alterations to the material are possible that could change the release characteristics,
this may be a contributing factor to the rregulanty in test results (see Section 3.2.3). Column 2 in
l'able 3-1 shows the coupon used in each test and the exposure sequence (first, second, etc.) in
parentheses. For example, sample K was used first in test matrix 1, then in test matrix 5, followed by test
matrix 7, and finally in test 3A. Tests 3, 3A, and 3B have equivalent conditions but use different coupons
for replication. It 1s important to ensure that irradiation of the fuel does not alter the reaction process
I'hus, conditions shown for test numbers 1, 8, and 9 were duplicated with unirradiated uranium metal fuel

to evaluate the effect of burnup and serve as a reference (see References 6 and 7)

Quartz liners were placed in the test cells to prevent any galvanic interaction in these tests (see

Reference 7)
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Table 3-1. Uranium metal fuel flow through dissolution test matrix.

Specimen ID Temperature
Test (exposure) °C) Solution Chemistry pH
1 K (1) 25 2 x 102 M carbonate 8
2 L (D) 75 2 x 10> M carbonate 10
3 M (1) 75 2 x 10* M carbonate 8
3A K (4) 75 2 x 10* M carbonate 8
3B N (3) 75 2 x 10* M carbonate 8
4 N (D 25 2 x 10* M carbonate 10
5 K (2) 25 2 x 10 M carbonate 5
6 L) 75 2 x 10* M carbonate 5
7 K (3) 25 1 x 10" M nitric acid 5
8 N (2) 25 1 x 10” M nitric acid 3
9 o 25 J-13 well water 8.5
10 P (1) 75 J-13 well water 8.5

Once the experiments described above were completed, questions about variability in the results
were identified. Thus, additional tests were performed to evaluate two possible causes: galvanic corrosion
and oxic vs. anoxic conditions. Electrochemical and flow through tests were designed to evaluate
potential galvanic interactions between the uranium metal and the zircaloy cladding or stainless steel
specimen cell. Open circuit measurements of the different metals versus a reference electrode provide a
baseline of each material’s potential. Subsequent corrosion rate measurements of uranium, isolated and
galvanically connected to zircaloy and stainless steel, provide short-term estimates of the potential for
galvanically enhanced corrosion. Flow through tests were also planned to provide specific dissolution
rates with and without a galvanic connection. Below are the three flow through test configurations
planned with 2 x 10* M carbonate at 75°C and pH of 10 (conditions that produced the highest dissolution
rate in the original tests) (see Reference 7):

. Uranium metal SNF sample with cladding attached; ensure electrical connection between
uranium and stainless steel specimen cell to create galvanic interaction.

. Uranium metal SNF sample with cladding attached; glass liner in specimen cell to prevent
galvanic interaction.

. Uranium metal SNF sample with cladding removed; glass liner in specimen cell to prevent
galvanic interaction.

Flow through tests were planned to evaluate the effect of oxic versus anoxic conditions.
Unirradiated uranium metal would be exposed to deionized water at 25°C with an air sparge in the feed
container. An effluent separator and hydrogen monitor were added to the exit stream to monitor the
hydrogen production. After a period of time, the sparge gas would be changed to argon, providing an
anoxic condition. Once the results appeared fairly stable, the feed would again be sparged with air.
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Additional tests could then be performed with varying amounts of oxygen and possibly defining the point
of transition between Stage 1 and Stage 2 corrosion (see Reference 7).

3.2.2 Sample and Solution Preparation

Uranium SNF samples for the flow through dissolution tests were taken from the 16 wedge
segments described in Section 3.1. Selected segments were subsequently cut to remove the outer cladding
and to reduce the sample size. The inner cladding layer was left intact. All the samples were tested in the
as-cut condition except one. A passivation treatment of sample P was performed by exposing the coupon
to 2% oxygen/98% argon at 250°C for 4 hours to evaluate the effects of a UO, oxide film (see
Reference 6).

Unirradiated coupons were prepared by cutting uranium metal to the appropriate size and then
grinding the surfaces to a 600-grit finish. Electrochemical coupons were prepared by cutting metal stock
material to the desired size and shape (typically about 1/2 x 1 x 1/8 inch). The zircaloy and stainless steel
coupons were tested in the as-cut condition, but the cut surfaces of uranium metal were ground to a
600-grit finish (see Reference 7).

Surface area is a crucial element of the test analysis. Dissolution rates must be normalized to the
surface area prior to performing any meaningful comparisons between different samples. The surface area
of all the coupons described in this project were determined by geometric measurements of each sample.
No roughness factor was applied because they had relatively smooth surfaces. However, the LWR
specimens were small particles (1 to 5 mm fragments) and grain size powder. Surface area of the
fragments was estimated by measuring the size distribution and calculating the total geometric surface
area assuming a cubical geometry for each fragment. A roughness factor of three was then applied to
account for the irregularities. The BET (Brunauer, Emmett, and Teller) method based on gas adsorption
was used to predict the surface area of the powder (see Reference 6).

Five solutions were evaluated in the flow through tests. Simulated J-13 well water was prepared
according to the description in Section 2.3. Sodium bicarbonate was diluted to 2 x 10 and 2 x 10™* molar;
a factor of ten above and below the nominal 2 x 107 carbonate content of J-13 well water. Air with the
appropriate CO, concentration was sparged into the feed to maintain the desired pH. Nitric acid
concentrated to a pH of 3, the calculated lower limit expected in the proposed repository, was maintained
by sparging with CO,-free air (see Reference 6). Deionized water was used with unirradiated uranium
metal as a baseline and to investigate possible oxygen effects (see Reference 7).

3.2.3 Irradiated SNF Test Results

Dissolution rates from the flow through tests were calculated using isotopic analyses of the
effluent samples and initial fuel composition, flow rate, sample mass, and surface area. Below is the
formula for dissolution rate. Calculated rates for each sample were then graphed with respect to sampling
time. Uranium concentration was analyzed in every sample, but other isotopes (Am, Pu, Cs, Tc, and Sr)
were analyzed at various intervals (see Reference 6).

R,=-GE (3-1)

MAS;

where

Ri =  dissolution rate based on component i (mg/m?/d)
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G = concentration of component i in effluent (mg/mL or Bq/mL) ' ]
F = flow rate (mL/d) __\
M = mass of test specimen (mg)
A = surface area of test specimen (m”/mg) 1

f; = concentration of component i in test specimen (mg/mg or Bq/mg).

Once the graphs of dissolution rate versus time were completed, the average rate was calculated. )
With the variability of the data, choosing the timeframe to average is somewhat subjective. In general, the
areas where data points are within +30% are included in the averaging calculation. In most cases the data !
used in the average are noted on the graphs. i

3.2.3.1 Uranium Dissolution Rates. Table 3-2 shows the average uranium dissolution rates g
calculated for each test condition described in Table 3-1 with the associated error band. Flow direction is J
listed for each test; “Both” indicates those tests where the flow was changed from downward to upward
after a period of time. Because the test conditions (temperature, pH, or solution chemistry) were changed
for those SNF samples that showed no degradation, the subsequent test number is also shown. It does not ’
appear this practice caused any significant affects on the dissolution rates. The range of dissolution rates

presented in Table 3-2 is at least two orders of magnitude with no obvious trends based on any conditions. ‘
Average rates were not calculated for four tests (test numbers 3, 3A, 9, and 10) due to the onset of Stage 2 (
corrosion, discussed below. Results for test 3B and 6 were taken from the initial Stage 1 region, before .;
Stage 2 was initiated (see Reference 6).

Data from all the tests were plotted on a graph of dissolution rate versus time, although only a N
select few have been incorporated into this document. Average rates shown in Table 3-2 are also shown,

as well as any data points of other elements. Figure 3-8 is a good example of the type of graph expected |

Table 3-2. Uranium metal SNF dissolution test results.

Data Range for U Dissolution Error on |

Test Flow Subsequent  Extent of Rate Calculation Rate Dissolution |
Number Direction Test Number Corrosion (days) (mg/m?/d) Rate '
1 Both 5 NA 64-137 155 +26
2 Both .6 NA 95-137 2,030 +220 ‘
3 Both None Extensive - - NA
3A Down None NA — - NA l
3B Up None None 1-33 150 +16 |
4 Both 8 Slight 96-145 50 +4 |
5 Up 7 None 1-74 63 +11 J
6 Up None None 18-61 199 +50
7 Up 3A Moderate 4-36 38 +4 j
8 Up 3B Moderate 32-113 127 +14 !
9 Both None Extensive - - NA ,
10 Both None Extensive —* —* NA |

a. No rate was calculated because stability was not achieved. !
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Figure 3-8. Dissolution rates of uranium metal SNF in dilute nitric acid, pH of 3, and 25°C (test 8).

from a flow through test. An initial high corrosion rate is common, and it was apparent in most of the
flow through tests. After the first few weeks, the system stabilized and a consistent, average rate was
calculated. At the conclusion of the test, the specimen did not appear corroded (though some discoloration
is normal). Unfortunately, not all the test results were this uniform. Test 8 was performed in 2 x 10° M
nitric acid with a pH of 3 at 25°C (see Reference 6).

Two SNF specimens were weighed before and after testing and the weight loss was compared to
the calculated loss based on dissolution rate. Sample K (used in test 1, 5, 7, and 3B) was weighed before
test 1 and after test 7 resulting in a loss of 21.8 mg. Integrating the area under the curves of uranium
dissolution rate versus time for tests 1, 5, and 7 gave a weight loss of 19.4 mg. Using the same method
with sample N from tests 4 and 8 resulted in a 23.4 mg loss by weight measurements and 20.0 mg from
dissolution calculations. Less than 15% variation was seen with both samples, indicating dissolution rates
are reasonably accurate (see Reference 6).

Changing the flow direction from downward to upward during the experiment resulted in an
increase in dissolution rate in all six tests. Test 1 displayed this increase very clearly with a dissolution
rate of about 25 mg/m?/d prior to the flow direction change and about 200 mg/m%d afterwards, shown in
Figure 3-9. It is possible that the sample material was not completely immersed during the upward flow
period, exposing some surface to the atmosphere rather than liquid. The only experiment that did not
show a distinct increase in dissolution rate when the flow direction was changed was test 9 (Figure 3-10),
but all the data were highly variable. Test 10 results demonstrated a trend similar to test 3, but at much
higher rates. Shown in Figure 3-11, dissolution increased from about 250 mg/m%d to about
2,000 mg/m%d. Note the passivation treatment did not appear to alter the test results. Average values
shown in Table 3-2 were calculated from data collected during the upward flow regime in all the tests
except number 3A (see Reference 6). :
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Figure 3-9. Dissolution rate of uranium spent nuclear fuel in 2 x 10 M carbonate, pH = 8, at 25°C
(test 1) showing change in flow direction.
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Figure 3-10. Dissolution rate of uranium spent nuclear fuel in simulated J-13 well water (test 9) at 25°C.
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Figure 3-11. Dissolution rate of uranium spent nuclear fuel (passivated) in simulated J-13 well water
(test 10) at 75°C.

3.2.3.2  Stage 2 Corrosion. After about 120 days from test initiation (20 days from changing the
flow direction), the uranium concentration in the effluent from test 3 began to decrease significantly. The
test cell was opened, and the sample was examined. Large quantities of black, sludge-like, corrosion
products were found, and the sample was badly corroded. Thus, a forward reaction rate cannot be derived
from these data. Specimens in the concurrent experiments were also examined. Tests 5, 6, and 8
specimens showed no visible corrosion, and testing was resumed. However, the fuel samples in tests 9
and 10 did show excessive attack and were terminated. Shortly after test 6 was restarted, the uranium
concentration in the effluent began to rise significantly. It is not clear if the visual examination caused the
increase (for example, by disrupting a protective film) or if it was coincidental. At the end of this test, the
specimen was slightly corroded, and cesium concentrations were beginning to increase (see Reference 6).

The conditions of test 3 were repeated with two additional samples, labeled tests 3A and 3B.
Flow direction was the only variable in the duplicate tests; fluid was dripping downward in test 3A, flow
was upward in test 3B, and the flow was changed from downward to upward at about 100 days in test 3.
Corrosion rates in all three experiments were generally between 100 and 400 mg/m?”d. However, after
about 150 days, the uranium concentration in the effluent dropped to detection limits. Visual inspection
showed excessively degraded material, indicating the reacting uranium is retained in the corrosion
products rather than being released to the environment. Because the initial few data points (through
sample day 31) in test 3B are relatively stable (within the +30% range) and the specimen showed little to
no attack during that time, they were used to calculate an average dissolution rate. Figure 3-12 shows the
data points with time and the progression of visible degradation for test 3B (see Reference 6).

Gray and Einziger classified the two corrosion regimes as Stage 1 and Stage 2. Stage 1 was
characterized by a relatively steady release of uranium into solution with no visible corrosion products.
Uranium is assumed to be entirely in the +6 state and thus soluble. During Stage 2, uranium concentration
in the effluent drops to below detection limits, cesium concentration increases dramatically, and large
amounts of fine, black corrosion products are visible. In this case, uranium is assumed to form uranium
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Figure 3-12. Dissolution rate of uranium spent nuclear fuel in 2 x 10* M carbonate, pH = 8, at 75°C
(test 3B).

oxide in the +4 state, resulting in solid precipitates. Thus, no uranium was detected in the effluent.
Increases in cesium concentration indicate the overall corrosion rate of the fuel is increasing, even though
the uranium in solution is decreasing. The increased reaction rate may be depleting the available oxygen,
suggesting an anoxic environment and inhibiting the oxidation of U(IV) to U(V]) (see Reference 6).

Defining at what point a reaction changes from Stage 1 to Stage 2 is somewhat subjective.
Increases in the cesium concentration or decreases in the uranium concentration may be a clue, but the
presence of corrosion products is the primary determining factor. Figure 3-12 (test 3B) shows some
visible corrosion at about 70 days and a decrease in uranium dissolution rate at about 130 days. The
cesium dissolution rate increased continually throughout the test. Tests 3 and 3A also had a decrease in
uranium concentration beginning at 120 to 130 days and a fairly steady increase in cesium concentration.
Tests 9 (Figure 3-10) and 10 (Figure 3-11) were moderately corroded at test termination and could also be
classified as Stage 2 corrosion. Test 10 data followed a trend similar to tests 3, 3A, and 3B (decrease in
uranium concentration and a steady increase in cesium concentration). However, test 9 results did not
demonstrate either one of these trends. Several potential causes of Stage 2 corrosion have been proposed.
Galvanic effects between the uranium metal and the zircaloy cladding or the stainless steel test cell could
accelerate the corrosion. As the reaction proceeds, oxygen could be depleted from the solution resulting in
an anoxic rather than oxic condition. Anoxic reactions with uranium are known to be more aggressive.®
Another possibility involves the buildup of a protective oxide layer that subsequently cracks, resulting in
alternating protective/reactive surfaces (see Reference 8). These theories are explored more thoroughly in
the following sections.

3.2.3.3  Characterization of Corrosion Products. The fine, black corrosion products (sludge)
fromtests 3, 9, and 10 were dried and analyzed. X-ray diffraction (XRD) of the material from tests 9
and 10 (which used simulated J-13 well water) indicated only the presence of U,Oy (or uraninite).

Analysis of the test 3 solids, however, indicated both uraninite and schoepite (UO;-2H,0) were formed.

—_—
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No urantum hydride or other compounds were seen in any of the three samples. The higher oxidation state
was associated with the more heavily reacted sample (see Reference 6).

Measurements of particle size distribution with two of the sludge samples were completed, Size
distnibution of the corrosion products from test 3 (which used 107" M carbonate solution) 1s shown in
Figure 3-13. For comparison, the sludge from test 10 (with simuolated J-13 well water) is shown i
Figure 3-14. Very few particles from test 10 are within the colloid range (1 nm o 1 gum), but about 10%
of test 3 particles are colloidal. Notice also that test 3 appears to have a bimodal distribution, with peaks
at about 11 microns and 600 microns. Test 10 had one peak at about 40 micrans. Differences between the
twao tests include the solution chemistry, the rate, and extent of reaction (test 3 was more severcely
corroded than the test 10 sample after 170 days); and the sample in test 10 was passivated (see
Reference 6). (The passivation treatment consisted of exposing the sample to a gas stream of argon with
2% oxygen at 250°C for 4 hours, creating an oxide layer on the surface.)

Portions of the sludge were dissolved and analyzed for isotopic content. Replicates were used to
venty no undissolved material was present 1o skew the results, These data were compared 10 the onginal
fuel sample composition calculated using an ORIGEN model and measured using fuel specimen L (from
tests 2 and 6) 1n a senes of minic acid dissolution steps. An additional sample from the end of the same
fuel element was completely dissolved and analyzed for the same elements, Table 3-3 lists the estimated
SNF composition based on the three methods. Simnlar results were found with the ORIGEN calculation
and the end sample, but test specimen L had consistently lower values (except uranium). These
differences are attributed to the wide distribution of 1sotopes through a fuel element. The average
concentration from sample L was vsed for comparison with the sludge composition (see Reference 6).

[sotopic composition of the sludge (rom tests 3, 9, and 10 were analyzed for the same elements as
seen i Table 3-3. The fraction of each element retained in the sludge was caleulated based on the sample
L composttion and normalized to the uranium retention. Equation (3-2) was used (o calculate the percent
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Figure 3-13. Particle size distnibution of corrosion products from test 3, dilute carbonate solution with a
pH of § at 75°C
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Figure 3-14, Particle size distnbution of corrosion products from test 10, simulated J-13 well water af
T30

Table 3-3. Estimated sotopic mventory of uranium metal fuel samples.

Sample Uranium “Am Ry PPy Wies e "Sr
_ Source (mg/g) (uCilg) (uCi/g) (UCi/g) (nCi/g) (nCi/g) (UCi/e)
End 945 125 70.8 4.31 2,490 0,620 2,160
ORIGEN NL 10.8 704 7.12 2790 NL 2,390
L1 1,010 248 84 1.38 1,450 0451 1,110
L12) 993 355 0.6 1.46 1,520 0.420 1,150
L(3) 906 278 89 1.52 1,460 0.499 1,200
L tavg) 1,000 3.10 39.3 145 1,480 0.457 1,150

NL-—aor Listed with resulis
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retained in the sludge. Replicate samples of each sludge were analyzed to detect homogeneity or sampling
errors. Table 3-4 lists the results of the analysis and the percent of each element retained in the sludge
sample (see Reference 6).

R (%) = 100 * Liesti (WCV/g) / ([Uresti (MCI/g)/ Usampte L (MCI/8)] / Lammprer.  (3-2)

where
R = percent retention of isotope I in the sludge
Lesti = composition of isotope I in test sample i
Lampte L = average composition of isotope I in sample L
Ulesti = composition of uranium in test sample i
Uampe, = average composition of uranium in sample L

Replicate analyses were similar, so the results were assumed to be representative of the actual
reactions. Americium and plutonium were completely retained in the corrosion products. In several cases
the value was above 100%, probably a reflection of the analytical and sampling errors. About half the
technetium was retained in the sludge and half was released into the solution. Cesium and strontium
retention was dependent on the test conditions. Test 3 used a carbonate solution, which resulted in about a
third of the cesium and nearly all of the strontium being retained in the corrosion products. The sample in
this test was also highly corroded and the sludge composition was different (uraninite and schoepite).
Simulated J-13 well water was used in both tests 9 and 10, and they had similar results. Very little cesium
(10-15%) and only about a third or less of strontium remained in the sludge. In actual repository
conditions (with groundwater similar to J-13 water), most of the cesium and strontium and about half the
technetium reacted from the fuel could be released to the environment based on these tests alone (see
Reference 6).

Table 3-4. Isotopic composition and percent retention in the sludge from tests 3, 9, and 10.

Test Uranium *Am Pu’ 7cs Te S

Number  (mg/g) (uCilg) (%) (uCilg) (%) (uCilg) (%) (uCilg) (%) (uCilg) (%)
3 897 4.0 144 1.4 91 515 38 0.04 55 82 79
3 823 2.1 105 1.7 115 449 37 0.03 58 142 107
3 863 43 160 1.7 111 578 37 0.04 56 113 89
3 (avg) 136 106 37 56 91
9 753 1.9 80 0.4 101 113 10 0.02 57 24 21
9 737 23 99 0.7 133 131 12 0.02 52 39 25
9 (avg) 89 117 11 55 23
10 779 25 104 0.5 117 130 11 0.02 51 45 34
10 661 2.6 125 0.7 121 137 14 0.03 51 48 34
10 (avg) 114 118 13 51 34

a. Average of 2***°py and ***pu.
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Additional characterization of the sludge and the reacted samples was planned. Optical
microscopy of the sample cross sections would provide information on possible cracking, pitting,
hydriding, and preferential attack at the fuel/cladding interface. However, this work will not be done due
to the premature conclusion of the release rate test project.

3.2.34  Comparison with LWR Fuel. Degradation mechanisms and rates of uranium metal fuel
were compared to test results with commercial LWR (UO,) fuel. It has been suggested that once the
uranium metal begins to oxidize to UQ,, the reactions would be the same. However, the data do not
support this assumption. No indications of Stage 2 corrosion were seen with the commercial LWR fuel
experiments. Table 3-5 shows the average dissolution rate from the LWR tests with the same conditions
as the uranium metal fuel tests. Only five conditions were duplicated in both test series (LWR and
DOE-owned SNF). Because the uranium metal fuel in test 9 conditions (simulated J-13 at 25°C) indicated
Stage 2 corrosion characteristics, no dissolution rate was reported. The rate varied between 2,000 and
5,000 mg/m*d during the more stable region (see Figure 3-10). Uranium metal SNF had significantly
higher dissolution rates than LWR fuel in every case, generally by a factor between 10 and 100. Based on
these results, it is clear that uranium metal fuel does not behave in the same manner as UQO, fuel, and
predictions of releases must be based on a different model (see Reference 6).

3.24 Unirradiated Fuel Test Results

Experiments with unirradiated uranium metal fuel were performed to evaluate the effect of
irradiation and to investigate two possible causes of Stage 2 corrosion. Irradiation effects were examined
by repeating three test conditions listed in Table 3-1 (tests 1, 8, and 9) with unirradiated fuel specimens.
Galvanic interaction with the stainless steel test cell or the zircaloy cladding could cause an increase in
the uranium dissolution and thus may initiate Stage 2 corrosion. Electrochemical and flow through tests
were designed to investigate any galvanic reactions. Another potential cause of Stage 2 corrosion is the
absence of oxygen. Anoxic conditions have been reported to increase the dissolution of uranium. Flow
through tests were also planned to examine the effects of oxygen content (see Reference 7).

3.2.4.1 Unirradiated Fuel Dissolution Tests. Three test conditions from Table 3-1 were
duplicated with unirradiated uranium fuel samples: nitric acid solution at 25°C and pH of 5 (test 8 on
Table 3-1), 2 x 10 M carbonate solution at 25°C and a pH of 8 (test 1), and simulated J-13 well water at
25°C (test 9). Dissolution calculations were performed as described in Section 3.3 for irradiated fuel and
were graphed in a similar manner. Figures 3-15, 3-16, and 3-17 present the results for direct comparison
with the irra<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>