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SUMMARY

This status report describes spent-fuel leaching and dissoiution mechan-
ism experiments performed at the Pacific Northwest Laboratory from October 1978
through July 1980. It is important to identify and understand these mechanisms
in order to predict, via mathematical models, the long-term stability of spent
fuel in geological repository conditions. Due to the complexity of the struc-
tural, microstructural and compositional characteristics of spent fuel, basic
leaching and dissolution mechanisms were studied with UO2 matrix material,
specifically with single-crystal U02, to isolate individual contributory
factors.

The effects of oxidation and oxidation-dissolution were investigated in
different oxidation conditions, such as in air, oxygenated solutions and deion-
ized water containing H202. In addition, the effects of temperature on dis-
solution of UO2 were studied in autoclaves at 75 and 150°C. Also, oxidation
and dissolution measurements were investigated via electrochemical methods to
determine if those technigues could be appiied to the characterization of
leaching and dissolution of spent fuel in a hot cell. Finally, the effects of
radiation were explored since the radiolysis of water may create a ltocalized
oxidizing condition at or near the spent fuel-solution interface, even in neu-

tral or reducing conditions as commonly found in deep geological environments.

The oxjdation and oxidation-dissolution mechanisms for UO2 are proposed
as follows: The UO2
face layer several angstroms thick. This oxidized surface has a high dissolu-

surface is first oxidized in solution to form a UO2+x sur—

tion rate since the UO2+x reacts with the dissolved 02, or H202, to form uranyl
complex ions in a U(VI) state. As the urany! ions exceed the solubility limits
in solution, they become hydrolyzed to form solid deposits and suspended par-
ticles of UO3 hydrates. The thickness and porosity of the deposited UO3
hydrate surface-film is dependent on temperature, pH and deposition time. A
long-term dissolution rate is then determined by the nature of the surface

film, such as porosity, solubility and mechanical properties.



The application of these findings to the study of leaching mechanisms of
spent fuel requires further investigation. The techniques discussed here for
analyzing the oxidation and oxidation-dissolution mechanisms of UO2 matrix
material will be used to characterize spent-fuel leaching processes and to
develop data for modeling safety and stability factors of spent fuel in its
geologic environments.
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INTRODUCTION

A consideration of waste management studies is the geologic disposal of
spent nuclear fuel in the form it is removed from pressurized- and boiling-
water reactors. A safety analysis is required to assess the stability of
spent fuel and the mechanisms that release radiocactive nuclides in the event
that the cladding of the spent fuel breaches and the fuel core interacts with
water. Researchers in the Waste Rock/Interactions (WRIT) Program at the
Pacific Northwest Laboratory (PNL) are currently performing this assessment.

Unlike most alternative waste forms under consideration for Jong-term
storage and disposal, spent fuel has a preset form, composition and geometry.
Furthermore, spent fuel has various physical, chemical and thermal characteris-
tics that depend upon each reactor's history of operation. Therefore, the
behavior of spent fuels in contact with certain environments is complex and
difficult to predict. However, this behavior must be known when locations are
evaluated for possible geclogic disposal of spent fuel.

At PNL, spent-fuel leaching data have been generated since 1975 from hot-
cell experiments. In 1979, spent-fuel Jeaching mechanism studies began. These
initial studies have dealt with U02~—the spent-fuel matrix--in single-crystal
and polycrystaliine forms. As shown in Figure 1, experiments are designed to
aliow positive identification of various leaching and dissolution behaviors
based on isolated individual contributory factors,

This report describes our present understanding of oxidation and oxida-
tion-dissolution mechanisms observed for single-crystal UO2 surfaces.
Effects of air oxidation in terms of structural and microstructural aspects
have been determined. Effects of oxidation-dissolution of UO2 surfaces have
been identified based on autoclave static-dissoluticon and electrochemical
methods. In addition, the effects of radiation in terms of formation of H202
via radiolysis of water have been explored. Isolated oxidation and dissolution
mechanisms and experimental methods for identifying these mechanisms are being
applied currently to the leaching of spent fuel under similar conditions (Wang

and Katayama 1980).



STRUCTURAL AND MICRD-
STRUCTURAL FEATURES
SPENT FUEL THAT AFFECT LEACHING INVESTIGATION
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FIGURE 1. Spent-Fuel Oxidaticn and Leaching Factors Undergoing
Study at PNL



OXIDATION OF SINGLE-CRYSTAL UO, SURFACES

One objective of these special studies is to identify the oxidation
behavior of UO2 single-crystal surfaces in terms of structural, microstruc-
tural and compositional characteristics. The dissolution of UO2 in aqueous
solution is strongly related to the oxidation state of the UO2 surface.
Exposure to thermal and chemical environments can readily produce surfaces
having oxidation states markedly different from the bulk UO2 matrix. Under-
standing surface oxidation behaviors is required to determine the probable
mechanisms for oxidation-dissolution of U02 under oxidizing conditions.

EXPERIMENTAL PROCEQURES

féggggrg;ysta1s of UO2 in 5- to 10-mm sizes were selected from fused UD2
materials available at PNL in kilogram quantities, The oxidation of the UO2
was performed in air. X-ray Lang topographs (Lang 1958) were used to observe
the microstructural changes on (111) cleavage surfaces. Structural changes
were studied through precise lattice-parameter measurements made by the Bond
method (Bond 1960), which has an accuracy of #0.0002 A. The accuracy of the
lattice-parameter measurements {at least an order of magnitude better than the
powder diffraction methods) is essential for positive identification of slight
structural changes. A modification of the Bond method provides interplanar
angle measurements of high precision (#0.01°) for identifying crystal systems.

The composition of the crystal surface was obtained by Auger analysis
before and after oxidation. A depth profile of the composition was obtained
by sputtering the surface and analyzing the uranium and oxygen content until
the matrix UO2 composition was reached.

RESULTS AND DISCUSSION

Microstructural Aspects

To study the effects of oxidation on the microstructural aspects at 285°C,
a single-crystal UO2 sample was selected. Before oxidation in air, the



single crystal was annealed in a vacuum at 1000°C for several hours to homo-
genize the microstructure. Then, x-ray topographs were taken of the as—cleaved
faces. These topographs show that each cleaved face contains many subgrains
(see Figure 2A}. Generally, the crystal microstructure contains several sub-
grains and only a Tow density of dislocations and inclusions. Judging by the
images of the subgrains, which exhibit nearly equal intensities, the subgrains
have good alignment parallel to the (111) orientation.

After heating at 285°C for 1 h, topographs show that the subgrains are
slightly disoriented—namely, the structure of the subgrain itself is not
noticeably changed, but the (111) plane alignment is seriously disturbed (Fig-
ure 2B). Oxidation in air may have caused the surface microstructure of the
subgrains to change sufficiently so that the sensitive technique of the x-ray
topography could resolve the differences. o

After 5 h exposure at 285°C, the structures within subgrains appear
altered (Figure 2C). Smaller domains have low-angle boundaries different from
the previously described subgrain microstructures. Continued heating had Tit-
tle further effect on the sample other than an apparent relief of the subgrain
distortion. Whether this is a result of continued oxidation or thermal anneal-
ing of earlier distortions is not clear. The predominant changes throughout
this and a similar series of micrographs are of subgrain alignment, not within
the subgrain; therefore, we may conclude that the subgrain boundaries are the
major participants in the oxidation process.

Structural Aspects

Oxidation of UO2 is accompanied by an increase in density andoa decrease
in lattice parameters. The lattice constant decreases from 5.470 A for U02 to
about 5.44 A for U02.25 (Rundle et al. 1948). Further oxidation produces a
tetragonal distortion of the cubic tattice up to a composition approximating
U307 (Gronvald 1948). Some disagreement exists as to whether these are sepa-
rate phases or merely end-members of a structural series. In the remainder of
this discussion, "UDZH refers to the cubic form, and “U307" designates the

tetragonal modification. The distinction 1s structural, not chemicat.




















































































































































































































































































