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SUMMARY 

This status report describes spent-fuel leaching and dissolution 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 

leaching and dissolution mechanisms were 

characteristics of spent fuel, basic 

studied 

specifically with single-crystal uo2, to isolate 

factors. 

with uo2 matrix material, 
individual contributory 

The effects of oxidation and oxidation-dissolution were investigated in 

different oxidation conditions, such as in air, oxygenated solutions and deion­

ized water containing H2o2• 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 techniques could be applied 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 localized 

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 oxidation and oxidation-dissolution mechanisms for uo2 are proposed 

as follows: The uo2 surface is first oxidized in solution to form a UOz+x sur­

face layer several angstroms thick. This oxidized surface has a high dissolu­

tion rate since the uo2+x reacts with the dissolved 02, or H2o2, to form uranyl 

complex ions in a U(VI) state. As the uranyl ions exceed the solubility limits 

in solution, they become hydrolyzed to form solid deposits and suspended par­

ticles of U03 hydrates. The thickness and porosity of the deposited U03 
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. 
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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 radioactive 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 long-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 geologic disposal of spent fuel. 

At PNL, spent-fuel leaching data have been generated since 1975 from hot­

cell experiments. In 1979, spent-fuel leaching mechanism studies began. These 

initial studies have dealt with U02--the spent-fuel matrix--in single-crystal 

and polycrystalline forms. As shown in Figure 1, experiments are designed to 

allow 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-dissolution and electrochemical 
methods. In addition, the effects of radiation in terms of formation of H2o2 
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). 
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SPENT FUEL 
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FIGURE 1. Spent-Fuel Oxidation and Leaching Factors Undergoing 
Study at PNL 
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OXIDATION OF SINGLE-CRYSTAL U02 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 U02 matrix. Under­

standing surface oxidation behaviors is required to determine the probable 

mechanisms for oxidation-dissolution of uo2 under oxidizing conditions. 

EXPERIMENTAL PROCEDURES 7 
~ystals of uo2 in 5- to 10-mm sizes were selected from fused uo2 L 

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 

0 

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 

3 



single crystal was annealed in a vacuum at lOOOoC 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 low 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. 

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 lit­
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 uo 2 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 uo2.25 (Rundle et al. 1948). Further oxidation produces a 
tetragonal distortion of the cubic lattice up to a composition approximating 

u3o7 (Gronvold 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, ••uo2•• refers 

tetragonal modification. The 

to the cubic form, and 11 U307 11 designates 
distinction is structural, not chemical. 

4 
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A. 

FIGURE 2A,B,C. 

As-Cleaved 

1 mm 

c. 

Microstructure of Single-Crystal UOz Surface After Air 
Oxidation, Lang X-ray Topograph of (111) Surface 
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In cubic crystal systems, the angles between crystal planes are a property 
of the crystal system and are otherwise "invariant" (Henry and Lonsdale 1959). 
Any deviation from cubic symmetry would be immediately evidenced by a change 
in interplanar angles. In this work, the (111)-(511) angle was used. The 

third order of (111) is (333), which has the same d-spacing as (511). Once 
the crystal is aligned on a <110> zone axis, it is an easy matter to measure 
the desired angle. It is necessary only to turn the crystal from the one dif­

fracting position to the other. So long as the crystal remains cubic, this 

angle must be 38.942°. 

The purpose of this particular experiment was to determine if a thin film 

of u3o7 formed during oxidation of single-crystal uo2 surfaces as those 
observed on a uo2 pellet surface (Taylor, Burgess and Owen 1980), and if so, 
to determine the crystallographic relationship with the underlying uo2. 

A single-crystal uo2 -3 mrn in size was air-oxidized at 145°C for a 
series of time intervals. This temperature was selected to be below that at 
which u3o8 was likely to form (Gronvold and Haraldsen 1948) but well within the 

temperature range for u3o7 formation. Table 1 shows the lattice parameters 
obtained from the Bond method and angles between the (511) and (333) planes. 

During oxidation at 145°C for up to 240 h, the lattice parameters of the 
0 

single-crystal uo2 decreased from 5.4703 A on an as-cleaved surface to 
0 

5.4675 A. This decrease of lattice parameter during oxidation is expected, 
0 0 

and the lattice parameter of 5.4675 A is very close to that of the 5.467 A of 
the last cubic phase of uo2+x where x = 0.10 as reported by Aronson, Roff 
and Belle (1957) based on U02 powder samples. Aronson showed that further 
oxidation of the uo2 powder between 120 and 280°C at longer times formed a 

tetragonal phase of uo2+x where X ranged from 0.2 to 0.33. However, pro­
longed oxidation of our single-crystal uo2 surface did not show the forma­

tion of a tetragonal phase, since the angles between (511)-(333) were 

unchanged. After 312 h, the lattice parameter began to increase (see Fig­
ure 3). This increase of the lattice parameter may be a result of the con­
tinued oxidation, but the structure of the oxidized surface remained cubic. 
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TABLE 1. Lattice Parameter and Angle Between ~511) and (333) Planes 
for U02 Crystal Oxidized in Air (145 C) 

0 
Angle Between 

Time, h a
0 

(A) {511) and {333) 
0 5.4703 :t 0.0002 38.94° 

24 5.4702 38.94° 

96 5.4693 38.94° 

168 5.4693 38.94° 
240 5.4675 38.94° 

312 5.4690 38.94° 
408 5.4705 38.94° 

480 5.4725 38.94° 
570 5.4710 38.94° 
570 + 24 (at 270oC) 5.4705 38.94° 

After 570 h of oxidation at 145°C failed to produce the tetragonal phase, 
additional oxidation at 270oC for 24 h was applied. However, the lattice 

parameter and angle measurement also did not indicate the formation of a tetra­
gonal phase. No u3o7 phase was detected for the single-crystal uo2 oxidized 
at 270°C for 24 h, as shown in Table 1. Therefore, the oxidation rate for a 
single-crystal surface must be quite low as compared to that reported for the 
crystalline U02 pellets (Taylor, Burgess and Owen 1980). 

Compositional Aspects 

Surface analysis by Auger spectroscopy indicated that 0 diffusion into 
the single-crystal uo2 surface was very slow, even at 285°C. The as-cleaved 
surface (Figure 4) was very clean and only had a few angstroms of 0-rich layer. 
After air oxidation at 285°C for 24 h (Figure 5), diffusion of 0 only reached 

0 0 

to about 20 A deep. The extremely high 0/U ratio near the first 5 A may be 
0 

due to absorbed 0 and formation of a uo3 hydrated layer. At nearly 7 A 
beneath the surface, the composition was close to uo3 and rapidly decreased 

0 

to uo2 composition at a depth of nearly 20 A. Depth determination was based 

7 
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5.475 r-----------------------------. 

SINGL£·CRYSTAL U02 
BOND METHOD (lll) 

OXIDIZED IN AIR, l45°C 

27cPC 
oJf 

a
0 

(AI 5. 470 

TIME, h 

FIGURE 3. Lattice Parameter of UOz Surface as a Function of Time for 
Oxidation in Air at 145 C 

on sputtering profiles of the surface and had a 50% error. The profiles demon­
strated that the bu lk diffusion rate of 0 was indeed very low as compared to 
the grain-boundary diffusion rate observed for the uo2 pellets, which caused 
a several-micron-deep oxidation. 

As a concurrent experiment, some of the fused uo2 was crushed and sieved 
as powders of -400, -325, and -200 mesh sizes. These powders were oxidized in 
air and oxide phases determined by x-ray diffraction as shown in Table 2. Lat­
tice parameters are given for cubic uo2 and tetragonal u3o7. No attempt was 
made to determine lattice parameters for orthorhombic u2o5 or for hexagonal 

U308. 

After oxidation at 250°C, all three crushed uo2 powders showed that the 

changes of lattice parameter for a cubic uo2 phase were small, reducing only 
0 0 

from 5.470 A to 5.466 A. Further reduction in uo2 lattice parameter by oxi-

dation led to the transformation into a tetragonal u3o7 phase. This detailed 
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FIGURE 4. Surface of Single-Crystal U02 Studied by Auger Analysis 

structural investigation, based on both single-crystal uo2 and crushed pow­
ders, indicates that the effects of oxidation on uo2 may have different 
results for uo2 of different particle sizes. 

CONCLUSIONS 

The results of oxidizing single-crystal uo2 surfaces in air were quite 
different compared to the crushed-powder experiments and other data obtained 
from powder and pellet studies. We believe that oxidation of single-crystal 
uo2 with a crystal size of several millimeters was mostly due to 0 diffusion 
through subgrain boundaries and microcracks. On the surface of the single 

crystal, the oxidation forms a thin, 0-rich region of several-angstrom thick­
ness, which inhibits further oxidation. This thin, oxidized region tends to 
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60 

have a smaller lattice parameter than the bulk but does not transform into the 
tetragonal phase. Since the bulk of most of the single crystals was not oxi­
dized, changes in the structure of the oxidized region may be restrained by 
the bulk structure, preventing transformation from the cubic form. Since a 
restraint would create a large stress field on the oxidized surface region, 
this might explain the disorientation of the subgrain microstructure in terms 
of the stress buildup near the subgrain boundaries during the initial oxida­

tion process. 

Stressed oxide layers will imply a high surface energy or enhanced sur­

face reactivity and potential mechanical failure by disintegration. Further 
investigations are needed to understand the relationship between the surface 

stress and the rate of dissolution of uo2 in oxidizing solutions. 
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TABLE 2. Structure anq Lattice Parameter of Uranium Oxides After Air 
Oxidation of Crushed Single-Crystal U02 Powders 

Crushed U02 Powders Phases and Lattice Parameter Observed Particle Hours at 0 0 

Size 250°C _!!Q2~ Y.3Q7~ Y.2~ _Q~ 
-400 mesh 0 5.470 

16 5.469 5.36, 5.52 trace 
40 5.4~7 5.38, 5.55 trace trace 
64 --- a) 5.38, 5.55 trace trace 

-325 mesh 0 5.470 
16 5.469 5.38, 5.54 
40 5.467 5.38, 5.49 trace strong 
64 5.38, 5.49 trace strong 

-200 mesh 0 5.470 
16 5.469 5.38, 5.52 trace 
40 5.466 5.37, 5.53 strong 
64 5.38, 5.49 strong 

(a) (---) = Not detectable. 
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DISSOLUTION OF U02 IN OXYGENATED SOLUTIONS 

The objective of this study is to identify the dissolution mechanisms for 
uo2 surfaces in oxygenated solutions. Results reported here are based on 
autoclave experiments at 75°C and 150°C for times up to 81 d in three solu­
tions supersaturated with dissolved 0. We studied the oxidation-dissolution 

mechanism as a function of temperature and time by characterizing these uo2 
surface features: microstructure, structure, and composition of the surface 
be~ng dissolved. We then correlated these observations with the changes of 
the U concentration in the solution. 

EXPERIMENTAL PROCEDURES 

Single-crystal uo2 samples weighing about 3 to 6 g with surface areas 
of -4 cm2 were selected. The dissolution experiments were made in a 1-gal 
Hastelloy-C autoclave with three titanium capsules of uo2 prepared as shown 
in Figure 6. The Ti capsules have a volume of -70 ml and have threaded tip 
closures with provisions for pressurizing lines. The Ti capsules were 

enclosed in a Ti screen holder and a volume (in cm3) of leachant 10 times 
the estimated surface area (in cm2) of the samples was prepared (about 40 ml 
of solution). Three leachant solutions were used in the study: 1) deionized 
water, 2) 0.03 ~synthetic bicarbonate ground water, and 3) Waste Isolation 
Pilot Plant (WIPP) "B" salt brine. These solutions were prepared in accord­
ance with WISAP Task 2 standards. Each leach solution was pressurized with 
pure 0 at different pressures so that a 200 ppm dissolved-oxygen level was 
anticipated (Needham, Jr. et al. 1975) (Figure 7). Because substantial over­
pressures were used and there was some refluxing action during the test, 0 was 
not sparged before and during the test. 

After loading the capsules with samples, the three solutions were added 

to each capsule and the capsules were placed in the autoclave. Before start 
of heating, the desired 0 overpressure was established for each capsule. A 
run was measured from the time at which the autoclave reached the test 

temperature. 
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FIGURE 6. Autoclave Experiment for Dissolution of U02 in Solutions 
With 200 ppm Dissolved Oxygen 

Upon completion of the test for a designated time, the autoclave power was 
shut off and the overpressure was maintained until the autoclave had cooled for 
disassembly. The test solutions were transferred to a glass container for U 
and pH analysis. The uo2 samples were undisturbed and the capsules refilled 
with new solutions for the next test. 

The test solutions were analyzed by an isotopic dilution/mass spectrometer 
technique. Blank solutions in Ti capsules at these temperatures were also pre­
pared for background U content. 

After 11, 30 and 60 d, a small sample weighing about 50 mg placed pre­
viously with the large samples in the capsules was removed for surface struc­

ture and composition analyses. The surfaces of the samples were studied with 
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FIGURE 7. Relationship of Pressure and Oxygen Solubility 
in Water and NaCl Solutions (from Needham, Jr. 
et al. 1975) 

an SEM for surface morphology and surface-film formation. The composition of 
the surface film and crystals was determined by x-ray energy analysis. The 
phase of the surface film was investigated by x-ray diffraction. 
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RESULTS AND DISCUSSION 

Uranium Concentration 1n Solution 

Concentrations of U in the three solutions at different time periods are 
listed in Table 3 and plotted versus time based on the concentration of U per 
unit surface area (cm2) of the uo2 samples in Figure 8. The U concentrations 
in the solutions did not represent the total amount of uo2 dissolved from 
the single-crystal uo2 surfaces because uo3 hydrate crystals were found 
deposited on the surfaces of uo2 and on the capsule walls (a phenomenon 

TABLE 3. Uranium Concentrations in Leach Solutions After Leaching Single-
Crystal U02 at 75•c and 15o•c 

Deionized 
Time 2 d Water 

2.8 Blanks 0.000054 
9.8 Blanks 0.000026 
0.5(a) 0.0649 
o.5(b) 0.0388 
2.4(a) 0.0701 
2.4(b} 0.0382 
6.3(a) 0.110 
6.3(b) 0.0831 

11.1(a) 0.694 
15.9(a) 1.08 
23(a) 2.09 
31(a) 2.07 
43(a) 0.550 
58 (a) 0. 722 
81(a) 0.482 

(a) As-received solution. 
(b) Centrifuged solution. 

.. '\ • ,.J ··Q._'l 
Uranium Concentration 2 

' /l ' ... oi.{' mg m 
75·c 15o•c 
0.03 M WIPP "8" Deionized 0.03 M WIPP "B" 
NaHCO"J_ Brine Water NaHCO"J_ Brine 
0.00101 0.000274 0.0000211 0.00103 0.000713 
0.00150 0.000227 0.0000247 0.000792 0.000166 
5.78 0.0242 2.12 21.0 0.0171 
5.83 0.0120 1.98 21.1 0.00196 

30.7 0.0224 0.725 31.8 0.0956 
30.2 0.00867 0.468 31.4 0.0655 
24.7 0.529 1.25 23.3 0.0345 
25.5 0.294 1.08 23.2 0.00115 

41.3 0.178 0.313 28.5 0.0122 
36.1 0.0585 0.0680 37.8 0.00654 
54.4 0.0589 0.0624 32.5 0.0520 
49.4 0.0354 0.0579 28.6 0.0162 

69.8 0.0455 0.113 26.2 0.0351 

90.4 0.0107 0.488 26.0 0.0251 

102.0 0.0175 0.163 25.5 0.176 
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Surfaces 

called 11 plate-out 11
). Furthermore, up to one half of the U in the solution may 

be associated with solid particulates as illustrated by the results of centri­

fuge tests in Table 3. 
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In Figure 8 the NaHC03 solution contains the highest concentration of U 
among the three test solutions at both 75 and 150°C. The concentration is 
actually lower for 150°C than for 75°C after 81 d. At all times and tempera­
tures, the WIPP brine solution has the lowest U concentration. The deionized 
water shows two behaviors at 75 and 150°C. A higher U concentration of nearly 
two magnitudes is evident for the 150°C test solution compared to the 75° test 
solution after 1/2 d leaching. The U concentration at 150°C then decreases to 
a low number between 23 and 31 d and then increases at 60 d. The U concentra­
tion at 75°C at first increases to a maximum between 23 and 31 d and then 
decreases slightly after 40 d. This fluctuation of U concentration may be 
related to the pH changes of the solution, as shown in Table 4. Interest­
ingly, the concentration of U in deionized water and NaHC03 solution is 
greater at 150°C than at 75°C for the first few days although the trend 

reverses after 11 to 23 d. 

The pH values for NaHC03 and WIPP ''B" brine solutions were nearly con­
stant as a function of time and temperature. However, the pH values for 

TABLE 4. pH Values of Leach Solution After Leaching Single-Crystal U02 
at 75oC and 150°C 

pH of Sample Solution 
75oC 150°C 

Deionized 0.03 M WIPP "B" Deionized 0.03 M WIPP "B" 
Time, d Water NaHCOJ Brine Water NaHCOJ Brine 

0.5 6.6 9.3 6.9 5.6 9.3 7.0 

2.4 6.4 9.4 7.2 6.2 9.3 7.0 

6.3 6.0 9.4 7.1 5.8 9.4 7.1 

11.1 5.8 9.2 7.1 5.8 9.2 7.1 

15.9 5.6 9.1 7.1 6.1 9.2 7.0 

23 5.6 9.2 7.0 6.1 9.2 7.1 

31 5.5 9.2 7.3 6.1 9.2 7.3 

43 6.0 9.3 7.5 6.3 9.2 7.2 

58 6.3 9.2 7.1 6.8 9.1 7.2 

81 5.9 9.2 7.3 6.3 9.1 7.0 

18 



deionized water fluctuated at the first 31 d for the 75°C solution and the 
first 11 d for the 150°C solution. These pH changes in deionized water would 
be a good indicator of the oxidation-dissolution of uo2 and the solubility 
limits of the uranyl ions. The low pH values found between 11 and 31 d for 
the 75°C solution correspond to the high U concentrations in the solution for 
the same time period. Also, the sudden increase of pH from 5.6 to 6.2 for the 
0.5 to 2.4 d period may cause the peak at 6.3 d for the 150°C solution. Appar­
ently, the high U concentration is due mainly to the increase of solubility of 

uranyl ions at lower pH values as indicated by Holland and Brush (1979). The 
reason for the pH fluctuation was not identified. 

The plate-out problem was examined by rinsing the Ti capsules after the 

test with 50 ml of 1 ~ HN03 for 1 h at room temperature. Table 5 shows the 
seriousness of the plate-out problem, especially for the NaHC03 and deionized 
water at 150°C. Although the solution analysis did show lower U concentration 

for NaHC03 at 150°C compared to the 75°C test, the large amount of U removed 
from the Ti capsules indicates that the dissolution rates of uo2 surfaces 

for 150°C are far more than those of 75°C. 

TABLE 5. Post-Experiment Acid Rinse( a) of Capsules 

Solution and Temperature Uranium 
Ca~sule of Leach Ex~eriment Removed 2 ~9 

Al H20, 75°C 58.0 
Bl NaHC03, 75oC 23.9 
Cl WIPP "B" Brine, 75°C 4.06 
A2 H20, 150oC 103.0 
B2 NaHC03, 150oC 2280.0 
C2 WIPP "B" Brine, 150°C 21.8 
Spare Not used in experiment 0.026 
Blank Glassware and reagents 0.000527 

(a) Rinse Procedure: 50 ml of 1 ~ HN03 in each 
capsule for 1 h at room temperature. 
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It is possible that the deionized water and NaHC03 solutions were super­
saturated with uranyl ions near the uo2 surface region at all times and the 
dissolution of uo2 continued even when the solution was saturated. In this 
case, the U concentration in the solution will be related to the solubility of 
the uranyl ions. Oxidation-dissolution will proceed even if the solution is 
supersaturated, and the excess uranyl ions over the solubility limit will be 
transferred into the solid form of deposits and plate-out. The following 
examination of the surface features of the test samples confirms this 
conclusion. 

Surface Features 

Although solution analysis of U concentrations did not show a clear pic­
ture of the oxidation-dissolution mechanism, much can be learned from the stud­
ies of the surface features of the uo2 samples. The surface deposits clearly 

illustrate that oxidation-dissolution is promoted by higher temperatures, such 
as 150°C, and that a great difference exists between the dissolution rates for 
these two temperatures. 

Deionized Water 

A layer of well-defined crystals was deposited onto the uo2 surface 
after 11 d at 150°C (see Figure 9). The deposited crystals had both cubic and 
cone shapes about 1 ~m in size. X-ray diffraction indicates that these crys­
tals are uo3 hydrates. Table 6 shows powder diffraction patterns for those 
deposited crystals at 11 and 30 d. The diffraction patterns resemble those of 
uo2(0H) 2 (Debets and Loopstra 1963) and sodium polyuranite I and II (Brush 
1980), Figure 10. 

No visible deposition of crystals and films on the surface of uo2 is 
evident in the 75oC tests (Figure 11). After 30 d at 150°C, the deposited 
crystals had grown in size into the shape of a plate-s ~m thick (Figure 12). 

These crystals were not as perfect as those observed after 11 d, which indi­

cates an effect of redissolution and redeposition of the uo3 hydrates during 
a long period of time. Again, no evidence of deposition was observed for uo2 
tested at 75°C for 30 d (Figure 13). After 60 d of autoclave testing, the 
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FIGURE 9. SEM Micrographs of U02 Surfaces After 11 Days at 150oC in 
Deionized Water Containing 200 ppm Dissolved Oxygen 
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TABLE 6. X-Ray Powder Diffraction Data for U02 Surface-Deposited Crystals 
in Deionized Water at 150°C 

De~osited Crfstal After 11 d 
D S~acing heta ~ 

De~osited Cr,stal After 30 d 
0 S~acing heta I/I 

~ 

7.46 5.92 Strong 7.48 5.91 Strong 

5.78 7.65 (a) 5.68 7.79 

5.34 8.30 5.34 8.29 

3. 72 11.94 Medium 3. 72 11.93 Medium 

3.51 12.65 Medium 3.52 12.63 Medium 

3.40 13.07 Medium 3.40 13.08 Medium 

3.19 13.96 3.17 14.06 Medium 

3.16 14.12 Medium 3.06 14.57 Weak 

3.05 14.63 Weak 2.87 15.55 

2.88 15.50 2.57 17.39 Very Weak 

2.74 16.32 2.47 18.12 Very Weak 

2.57 17.45 Very Weak 2.22 20.26 Very Weak 

2.48 18.10 Weak 2.05 22.08 Very Weak 

2.22 20.23 Very Weak 2.01 22.53 Weak 

2.15 20.96 1.95 23.24 Very Weak 

2.06 21.97 Very Weak 1.86 24.40 Very Weak 

2.01 22.52 Weak 1.81 25.17 

1.95 23.20 Very Weak 1. 76 25.91 Very Weak 

1.87 24.31 Very Weak 1. 70 26.84 

1.80 25.28 1.61 28.53 Very Weak 

1. 76 25.85 Very Weak 2.73 16.34 

1. 70 26.82 1.66 27.62 

1.66 27.63 

1.61 28.57 Very Weak 

(a) --- = Very Very Weak 

deposited hydrate crystals of the 150°C sample became rough in shape but showed 

no evidence of further growth of the crystal size (Figure 14), which suggests 
that an equilibrium of crystal deposition and dissolution was reached. The 
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FIGURE 10. Schematic Diffractograms for U02 Surface-Deposited Crystals 
at 150°C in Deionized Water and 0.03 ~ NaHC03 Solution 
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FIGURE 11. SEM Micrographs of U02 Surfaces After 11 Days at 75oC in 
Deionized Water Containing 200 ppm Dissolved Oxygen 
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FIGURE 12. SEM Micrographs of U02 Surfaces After 30 Days at lSOoC in 
Deionized Water Containing 200 ppm Dissolved Oxygen 
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FIGURE 13. SEM Micrographs of U02 Surfaces After 30 Days at 75oC in 
Deionized Water Containing 200 ppm Dissolved Oxygen 
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FIGURE 14. SEM Micrographs of U02 Surfaces After 60 Days at 150oC in 
Deionized Water Containing 200 ppm Dissolved Oxygen 
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75°C-tested sample surface after 60 d did have a few needle-shaped crystals 
and the surface was rough, which indicates the apparent dissolution and thin 

deposition of a uo3 hydrate layer (Figure 15). 

0.03 M NaHC03 
Figures 16 and 17 show the uo2 surface after 11 d of dissolution in 

0.03 ~ NaHC03 at 75°C and 150°C, respectively. The 150°C sample had a 
greater dissolution and surface etching than had the 75oC sample. No deposi­

tion of crystals was observed for either temperature. However, after 30 d, 
dissolution of the surface was more severe, and a thick layer of deposited 

crystals was observed on the 150°C sample (Figures 18 and 19). X-ray elemen­
tal analysis of the crystal showed a small quantity of sodium or the formation 
of the sodium form of U03 hydrate salts. X-ray diffraction patterns 
(Table 7) indicated that the crystal structure resembled those of sodium poly­

uranite III (Brush 1980), Na20•2.33U03 (Wamser et al. 1952) and Na20(U03• 
H20)n (Maly and Vesely 1958) as shown in Figure 10. After 60 d of testing, the 
150°C sample surface was covered with large plate-like crystals nearly 5 ~m 

wide (Figure 20). Although the 75°C sample was pitted and etched heavily 
throughout this time period, no crystals were deposited on the surface 

(Figure 21). 

WIPP 11 811 Brine Solution 

Only a few deposited crystals were found on the uo2 surface after 11 d 
at 150°C (Figure 22). Also, etching of the surface was evident. For the 75°C 
sample surface, no etching of the surface was evident, and few crystals were 
attached to the surface (Figure 23). After 30 d, both the 75°C and 150°C sur­
faces were covered with a thin, sponge-like coating (Figures 24 and 25). The 
sponge-like coating was also evident on samples after 60 d at both temperatures 

(Figures 26 and 27). No apparent differences existed in surface roughness and 
coating layer between the 30- and 60-d samples, which indicates a low dissolu­
tion and deposition rate. The thin coating layer may have a passive nature, 

which protects the surface from further oxidation-dissolution. 
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FIGURE 15. SEM Micrographs of U02 Surfaces After 60 Days at 75°C in 
Deionized Water Containing 200 ppm Dissolved Oxygen 
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FIGURE 16. SEM Micrographs of U02 Surfaces After 11 Days at 150oC in 
NaHC03 {0.03 ~) Containing 200 ppm Dissolved Oxygen 
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FIGURE 17. SEM Micrographs of U02 Surfaces After 11 Days at 75oC in 
NaHC03 (0.03 ~) Containing 200 ppm Dissolved Oxygen 
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FIGURE 18. SEM Micrographs of U02 Surfaces After 30 Days at 150°C in 
NaHC03 (0.03 ~) Containing 200 ppm Dissolved Oxygen 
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FIGURE 19. SEM Micrographs of U02 Surfaces After 30 Days at 75°C in 
NaHC03 (0.03 ~) Containing 200 ppm Dissolved Oxygen 
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TABLE 7. X-Ray Diffraction Data for UOz Surface-Deposited Crystals in 
0.03 ~ NaHC03 Solution at 150 C 

De~osited Cr~stal After 30 d 
D S~acing heta ~ 

De~osited Cr~stal After 60 d 
D s~acins Theta __!l_!o-

5.84 7.58 Strong 5.83 7.59 Strong 
5.08 8.73 (a) 4.18 10.61 
4.18 10.62 3.68 12.09 
3.69 12.04 3.45 12.90 Medium 
3.45 12.89 Medium 3.36 13.24 Medium 
3.37 13.22 Medium 3.22 13.83 Strong 
3.22 13.84 Strong 2.78 16.08 
2.90 15.40 Medium 2.91 15.34 Weak 
2.85 15.68 2. 77 16.13 Weak 
2.76 16.18 Very Weak 2.69 16.62 Weak 
2.69 16.64 Weak 2.46 18.24 Weak 

2.45 18.27 Weak 2.33 19.24 
2.33 19.25 2.25 20.03 Very Weak 

2.28 19.74 2.18 20.63 Very Weak 
2.24 20.10 Very Weak 2.06 21.92 

2.19 20.60 Very Weak 2.01 22.49 Medium 

2.05 22.06 Very Weak 1.98 22.88 Very Weak 
2.01 22.48 Medium 1.94 23.31 Very Weak 
1.97 22.96 Very Weak 1.91 23.68 Very Weak 
1.94 23.36 Very Weak 1.88 24.14 Very Weak 
1.91 23.72 Very Weak 1.86 24.43 Very Weak 
1.89 24.05 Very Weak 1.72 26.53 Very Weak 

1.85 24.51 Very Weak 1.67 27.32 Very Weak 

1.83 24.80 1.64 27.98 Weak 

1.72 26.47 Very Weak 1.61 28.53 Very Weak 

1.67 27.36 Very Weak 1.58 29.16 Very Weak 

1.64 28.01 Weak 1.55 29.73 

1.61 28.54 Very Weak 1.54 29.98 

(a) --- = Very Very Weak 
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TABLE 7. (contd) 

Deposited Crlstal After 30 d 
D Spacing heta ~ D Spacing heta I/I 

~ 

1.57 29.22 Very Weak 1.49 30.97 

1.55 29.73 Very Weak 1.45 31.98 

1.53 30.10 Very Weak 1.43 32.49 

1.49 31.07 Very Weak 1.41 32.92 

1.45 32.02 Very Weak 1.38 33.69 
1.43 32.46 Very Weak 1.37 34.19 

1.41 33.02 1.34 35.05 
1.38 33.79 Very Weak 1.32 35.65 
1.37 34.19 1.30 36.16 Very Weak 
1.34 35.09 Very Weak 1.27 37.17 

1.32 35.65 Very Weak 1.24 38.13 
1.30 36.21 Very Weak 1.22 38.85 
1.27 37.08 

1.25 38.05 
1.23 38.52 
1.19 40.24 

1.18 40.77 

1.17 41.13 
1.16 41.54 
1.13 42.79 

CONCLUSIONS 

Autoclave studies of the dissolution of single-crystal U02 surfaces at 

75 and 150oC indicate that the dissolution of the U02 surface in oxygenated 

solution is a function of temperature. Oxygen, present near the uo2 sur-
face, assists in this dissolution. Initially, due to the high dissolution rate 
of the uo2 surface, the solution near the uo2 surface quickly approaches satu­

ration within a short incubation period, probably 20 d at 150oC for the NaHC03 
solution and <11 d for deionized water. Basically an oxidation process, the 
oxidation-dissolution of uo2 is controlled by the availability of 0 near 
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FIGURE 20. SEM Micrographs of U02 Surfaces After 60 Days at 150oC in 
NaHC03 (0.03 ~) Containing 200 ppm Dissolved Oxygen 
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FIGURE 21. SEM Micrographs of U02 Surfaces After 60 Days at 75oC in 
NaHC03 (0.03 ~) Containing 200 ppm Dissolved Oxygen 

37 



400X 800X 

2000X 8000X 

FIGURE 22. SEM Micrographs of U02 Surfaces After 11 Days at 150°C in 
WIPP 11811 Brine Solution Containing 200 ppm Dissolved Oxygen 
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FIGURE 23. SEM Micrographs of U02 Surfaces After 11 Days at 75oC in 
WIPP "B" Brine Solution Containing 200 ppm Dissolved Oxygen 
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FIGURE 24. SEM Micrographs of U02 Surfaces After 30 Days at 150oC in 
WIPP "B" Brine Solution Containing 200 ppm Dissolved Oxygen 
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FIGURE 25. SEM Micrographs of U02 Surfaces After 30 Days at 75°C in 
WIPP 11 811 Brine Solution Containing 200 ppm Dissolved Oxygen 

41 



400X 800X 

1}J -
2000X 8000X 

FIGURE 26. SEM Micrographs of U02 Surfaces After 60 Days at lSOoC in 
WIPP 11 611 Brine Solution Containing 200 ppm Dissolved Oxygen 
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FIGURE 27. SEM Micrographs of U02 Surfaces After 60 Days at 75oC in 
WIPP 11 811 Brine Solution Containing 200 ppm Dissolved Oxygen 

, 
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the uo2 surface. As long as an unlimited supply of 0 exists, the dissolution 
of uo2 will continue even if the surface region of the solution has been 

supersaturated. In addition, uranyl ions are deposited as solid uo3 hydrate 
crystals onto the uo2 surface and container wall. Interestingly, a tempera­
ture increase from 75 to 150°C also favors the formation of deposited hydrate 
crystals because the solubility limits of uranyl ions reduce in respect to the 

increase of temperature, e.g., the solubility of uranyl ions is higher at room 
temperature than at 90°C (Holland et al. 1979). Therefore, the concentration 
of U in solutions such as NaHC03 and H2o decreased with the function of time 
at 150°C since hydrated crystals were found on the uo2 surface. This implies 
that the concentration of uranyl ions in these solutions may not be directly 
related to the oxidation-dissolution rate of the uo2. 

For deionized water, the mechanisms of oxidation-dissolution may be con­

sidered in three reaction steps. The first step may be a simple oxidation of 

the surface, such as: 

The second step involves dissolved 0 and H+ ions: 

+ + 
U02+x + H + {1-x)/2 o2---U02(0H) , 4 ~ pH ~ 7 

This reaction is consistent with our observation that dissolution of uo2 in 
75°C deionized water increases with increased hydrogen ions {decreased pH 

values). 

The third reaction is the 

uo2 surface and capsule walls. 

test, the reaction possibly is a 

deposition of uo3 hydrate crystals onto the 

For a low-temperature reaction, such as 75°C 
+ hydrolysis and involves H ions, such that: 

4 ~ pH ~ 7 

\ 

44 

(1) 

(2) 

(3) 



... 

I 

For a higher temperature, such as 150°C or greater, the hydrolysis reaction 
may take the form of: 

4 s pH s 7 

+ In both cases, the release of H ions during the hydrolysis reactions will 

(4) 

compensate for the consumption of H+ during the oxidation-dissolution reac­

tions (2), and the oxidation-dissolution reaction will be carried on as the 
deposition of hydrate crystals begins. It is not clear whether the incubation 
time required for the alternation of reaction (2) and subsequent reactions (3) 

and (4) cause the fluctuation of the pH in the deionized water, but this ques­
tion is certainly worthy of further investigation. 
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ELECTROCHEMICAL OXIDATION AND DISSOLUTION OF U02 

We initiated a study of the oxidation and dissolution of uo2 using elec­
trochemical methods with two objectives in mind: 

• to determine the principal mechanism and kinetics of the oxidation 
and dissolution process 

• to develop electrochemical methods for accelerated leaching of spent 

fuel to assess the stability of the spent fuel in different environ­
ments. 

Electrochemical methods are attractive because they offer a 11 Clean 11 way 
to accelerate oxidation and dissolution processes. Either they can increase 
or control the oxidizing potential of an environment, and thereby reveal speci­
fic characteristics of the uo2 without the addition of chemical oxidizing 
agents, or they can measure dissolution rates without the removal of the solu­

tion or the uo2 sample from the environment, thus avoiding significant dis­
turbance of the environment. 

Further, the dissolution rate obtained from electrochemical methods would 
be directly proportional to the amount of materials removed from the uo2 sur­
face since the charge transfer involved in the electrochemical reaction can be 

determined. Therefore, we can determine the total amount of uo2 dissolved 
from the surface precisely at each moment even if redeposition and container 
plate-out of uo3 hydrates occur. Dissolution kinetics can also be continu­
ously monitored for detection of rapid and minor changes of dissolution charac­
teristics, which may be impossible by solution analysis. Finally, the most 
attractive advantage of the electrochemical method would be its application to 
spent-fuel studies. In this case, in-situ measurement and monitoring of the 
leach rate for spent fuel can be obtained directly with control performed out­
side the hot cell. Combined with other techniques, such as acoustic emission, 
impedence measurement and photoelectrochemical measurement and ellipsometry, 
the microstructure, composition and optical properties of the surface films 

can be studied in-situ while the leaching processes are in progress. 
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DISSOLUTION RATE DETERMINATION 

Several reactions occur at a metal surface during electrochemical dis­
solution experiments: 

• Dissolution: 

• Surface oxidation and formation of oxide film 

• Formation of surface salt film 

M + zx----Mx + ze­z 

(5) 

(6) 

(7) 

Dissolution of uo2 would be correlated to reaction (5). However, anodic con­
ditions also favor reactions (6) and (7). If the reaction rate of (5) is far 
below the rates for reactions (6) and (7}, the surface of the material will be 
covered by oxidation and salt-film products, and the dissolution of the mate­
rial will then be controlled by surface-film characteristics. 

In this case, the measurement of the dissolution rate by electrochemical 

methods should be limited to the region of overpotential where the surface 
oxidation and surface salt film will not interfere with the dissolution of the 
new surface. This can be done by applying a very small overpotential over the 
open-circuit potential, such as below 50 mV used to determine the Tafel plot. 

With polarization techniques, the rates of both cathodic and anodic reac­
tion usually follow Tafel behavior, that is: 

E = a + b log i (8} 

where E is the electrode potential of the sample, i is the current density of 
the electrochemical reaction, and a and b are the constants. 

The dissolution current can be estimated if the electrochemical dissolu­

tion processes follow the Tafel behavior. The net current density on the 
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sample is related to the current densities of the electrochemical reactions 
occurring on the sample surface by the equation: 

i (net) = i (anode) - i (cathode) (9) 

The exponential behavior of current density with potential means that the 
anodic contribution to the net current density can generally be ignored if the 
sample potential is 50 mV more negative than the open-circuit value, while the 
cathodic contribution is usually negligible at a potential 50 mV more positive 
than the open-circuit value. These relationships are shown schematically in 
Figure 28. For a sample of single-crystal uo2 in deionized water, it is 
clear that the dissolution of uo2 can be obtained based on the Tafel rela­
tionship (see Figure 29). 

Assuming the dissolution current density obtained from Equation (8) is 
i
0 

as 1 ~A/cm2 , according to Faraday's law, the current is equivalent to: 

10-6 A/cm2 
X 8.64 X 104 S/d X 104 cm2/m2 = 5.4 X 1021 2 electrons/m -d (10) 

1.6 x 10-19 Caul/electron 

If the dissolution of one molecule requires two electrons, based on the prob­
able oxidation-dissolution mechanisms for uo2 described in the previous sec­
tion, this can be expressed by the following electrochemical reactions: 

4 ~ ph ~ 7 

Therefore, the dissolution rate of U02 will be: 

Dissolution rate U02 {g/m2-d) = 
5.4/2 X 1021 uo2 molecules X 270 g U02/mole 

0.602 X 1024 U02 molecules/mole 
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This expression assumes that all the component elements dissolve based on one 
type of dissolution reaction and at essentially a uniform rate. This assump­

tion is suitable for a single-crystal uo2 surface containing no grain 
boundary. 

POLARIZATION OF U02 SURFACE 

The oxidation and dissolution behavior of single-crystal uo2 surfaces 
was studied by polarization techniques to characterize the dissolution mechan­
ism and kinetics in specific environments. The polarization technique pro­

vides information about the dissolution current as a function of oxidation 
potential, which is particularly sensitive to small changes of the uo2 sur­
face condition and the solution chemistry. We studied the dissolution of U02 
in deionized water, NaHC03 (0.03 !:!) and WIPP 11 B11 brine solution at room tem­
perature and 75°C. 

The experimental setup for polarization of uo2 surfaces is shown in 
Figures 30 and 31. Princeton Applied Research Models 350 and 173 potentiostats 
were used. The electrochemical cell was a standard multineck flask with a 

standard Calomel reference electrode and graphite counter-electrode. A single 
crystal of uo2 with a (111) surface area of nearly 0.2 cm2 was selected for 
the experiments. Electrical contact was made with copper wire attached with 
conducting epoxy, and the sample was then mounted with epoxy resin, leaving 

the (111) surface exposed to the solution. The surface of the sample was 
polished between tests with 600 grit paper and cleaned with water to remove 
loose particles. This surface preparation procedure gave us reproducible 
results. 

DISSOLUTION RATE 

The dissolution current, i
0

, was obtained from Tafel plots between E
0

, 

the open-circuit potential of the uo2 surface for a selected solution, and 
200 mV above E

0
• Polarization curves were obtained by scanning between -1 

and 1 V (SCE) at a scanning rate of 1 mV/s. The solution was not stirred. pH 

readings were recorded before and after the electrochemical polarization 
experiment. 
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FIGURE 30. U02 Specimen and Laboratory Setup for Electrochemical 
Oxidation and Dissolution Experiments 
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FIGURE 31 . Electrochemical Cell for U02 Oxidation and 
Dissolution Studies 
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Figures 32 and 33 show the potentiodynamic polarization of a single­
crystal uo2 surface in three solutions--deionized water, NaHC03 and WIPP 
11 B11 brine--plotted as potential, V(SCE), versus current density, A/cm2• The 
parameters and variables, such as E

0
, the open-circuit potential, i

0
, the dis­

solution current at E
0

, and pH values before and after the electrochemical 
dissolution are measured and tabulated in Table 8. The value of i

0 
deter­

mined from Tafel plots represents the initial dissolution current from a clean 

uo2 surface within several minutes. All three solutions have high initial 
dissolution currents, about 10-6 A/cm2• From Equation (10), the dissolution 

rates for a clean uo2 surface will be on the order of 1 gtm2-d. 

The initial dissolution rates for uo2 are about two orders of magnitude 
higher than those observed for uo2 powder, 10-2 gtm2-d as measured from solu­

tion analysis. The high initial dissolution rate from the electrochemical 
methods may be due to several factors that are unique to the experiments. It 
is likely that the high initial dissolution rates are associated with the (111) 

surface of the uo2, which is readily susceptible to etch pit formation. The 
high dissolution rate may also be due to the clean surface condition that is 

free from oxidized surface films, which would grow as the result of the buildup 
of uranyl ions to solubility limits and an incubation period. 

The dissolution rates for the uo2 surface after an accelerated dissolu­
tion of the surface were also measured. The uo2 surface was maintained at a 
constant potential of -0.5 V(SCE) above the E

0 
for 1 h. Under these condi­

tions, the surface is subjected to accelerated oxidation and dissolution at a 
current density about two magnitudes higher than that of the initial dissolu­
tion rate at open-circuit potential. The 100 times increase of dissolution 
rate induced by the potential for 1 h is equivalent to a 4-d dissolution test 

at open-circuit condition. As shown in Table 8, for deionized water and WIPP 
11 B11 salt brine solutions, the i

0 
values decreased and E

0 
values increased after 

the accelerated dissolution period, which indicates the formation of a surface 
film with protective nature and higher oxidation state. For NaHC03 solution, 

both i and E were not changed at 25°C, which suggests the dissolution rate 
0 0 
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TABLE 8. Parameters and Variables Observed from Polarization of Single-
Crystal U02 (Ill) Surfaces 

25oC 
Solution E (a) 

--()---
i (b) 
--()---

pH(l) (c) pH(2)(d) 

Deionized Water 
As-polishe~e) -0.01 0.56 5.27 
0.5 v, 1 h 0.23 0.28 5.44 

NaHC03 (0.03 !i) 
As-polished -0.07 0.96 9.02 
0.5 v, 1 h 0.07 0.58 9.12 

WIPP "B" Brine 
As-polished -0.15 0.86 7.01 
0.5 v, 1 h 0.2 0.63 7.20 

(a) E0 = open-circuit potential (SCE) 
(b) i0 = dissolution current at E0 , ~A/cm2 
(c) pH(1) = pH value before test 
(d) pH(2) = pH value after test 

5.44 
5.47 

0.06 
9.14 

7.12 
7.26 

75°C 

~ i --o- pH( I) 

0.11 0.46 5.67 
0.24 0.53 5.83 

-0.13 3.2 9.35 
0.03 1.8 9.52 

-0.15 2.9 7.34 
0.17 1.5 7.13 

(e) 0.5 V, 1 h = Sample surface was maintained at 0.5 V(SCE) above E0 

pH(2) 

5.81 
5.87 

9.41 
9.54 

7.39 
7.29 

for 1 h. The surface dissolution rate was increased nearly 100 times 
or nearly 4 d at open-circuit condition. 

was not affected by the accelerated dissolution and no surface film was formed. 
However, the effect of accelerated dissolution was obvious for the 75°C test 
in which the i

0 
decreased slightly and the E

0 
values increased nearly 0.2 V, 

which indicates surface-film formation at its initial stage. 

The dissolution rates for uo2 surfaces at 75°C were two to three times 
greater than those at room temperature [Figure 32 and Equation (10)]. Simi­
larly, the increased E

0 
values observed after accelerated dissolutions at 

0.5 V + E
0 

for 1 h indicate the formation of a surface film, resulting in a 
reduced dissolution rate except for the case of deionized water in which the 
dissolution rate was slightly increased probably due to increasing solubility 

of U03 hydrate at 75°C. 

SURFACE FEATURES 

Although the studies were primarily with the (111) surface of the uo2 
single crystal, we did observe varying etch patterns for the other 
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crystallographic planes under identical conditions, which indicated the pos­
sibility of differing dissolution rates. The surface micrographs obtained 
from the SEM techniques (Figure 34) did not reveal the surface film (the film 
was too thin to be observed by SEM). For most cases, the surface was corroded 
and etched and the surface morphology varied depending on the type of the crys­
tallographic plane observed. 

Based on polarization behavior of U02 in three solutions at 25 and 75oC 
(shown in Figures 32 and 33), only the surface in the brine solution was pas­
sivated to some degree between -0.6 and -0.2 V(SCE). This passivation corre­
lates with a low dissolution rate of the uo2 samples and the absence of a 

thick uranyl hydrate coating observed in the autoclave tests. After a pro­
longed accelerated dissolution at about 0.5 V(SCE) above E

0 
for several hun­

dred hours, this passive nature of the surface films in brine solution is 

illustrated in Figure 35 with the U02 surface in HaHC03 solution (Figure 35A). 
Here, the severely corroded surface of uo2 in NaHC03 was due to lack of pro­
tecting surface film, whereas the surface of uo2 in brine solution was 
covered with a uniform hydrate film which contained a few cracks probably 
caused by dehydration after the sample was dried in the SEM viewing chamber. 

CONCLUSIONS 

From these preliminary electrochemical oxidation and dissolution studies, 
we conclude that electrochemical methods may be useful in the detection of 
initial dissolution and accelerated dissolution rates. Also, the electro­
chemical methods can monitor the dissolution rate change during a long-term 
leaching study. In addition, electrochemical methods are sensitive to surface 
conditions and information related to the characteristics of the surface film, 
which can be analyzed based on E

0
, i

0 
and potentiostatic polarization behav­

iors. The shapes of the polarization curves for uo2 in the test solutions 
(smooth increases of current as a function of applied potential) indicate that 

the dissolution of uo2 can be accelerated with electrical potential. We are 
comparing surface characteristics and dissolution rates for static dissolution 
and electrochemical-accelerated dissolution to evaluate the use of accelerated 
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A. Surface Film Formed in NaHC03 
(0.03 M) Solution 144 h at 
0.4 V(SCE) 

B. Surface Film Formed in WIPP "B" 
Brine Solution After 120 h at 
0.5 V(SCE) 

FIGURE 35A,B. Formation of Hydrated Films After Long-Term Electrochemical 
Dissolution of U02 Surfaces 

dissolution for studying the leaching rates and mechanisms for both uo2 and 

spent fuel. Due to the different dissolution rates associated with crystal­
lographic planes, uo2 pellets should be used with electrochemical methods to 
obtain data that are compatible with the spent fuel. 
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EFFECTS OF H2~ ON SINGLE-CRYSTAL U02 SURFACE 

Hydrogen peroxide can be formed by radiolysis of water at or near the 
spent fuel-water interface even within a reducing environment, and localized 
regions of the spent-fuel surface could become highly oxidized. Hiskey (1980) 
reported that the effect of H2o2 on the dissolution of U02 in 0.5 ~ coj- solu­
tions at pH 9.8 and 25°C increases the dissolution rate 100 times over dis­
solved o2 in equivalent concentrations. We investigated the effects of 
H2o2 on single-crystal uo2 surfaces in deionized water. The study was based 
on both dip-reaction and electrochemical reaction. After the reactions, the 
surface of the uo2 was characterized by x-ray diffraction, SEM, Auger and 
optical microscopy. 

DIP REACTION 

Dip-reaction studies of uo2 were made in deionized water at 25°C and 
75°C with additions of 50 to 3000 ppm H2o2 by volume. At room temperature with 
50 ppm H2o2 for 24 h, the growth of a thin surface film was identified by SEM 
(Figure 36). The film had many cracks that may be due to the dehydration of 
the film during SEM analysis. With 300 ppm of H2o2 for 3 h, the surface of 
the uo2 was covered with a thicker, brownish-colored hydrate film. The dip 
reaction indicates that the surface film formed rapidly and that a small amount 
of H2o2 was present. 

The dip reaction was rapid at 75°C, 300 ppm H2o2• Several uo2 crystals 
were placed in a gold container within a reaction bomb and filled with 300 ppm 
H2o2 solution for reaction at 75°C for 4 d. The weight of one crystal 
increased from 1.8633 g to 1.8634 g, and the surface was coated with a gray 
deposit. This deposit was identified by x-ray diffraction as a mixture of 
U04·4H2o and U03·2H20 phases. The solution, when evaporated, left a very small 
amount of bright yellow deposit identified as amorphous uo3 hydrate that may 
be formed by decomposition of U04·4H2o as suggested by Cordfunke and Van Der 
Giessen (1963). Apparently, U02 dissolved in great quantity, but the weight 
loss was not apparent due to the deposition of the surface film. The deposi­
tion phenomenon based on H2o2 was similar to that observed in static autoclave 
dissolution experiments at 150°C. 
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4000X 

A. Surface Dipped in 50 ppm H202 
at 25oC for 24 h 

4000X 

B. Surface of (A) After Electro­
chemical Dissolution in Deion­
ized Water 

FIGURE 36A,B. The Surface Feature of Single-Cyrstal U02 After Dip-Reaction 
at Room Temperature With 50 ppm H202 for 24 Hours 

After the removal of the deposited U03 hydrate film, the U02 surface was 
studied by x-ray topography. Analysis indicates that there is no significant 
substructure change. Apparently, H2o2 only enhances the dissolution of the 

uo2, and the crystal surface was not attacked directly by H2o2• The result 
suggests that the effect of H2o2 is mostly on enhanced uniform dissolution of 
uo2 and formation of uo3 hydrate deposits. 

In another test, 3000 ppm H2o2 in H2o, the crystal became fragmented. 
Figure 37A shows a crystal face before fragmentation in a H2o2 solution. This 
crystal was then exposed 6 h at 75°C, and we retrieved a large fragment for 
examination. The fracture surface is a (111) cleavage plane passing through 

the subgrain matrix. Close examination shows that the fracture begins and 
ends at substructure boundaries but does not coincide with any subgrain bound­

aries in the interior (Figure 37B). 
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A 
SINGLE·CRYSTAL U02 
ANNEALED AT 1000°C FOR 6 HOURS 

8 

SAME CRYSTAL AFTER 6 HOURS IN 75°C 
H20 CONTAINING 3000 ppm H20 2 

FIGURE 37A,B. X-Ray Lang Topographs of Single-Crystal UOz Surface Before 
and After Treated With 3000 ppm H202 at 75 C for 6 Hours 

Large fragments such as these are rare. Usually, the sample "sheds'' into 

very small fragments also cleaved on a (111) plane. Perfect tetrahedras, whose 
faces are the four (111) planes, are seen most often. This effect, the appar­
ent change of (111) surface energy by H2o2, is a very interesting phenome-
non and merits further study. 

ELECTROCHEMICAL REACTIONS 

With electrochemical oxidation and dissolution, we can observe the growth 
of U03 hydrate films at 25°C. The polarization behavior of uo2 in deionized 
water+ 300 ppm of H2o2 by volume at a pH of 9 is illustrated in Figure 38 

along with a comparison of the polarization behavior in deionized water with a 

pH of 9.9, both adjusted by NaOH. It is clear that the open-circuit potential 
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FIGURE 38. Polarization Behavior of U02 in Deionized Water and in 
Deionized Water Plus 300 ppm by Volume of H202 

of U02, E
0

, was greatly increased by the presence of H2o2, but the dissolution 

current was only decreased slightly. This is indicative of the formation of a 
surface film of higher oxidation state with some protective nature for the bare 

uo2 surface. A uo2 surface was then placed in deionized water with 500 ppm 
H2o2 at a pH of 6.8, and a potential of nearly 0.5 V(SCE) was applied for 24 h. 

The surface was then removed from the solution and examined by SEM and optical 

microscopy. The surface was covered with a layer of porous film about 1 to 
5 ~m thick and contained numerous cracks that may be due to the dehydration 
during viewing in the SEM vacuum chamber (Figure 39). 
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Solution: Deionized H20 
Voltage: 0.5 V (SCE) 
Time: 64 h 

400X 

Solution: 500 ppm H202 in Deionized 
H20 

Voltage: 0.5 V (SCE) 
Time: 26 h 

FIGURE 39. A Single-Crystal U02 Surface After Electrochemical Oxidation 
Dissolution in Deionized Water and Deionized Water With Addi­
tion of 500 ppm H202 

X-ray diffraction indicated that the film had a crystal structure resem­

bling that of hydrated uo2(0H) 2, except that the film grown on the (111) sur­
face of U02 was highly textured with preferred orientation (Figure 40). 
There is no explanation as to why the film grown on the uo2 single-crystal 
surface by electrochemical methods has a textured structure. We hypothesize 
that the electrochemical overpotential may create a surface charge to align 
the linear U02+

2 complex ions during the crystal deposition process. The film 
was loosely attached to the surface and was easily peeled off. The surface 
under the film was very smooth indicating the growth of the film was made by 
deposition from the solution. 

The surface of U02 containing the U03 hydrate film was studied by Auger 

analysis as a function of depth (Figure 41). The surface film had a high 0/U 
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FIGURE 40. The X-Ray Diffraction Pattern of the Surface Film Grown on U02 by Electrochemical 
Oxidation and Dissolution in Deionized Water With Addition of 500 ppm H202 
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ratio near four and gradually reduced as a function of the depth until an 0/U 
ratio of two was reached for the uo2 matrix. The high 0/U ratio of four also 

confirmed the formation of uo2(0H) 2 or U03·H2o surface film. The graded 0/U 
ratios between two and three would be due to a mixture of uo3 hydrate and 

uo2+x phases, where X= 0 to 0.33. The surface of the uo2 may be schematically 
described as follows: 

Solution 
U03 Hydrate 

Film 

U03 Hydrate 
+ uo2 +x 

Transition 
Zone 
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This study suggests that prior to the dissolution and deposition of a 
hydrate film, the uo2 surface was oxidized into uo2+x within a thin region. 

DISCUSSION AND CONCLUSIONS 

The effects of H2o2 on the oxidation-dissolution of uo2 surface may 
be considered in these aspects: 

• Dissolution Rate--The electrochemical dissolution measurement did 
not show the obvious increases of dissolution rate for uo2 surface 

in deionized water at room temperature with 50 ppm of H2o2• However, 
the increase of dissolution rate for H2o2 was observed for solutions 
containing co3--ions. In this case, we can conclude that H2o2 will 
cause rapid surface oxidation and promote the oxidation-dissolution 
reaction at different rates depending on the formation and the 

property of surface films. 

• Surface-Film Formation--With a very low concentration of H2o2 (40 
ppm), a surface film of hydrates will be formed in deionized water 
within several hours. The surface film is made of fine crystals of 
uranyl hydrates and is porous without any passive nature. The for­

mation of the thin surface film may be due to the decrease of the 
solubility of the uranyl ions in the deionized water by H2o2. 

e uo2 Crystal Disintegration--Crystals of U02 will disintegrate into 
fine fragments in a high concentration of H2o2 (3000 ppm) within 
hours. The disintegration of the crystals may be due to combined 
causes associated with the defects and microcracks on the uo2 sur­
face. The H2o2 will first rapidly oxidize the cracked surfaces and 
extend the crack depth by oxidation-dissolution. The oxidation of 
the surface creates a stress field, and the formation of fine oxygen 

bubbles in the cracked region finally breaks the crystal into 

fragments. 

These observations of the effects of H2o2 were made at rather high concentra­

tions of H2o2 that may not be found in normal conditions. Further work may be 
needed to characterize the effects of low concentrations of H2o2, such as 

would be produced by radiolysis of water. 
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EFFECTS OF RADIATION ON SINGLE-CRYSTAL U02 SURFACE 

A strong radiation field can produce defects, voids and segregations in 
the solid-state structures and microstructures of the materials undergoing 
study. In addition, radiation effects can change the surface conditions of 
the uo2 and the solution chemistry. We initiated studies to identify the 
effects of radiation on uo2 dissolution based on possible surface-property 
modifications and solution chemistry changes caused by the radiation of the 
spent fuel. Three types of radiation effects considered were: 

• oxidation of air 
• radiolysis of water 
• surface activation. 

Other possible radiation effects, such as ionization of dissolved or suspended 
chemical species in the solution, were not included in this study. 

OXIDATION OF AIR 

Radiation can oxidize the nitrogen in the air and form gaseous NOx and 
HN03 in water. The HN03 in water will decrease the pH value of the solution 
and increase the dissolution of U02, as indicated by Holland and Brush (1979) 
and Rai, Strickert and Ryan (1980). The effects of oxidation of air by radia­
tion can be simulated by adding HN03 to the solution. Using electrochemical 
methods, experimental evaluation of the pH effects caused by the oxidation and 

dissolution of single-crystal uo2 surfaces is progressing. 

RADIOLYSIS OF WATER 

The effects of radiation on water were analyzed by Burns and Moore (1976) 
using computer simulation of the radiolysis of water by fast neutron and Sy 

radiation at 25°C and 305°C. As Figure 42 shows, the radiolysis of water 
based on Sy (5 W g-1) intensity would mean that within 10 s the H2, o2 and 

H2o2 concentrations would reach about 0.4 ppm for each species. The 0.4 ppm/ 
10 s formation rate of H2o2 would be particularly important because the H2o2 
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We are now designing experiments to 1) detect the formation of H2o2 by 
radiolysis of water, and 2) determine the effects of H2o2 and other oxidation 
species, produced by radiolysis of water, on the surface of uo2• It is not 
easy to detect H2o2 formed by radiolysis of water because of its low concen­
tration and the problems of analyzing the solution during irradiation. We are 
designing an oxygen sensor based on uo2 material because we have demonstrated 
that the oxidation potential of the uo2 is extremely sensitive to the pre­

sence of H2o2• Measurement of the oxidation potential change of the uo2 sin­

gle-crystal surface would be a good way to detect H2o2 formed by radiolysis. 
Also, the effects of the H2o2 on the uo2 surface can be determined by surface 
analyses of the uo2 surface after the irradiation for comparison of the sur­
face film with those obtained from deionized water by addition of controlled 
amounts of H2o2. The electrochemical methods, coupled with gamma ray facili­

ties, have many advantages for determining the effects of radiation due to 
radiolysis of water. 

SURFACE ACTIVATION 

Surface activation is commonly observed at the semiconductor-electrolyte 
interface. Radiation, usually in the form of light, can activate the surface 
if the incoming radiation has an energy greater than the bandgap of the semi­
conductor. The electrons from the valence band will be excited into the con­
duction band and separated by the surface charge created by the band bending 

at the semiconductor-electrolyte interface. The activated surface would have 
improved activity and usually show enhanced anodic dissolution. 

All the uranium oxides and their hydrates have some semiconducting pro­
perties in nature (Figure 43). The mean bandgap for uo2 was measured as 
13.5 eV, but the covalent contribution in bonding cannot be excluded based on 
about 0.8 ionicity for both U02 and u4o9 [Naegele, Manes and Birkholz (1975)]. 

The covalent bonding contribution may be related to the small gap between Sf 
state to the conduction band, about 4 to 5 eV for both U02 and u4o9; the ura­
nium oxides all show low activation energies for intrinsic conduction [Manes 

and Naegele (1976)]. In this case, radiation will cause the surface to be 
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more active than the surface without radiation. The creation of an electron­
hole pair at the surface region would mean that the electron will be carried 
into the material and that the hole will move into the electrolyte in the case 

of an n-type semiconductor, such as U02_x, u4o9, or U03 hydrates. The chemical 
reactions on the surface involving the radiation-induced holes may be described 

as 1) direction oxidation, 2) oxidation of the water, and 3) anodic dissolu­

tion, as shown in Figure 44. 

Through another DOE program, we have demonstrated the effects of surface 

activation by radiation based on photoelectrochemical measurements (Figure 45) 

of single-crystal U02 with ultraviolet radiation (UV) of -40 mW/cm2 inten-
sity with a wavelength of less than 300 nm (greater than 3 ev). The as-cleaved 
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FIGURE 44. Probable Surface Reaction Induced by Radiation 

uo2 did not show enhanced anodic dissolution with the UV radiation due to 
the p-type conduction of the uo2 crystal. However, we observed enchanced 
anodic dissolution with the uo2 crystal covered with U03 hydrate film (Fig­
ure 46). The dissolution current was increased nearly two-fold when the light 
was turned on. Apparently the uo3 hydrate film is a n-type semiconductor 
and can have enhanced dissolution by surface activation with radiation. 
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FIGURE 45. Experimental Setup for Studies of Radiation-Enhanced Dis­
solution of Single-Crystal U02 Surface With Ultraviolet 
Light (UV) 
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FIGURE 46. UV-Induced Enhanced Dissolution on U02 Single-Crystal Surfaces 
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DISCUSSION OF U02 OXIDATION-DISSOLUTION 

The experimental evidence described in this report suggests that the oxi­
dation-dissolution mechanisms for single-crystal uo2 surfaces are rather com­
plex. Even though the data and observations presented here are based on accel­

erated dissolution with high concentrations of 0 and H2o2 for the purpose of 
identifying the detailed oxidation-dissolution processes, we anticipate that 
oxidation of uo2 as a result of low 0 concentrations poses serious questions 
about surface modifications and enhanced dissolution. Also, oxidation condi­
tions can be created by the presence of dissolved 0, chemical species and 
radiolysis of water. If the effects of radiation as observed in our labora­
tory studies are considered, it may be rather difficult to maintain neutral or 
reducing conditions at the surfaces of spent fuel. 

OXIDATION-DISSOLUTION OF U02 

The oxidation-dissolution process may be one of the main mechanisms for 
uo2 dissolution in aqueous solutions. In neutral or reducing conditions, 
dissolution of uo2 only involves the U(IV) valence state (Langmuir 1978; 
Lemire and Tremaine 1980), as shown in Figure 47. The equilibrium solubility 
is extremely low, and is usually below the detection limits of the chemical 
analysis of 2 x 10-8 mol/kg (Johnson et al. 1980). 

However, in solutions containing 0 and oxidizing species, the dissolution 

mechanisms for single-crystal uo2 surfaces may be considered as a rate-con­
trolled oxidation and phase transformation of U(IV) (solid) into U(VI) {liquid 
and solid) state via the liquid media. The probable oxidation-dissolution 
steps and reactions, based on solubility and stability of various uranyl ions 
[Holland and Brush (1978)] (Figure 48), are generalized in Figure 49 for 
deionized water. 

A clean, single-crystal uo2 surface exposed to oxidizing species in the 
solution rapidly oxidizes to form a thin, oxide layer of uo2+x' where x 

ranges from 0 to 1 [reaction (15) in Figure 48]. This layer is only a few 
angstroms thick at the single-crystal uo2 surface and forms along the grain 
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FIGURE 47. Dissolution of U02 in Neutral or Reducing Conditions 

(13) 

(14) 

boundary several micrometers deep from the surface of the polycrystalline pel­
lets. This oxidized layer, combined with dissolved 0 or oxidizing species, 
rapidly dissolves to form uranyl ions (uo;2 and uo2(0H)+) and solution species 

of U02 (0H~), depending on the pH of the water. For deionized water, three oxi­
dation-dissolution reactions are postulated: (16), {17) and (18). Thus, the 
dissolution of the uo2 is strongly dependent on both the available 0 and 
H+ ions. 

The uranyl ions are transported throughout the solution but are concen­
trated mostly at the solution/U02 interface region. The rapid increase of 
uranyl ion concentration near this region leads to hydrolysis reactions (19) 
to (24) as functions of pH and temperature. For lower temperatures such as 25 

to 75°C {Wadsten 1976), uranyl hydrates form as thin films consisting mainly 
of U03·2H2o phases. At elevated temperatures, such as 150°C, deposition of 

large uranyl crystals of uo2(0H) 2 occur. The deposition of these thin films 
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FIGURE 48. Solubility of Schoepite, UOJ(H20)x, at 90oC in NaCl­
Free Solutions (from Holland and Brush 1978) 

and crystals is based on the solubility limits of the uranyl ions and pH (Fig­
ure 48). In this case, the concentration of uranyl ions in the solution can 
be determined by the reactions (19) to {24), rather than reactions (16) to 
(18). Because the hydrolysis reactions release the H+ ions consumed by the 
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oxidation-dissolution reactions, the dissolution of the uo2 surface will con­
tinue as long as 0 is available. Grandstaff (1976) found that the dissolution 
rate of uo2 powders is directly proportional to the partial pressure of 0 at 

least for 23°C. 

The oxidation-dissolution of uo2 increases as a function of temperature 
+ because the diffusion of 0 and H ions to the U02 surface increases. However, 

the solubility of uranyl ions is inve ly related to temperature; thus, most 
of the dissolution products end up in the uranyl hydrates as those observed at 

150°C in the autoclave experiments. 

Interestingly, the presence of H2o2 enhances the oxidation-dissolution 
reaction as well as the hydrolysis reaction. Since the formation of H2o2 is 
expected from radiolysis of water, the dissolution mechanism for uo2 may con­
tinue at the uo2-solution interface region even when the solution has reduc­

ing or neutral conditions. 

Continuous oxidation and dissolution of uo2 surfaces after the formation 

of uo2(0H) 2 or uo3 hydrates depends on the porosity and thickness of the depos­
ited film. When the deposited film is thick and dense, oxidation and dissolu­
tion are greatly reduced and solubility is then controlled by the surface 

film. However, as the surface film buildup increases, chances for cracking 
and spalling increase and fresh uo2 surface is exposed again to the solu-
tion. Oxidation-dissolution reactions resume until the deposited film is 
thick enough to prevent further oxidation and dissolution of the uo2 surface. 
Fluctuation of pH and solution of U concentration may be associated with this 
film formation cycle. 

The polarization behavior of uo2 in WIPP "B'' brine solution indicated 
that the uo2 surface was passivated to some degree between -0.6 and 
-0.2 V(SCE). This passivation correlates with the low dissolution rate of the 
uo

2 
samples determined by electrochemical measurement and with the low U 

concentration in the solution at both 75 and 150°C in the autoclave tests. 
The passive nature of the surface film on the uo2 may be due to a thin and 

protective uranyl hydrate film formed at the early stages of the oxidation-
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dissolution process. We would need to study the structure and the property of 
this surface film in order to understand the passive nature of the uo2 sur­
face film. 

IMPLICATIONS OF RESULTS TO SPENT-FUEL PROBLEMS 

The results of this study provide only guidelines for the probable leach­
ing mechanisms of spent fuel. We are not certain whether spent fuel would 

behave similarly to single-crystal uo2 because of the vast difference in the 
compositions, microstructures and radiation levels of spent fuel. The leach­

ing mechanisms of spent fuel may be more complex and require direct evaluation. 

However, recent studies have indicated that initial leaching of spent 
fuel may be due to leaching of the grain boundary region, and after a long 
period, mainly due to matrix dissolution (Katayama 1979; Katayama, Bradley and 
Harvey 1980; Bradley 1979; Johnson et al. 1980). In this case, oxidation-dis­

solution mechanisms of uo2 will play an important part in both leaching pro­
cesses of spent fuel. The leaching of the grain boundary region is associated 

with the oxidation-dissolution process because the initial surface oxidation 
of the spent fuel will mainly occur at the grain boundary area up to several 
micrometers deep from the surface area. This short-term leaching rate of the 
spent fuel would be directly associated with the rate of the oxidation­

dissolution process and the protective nature of the hydrate films. Due to 
the large inhomogeneity of the microstructure and composition of the spent 
fuel, it is possible that a surface oxidation/leaching/dissolution/surface­
film-formation/cracking/spalling cycle would occur at different locations and 

times. Therefore, assessment of the stability of the spent fuel based on 
short-term leaching experimental data will be very difficult. 

The electrochemical methods developed here for uo2-surface analyses are 
attractive for studying spent fuel. First, these methods may be used to deter­

mine the initial dissolution rate and the surface oxidation state of spent-fuel 
samples (Wang and Katayama 1980). Second, electrochemical dissolution may be 

controlled to simulate an accelerated test condition for the investigation of 
long-term leaching effects on spent fuel at a realistic temperature range for 
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the repository. Third, the electrochemical methods are simple and can be 
applied simultaneously in many test cells for comparison of similar and dif­
ferent leaching solutions and conditions. However, additional understanding 
and development of electrochemical methods are needed to assure measurement of 
realist ic leach data for spent fuel under all repository conditions. 
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CONCLUSIONS 

This report presents a current understanding of the complex oxidation and 

dissolution of uo2 in three aqueous solutions: deionized water, 0.03 ~ 
sodium bicarbonate, and Waste Isolation Pilot Plant (WIPP) "B" brine solutions. 
Dissolution mechanisms were identified based on accelerated oxidation and dis­
solution tests performed in static autoclave and electrochemical dissolution 
experiments. Experimental results lead to these conclusions: 

• Oxidation of uo2 in air or aqueous solutions mainly occurs at the 
surface region. Therefore, for single-crystal uo2, surface oxida­
tion is limited to a depth of several angstroms and for polycrystal­
line uo2 pellets to a depth of several microns along the grain 
boundary area. 

• The initial dissolution of uo2 and spent fuel involves the oxida­
tion of U(IV) (solid) to U(VI) (liquid) through the formation of 
uranyl ions. The oxidation-dissolution is a rate-controlled process 
whose rate increases as temperature increases. 

• The dissolved uranyl ions form solids of uranyl hydrates or related 
complex compounds by a hydrolysis reaction, which occurs more rapidly 

at high temperatures to form large hydrate crystals. 

• The presence of H2o2, probably from radiolysis of water, enhances 
the oxidation-dissolution of uo2 and also increases the formation 
of hydrate deposits. 

• Dissolution rates for U02 in brine solution are low because the 
surface is passivated. 

• Electrochemical methods may be used to compare the leaching behaviors 
of uo2 and spent fuel and to perform accelerated leaching tests for 
spent fuel in a realistic temperature range for the repository. 
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