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ABSTRACT

This report reviews the findings from dry-, moist- and wet-air oxidation
experiments on unused U02 fuel specimens at 200-225°C, performed in support
of the Dry Storage Program for used CANDU (CANada Deuterium Uranium) fuel.
The presence of liquid water, or unsaturated steam, adds to the complexity
of air oxidation of U02. The following processes have been identified by
using a combination of optical and scanning electron microscopy and X-ray
diffraction to detect oxidation products, and are discussed in this report:

(a) oxidative dissolution of U(VI) and precipitation of hydrated U03;
(b) back-reduction of dissolved U(VI) and precipitation of U308 on the

U02/U307 surface;
(c) solid-state surface and grain-boundary oxidation of U02 to £-U307;

and
(d) preferential dissolution of U02 grain boundaries, sometimes followed

by the filling of the resulting gap with higher uranium oxide(s).

Although moisture thus adds greatly to the variety of oxidation reactions
that can occur on U02 surfaces, it does not appear to promote swelling and
spalling of the fuel, in spite of the large increase in molar volume
associated with formation of the hydrated phases. This conclusion is
qualified, however, since variability in the reactivity of fuel specimens,
particularly with respect to grain-boundary oxidation, makes it difficult
to distinguish moisture effects.

With unused fuel, grain-boundary alteration to U307 is the primary process
by which oxidation penetrates the fuel near 200°C. Reactions involving
water proceed on the specimen surface, and can also follow oxidized grain
boundaries and (presumably) open porosity. Because of differences in the
pore and grain-boundary structure of unused and used U02 fuel, as well as
possible radiolytic processes in the latter, comparisons between these
findings and the results of the ongoing CEX-1 (dry controlled-environment
experiment) and CEX-2 (moist) used-fuel storage experiments at Whiteshell
Laboratories must be made with caution.
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1. INTRODUCTION

Storage of used nuclear fuel in air in steel-lined concrete canisters is an

increasingly important component of fuel management at Canadian nuclear

generating stations and elsewhere (Boase and Vandergraaf 1977, Naqvi and

Frost 1984, Pattantyus and Beaudoin 1986, Simpson and Wood 1987). Some

moisture might be retained with the fuel, e.g., in waterlogged, defected

elements, during transfer from water-pool storage to a sealed dry-storage

vessel. It is therefore important to understand the influence of moisture

on oxidation of defected elements during nominally dry storage. For this

reason, controlled-environment experiments (CEX-1 and CEX-2) have been

under way for a decade to investigate the effects on used CANDU* U02 fuel

of prolonged storage m both dry and moisture-saturated air at 150°C

(Oldaker 1979). Wasywich et al. (in preparation) discuss the progress of

oxidation in the CEX-1 and CEX-2 experiments; earlier reports on this topic

include those by Wasywich and Frost (1989) and Wasywich et al. (1982, 1986).

To help us understand differences in the behaviour of fuel in dry and moist

conditions, we have also been conducting experiments on the effects of

moisture on the oxidation of unused CANDU fuel specimens. Most of these

experiments have been performed at 200 to 225°C, to accelerate reactions so

that oxidation products can be detected by X-ray diffraction and scanning

electron microscopy on a convenient experimental time scale (2 to 60 d).

Some of our observations or. microstructures of oxidation products, and

inferences about reaction mechanisms, have been published elsewhere (Taylor

et ai. 1989, 1991). The main purpose of this report is to document the

vide variety of product microstructures that occur in the oxidation of U02
in gaseous or liquid 02/H20 mixtures near 200°C, and to identify the

processes responsible for them. Both external (surface corrosion) and

internal (grain-boundary oxidation) processes are discussed.

2. SUMMARY OF PREVIOUS WORK

The sequential solid-state oxidation of U02 in air to form U307 and U308

has been studied intensively by numerous researchers. The following

references provide an introduction to the copious literature on this

suDject: Allen (1985), Aronson (1961), Campbell et al. (1989a), Harrison et

al. (1967), Hoekstra et al. (1961), Simpson and Wood (1987), Taylor et al.

CANada Deuterium Uranium, registered trademark of AECL.
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(1980), and Thomp.s et al. (1989). In the absence of air or other oxidants,

water does not oxidize U02 to a significant degree; in pure steam, measur-

able oxidation of U02 fuel occurs above about 1000°C (Bittel et al. 1969,

Cox et al. 1986, Olander 1986), and there is some evidence of oxidation

upon prolonged exposure (up to 900 h) to steam at temperatures as lov as

600-C (Cox et al. 1990).

Most of our work has dealt with the effects of either liquid water or very

high levels of moisture (>50£ saturated steam) on the air oxidation of

unused fuel. Under these conditions, water can behave both as a solvent

for dissolution/precipitation reactions during oxidation, and as a reagent

for the formation of hydrated oxidation products, in particular the U(VI)

oxyhydroxides and their hydrates (collectively, "U03 hydrates," empirical

formulae UO3-^H2O). Even at lov humidities, U03 hydrate formation may be

thermodynamically feasible (see Section 4).

Comparatively little research has been reported on the oxidation of U02 in

air-steam or air-water mixtures at temperatures relevant to dry storage of

used fuel (<200°C). Aronson (1958, 1961) found that U02 powder is oxidized

to UO3-O.8H2O in aerated water at temperatures from 87 to 177°C. Wadsten

(1977) detected UO3-2H2O in U02 powder that had been stored in ambient air

for 15 a. The presence of moisture at levels far below saturation (e.g.,

dew points s60°C at 200 to 230°C) has been shown to accelerate the early

stages of oxidation of nonirradiated fuel (Campbell et al. 1989a).

However, Einziger and Woodley (1985) and Einziger and Buchanan (1988)

concluded that moisture (dew points s80°C) has little or no effect on the

overall rate and extent of oxidation of used pressurized water reactor

(PVR) U02 fuel at 110 to 225°C.

3. MATERIALS AND EQUIPMENT

Oxidation experiments were performed with U02 specimens cut from unused

CANDU fuel pellets. For most experiments, disks 2 to 3 mm thick were cut

from the pellets, and one cut surface was polished with successive abrasive

and polishing agents down to a 3-̂ m diamond paste. In many cases, the disk

was then cut into quarters to provide four closely matched specimens that

v/ere still sufficiently large to be examined conveniently, after oxidation,

by X-ray powder diffraction (XRD) and scanning electron microscopy (SEM).

In some experiments, the entire disk of U02 was used, and in a few cases

polishing was terminated at a rougher surface finish (400- or 600-grit).

After the final stage of polishing, the U02 specimens were washed with
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acetone, ultrasonically cleaned, washed with acetone again and air-dried at

room temperature. A more detailed description of the specimen preparation

is given in Appendix A.

Oxidation experiments were run in various pressure vessels (stainless steel

or titanium construction, polytetrafluoroethylene (PTFE) liner or specimen

holder, 20-cm3 to 1-dm3 capacity). Measured quantities of triple-distilled

water were added to the vessels to control the degree of saturation of

steam in the autoclave at the reaction temperature. The vessels were then

heated in a forced-convection oven at 200 or 225°C. The time to reach

thermal equilibrium from ambient temperature was about 2 h for the 20-cm3

vessels, and 3 h for the 1-dm3 vessels (note that the smaller vessels have

thicker PTFE liners). The initial atmosphere in the vessels was usually

room air; in a few cases, vessels were purged with pure 02» N2, or 02/N3
mixtures before heating.

Several experiments were run in a 1-dm3 autoclave containing about 200 cm3

of water, with a sample holder suspended above the water. This sample

holder had an auxiliary electric heater that enabled us to raise the tem-

perature of the specimen above that of the water in the autoclave. This

provided an alternative method of controlling the degree of saturation of

the steam in contact with the sample.

After oxidation, the U02 specimens were recovered from the cooled auto-

claves and examined by XRD and SEM. The XRD work usually preceded the

microscopy, since the latter required the samples to be gold-coated, and

there were also some minor changes in XRD patterns of hydrated phases after

exposure to the high vacuum of the SEM sample chamber. Areas of specimen

surfaces that were obviously disturbed by handling in the XRD examination

were avoided in the SEM work. Sometimes, if particular care was needed to

examine an undisturbed surface by SEM, the microscopy was performed before

the XRD.

The XRD work was performed with a computer-controlled Rigaku Rotaflex

diffractometer, equipped with a 12-kW rotating-anode Cu Ka source. The

normal 2$ scanning rate was lOVmin. Phases were identified by comparison

with standard diffraction patterns in the file of the Joint Committee for

Powder Diffraction Standards, as discussed in Section 5. A useful compi-

lation of relevant diffraction patterns is given by Thomas et al. (1989).

The SEM work was performed on gold-coated specimens with an ISI DS-130

instrument, equipped with a LaB6 electron gun, and usually operating in

secondary-electron mode.
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4. THERMODYNAMIC CONSIDERATIONS

The most commonly observed oxidation products formed on U02 fuel in air,

aerated water or aerated steam near 200°C are 0-U3O7, a-U3O8 and the

submonohydrate, U03-xH20 (Taylor et al. 1980, 1989, 1991). The range of x

for the last-named phase is not known precisely, but most reported values

lie between 0.7 and 1.0; we have used thermodynamic data for U03-9H20,

which are more complete than for other compositions (O'Hare et al. 1988).

Figure 1 depicts the stability relationships at 25, 100 and 200°C between

these phases and anhydrous 7-U03, calculated from thermodynamic data des-

cribed in Appendix B. The purpose of this figure is to depict the range of

conditions under which formation of U03-xH20 is thermodynamically possible,

i.e., conditions under which it is stable with respect to U308, the usual

final product of U02 oxidation in dry air above 200°C.

Figure 1 does not include stability fields for hydrated phases other than

the submonohydrate and schoepite, UO3.2H2O, nor does it take account of the

variable stoichiometry of U03-xH20. The available thermodynamic data

indicate that 0-UO2(OH)2 [y3-UO3-H2O] is marginally stable with respect to

U03^xH20 + (1 - x)H20(l) throughout the temperature range 25 to 225°C (see

Reaction B.5 in Table B-2, Appendix B), but we have not observed it ac an

oxidation product on U02 fuel. The lower hydrate, H2U3010 [3UO3-H2O],

formerly misidentified as U03-0.5H20 (Siegel et al. 1972), would presumably

occupy a stability field about the 7-U03/U03-xH20 boundary at each tempera-

ture in Figure 1. Several other hydrates, including the mixed oxidation-

state mineral ianthinite (U02-5U03•10.5H20), are known, but thermodynamic

data needed to include them in Figure 1 are lacking (Smith et al. 1982).

Similarities between the diffraction patterns of schoepite and ianthinite

indicate that ianthinite might be regarded as a partly reduced derivative

of schoepite, and a member of the large class of hydrated, layer-structured

uranates (Christ and Clark 1960, Finch and Ewing 1991). If ianthinite is a

thermodynamically stable phase at any of the temperatures shown in Figure 1,

its stability field would surround the corresponding U3O8-UO3-DS invariant

points in the figure.

The principal points illustrated by Figure 1 are as follows:

(a) U308 is unstable with respect to U(VT) oxides (U03 or its

hydrate(s)) at any measurable 02 concentration and temperatures

below 200"C. Indeed, 7-U03 is stable in air, with respect to

U308, up to almost 700°C (Hoekstra and Siegel 1961), although

oxidation of U3O8 to U03 in air at lower temperatures does not

normally occur.
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(b) UO3-xH2O is stable with respect to 7-UO3 above about 10% relative

humidity (RH) at 200°C, -1% RH at 100°C and -0.1% RH at 25°C.

The stability limits of H2U3O10 probably extend to even lower RH

values.

(c) In air, U03-xH,0 is stable with respect to U308 down to even

lower humidities (above the dashed lines in Figure 1).

(d) U308 is stable with respect to disproportionation to U307 and

UO3-xH2O under all the conditions considered.

Clearly, the potential exists for U03 hydrates to be formed as oxidation

products on U02 over wide ranges of temperature, humidity and oxygen

partial pressure.

5. IDENTIFICATION OF PRODUCTS BY X-RAY DIFFRACTION

X-ray powder diffraction is a convenient method for qualitative identifica-

tion of the principal oxidation products on a U02 surface if oxidation has

progressed on a microscopic scale (>0.1 ixm). Thinner surface layers of

oxidation products are better analysed by more surface-sensitive tech-

niques, such as X-ray photoelectron spectroscopy (Mclniyre et al. 1981,

Sunder et al. 1981). Because of strong X-ray absorption by uranium, XRD

can only be used to detect phases present in the outermost 2 to 3 nm of the

surface (Taylor et al. 1980). Except in the special case of a thin, uni-

form layer of U307 (Taylor et al. 1980), XRD does not provide quantitative

analysis of surface oxidation products, beyond a broad classification of

major, minor and trace phases. In this section, we discuss the most

conspicuous features of the XRD patterns, which are useful for rapid

identification of the various oxidation products (Thomas et al. 1989).

5.1 OXIDIZED URANINITE PHASES, INCLUDING U307

Oxidation of U02 to form anion-excess uraninite phases involves a reduction

in the cubic lattice parameter, from 0.54704 ± 0.00003 nm for U02 to

0.5440 ± 0.0004 nm for U409 (Cohen and Berman 1966, Hoekstra et al. 19f?>-

Further oxidation to U307 involves a slight tetragonal distortion of the

cubic lattice (Hoekstra et al. 1961). The low-temperature form, a-U307,

which is formed below about 150°C, has a = 0.546 nm and c = 0.540 nm. For

the high-temperature form, 0-U3O7, a = 0.538 nm and c = 0.555 nm; this form

appears to be stable with respect to polymorphic transformation, or
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solid-state disproportionation to U409 + U30g, between about 150 and 300°C

(Hoekstra et al. 1961). It is commonly observed as an oxidation product on

U02 at 150 to 300°C (Taylor et al. 1980 and references therein).

As noted by Hoekstra et al. (1961), the true unit cells of the U307 poly-

morphs (assuming they have ordered structures) are probably superlattices

that are, in general, some multiple of the body-centred tetragonal cell

(a' = a/JT) derived from the face-centred tetragonal pseudocell, which

originates from the original cubic U02 cell. In other words, an ordered

U307 structure requires both a larger unit cell and lover crystallographic

symmetry than those of U02. However, it is convenient to discuss the

phases in terms of the face-centred cells, because they are more simply

related to the U02 cell.

Because the U307 unit cells are derived from the U02 lattice by slight

contraction and distortion to tetragonal or lover symmetry, XRD peaks for

U307 are shifted to slightly different diffraction angles, and in most

cases split into two or three components, compared with the U02 peaks. In

samples of U02 with a small amount of U307, the U307 peaks appear as

shoulders, mainly on the high-angle side of the U02 peaks. These shoulders

permit detection of layers of U307 over about 0.1 /im thick on flat U02
surfaces (Taylor et al. 1980, Tempest et al. 1988). When the U307 layer

thickness exceeds about 2 to 3 /im, the U02 features disappear from the XRD

pattern, Thp situation is complicated somewhat by a preferred orientation

phenomenon (Taylor et al. 1980). For peaks that are split as a consequence

of the tetragonal distortion, the component with the higher diffraction

angle (lover d-spacing) is usually enhanced. This suggests that surface

layers of U307 on U02 are ordered in such a way that the best U02/U307

lattice match is achieved, and the slight unit-cell volume contraction

(-2%) is accommodated as much as possible in the direction perpendicular to

the surface, thereby minimizing tensile stresses within the oxidized layer.

The precise oxygen distribution at the U02/U307 interface is not knovn.

In an earlier study, we confirmed the formation of 0-U3O7 on U02 pellet

surfaces in air at 229 to 275°C, and illustrated the typical appearance of

p-M3On shoulders on U02 XRD peaks (Taylor et al. 1980; see also Hoekstra et

al. 1961 and Tempest et al. 1988). We have commonly observed £-U307 forma-

tion in the present study, but this was of secondary interest compared with

dissolution/precipitation reactions. We have not examined XRD data in

sufficient detail to rule out the possible formation of other anion-rich

uraninite phases in some experiments.
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5.2 U308

The formation rt U30B as an oxidation product on flat U02 specimen surfaces

is easily detected, because the XRD pattern is quite distinct from U02.

The strong features at d = 0.415 nm and near 0.34 nm are especially useful

for quick identification of U3O3. Note, however, that their relative

intensities are sometimes affected by preferred orientation, the 0.415-nm

peak, being enhanced in the early stages of air oxidation, especially on a

highly polished surface (Taylor et al., in preparation). This is probably

because grains of U02 with the 111 surface exposed are comparatively easily

oxidized, since the lattice expansion upon conversion of U02 (via U307) to

U3O8 occurs almost entirely in the direction normal to the 111 plane of

U02, which becomes 001 of U308 (Allen et al. 1986). Oxidation of such

grains thus causes much less expansive stress in the surface than oxidation

of grains in other orientations. Several other anhydrous phases have been

reported with compositions between U308 and U03 and major diffraction peaks

near 0.415 nm (Hoekstra and Siegel 1961, Smith et al. 1982, Thomas et al.

1989), but they are not expected to occur as low-temperature (~200°C)

oxidation products on fuel.

X-ray diffraction data for U308 from different origins, including reference

data from Aykan and Sleight (1970), are presented in Table 1. The 0.34-nra

feature of U305 consists of two components at 0.343 nm and 0.336 nm. These

(and several other closely spaced pairs of peaks) are clearly resolved by

XRD in well-crystallized specimens, but appear as a single, broad, asym-

metric peak in poorly crystallized specimens. This provides a convenient

method to distinguish between U308 specimens grown from solution and those

formed by low-temperature (<300°C) solid-state oxidation, as discussed and

illustrated by Taylor et al. (1991). Strong orientation effects (diminu-

tion of hkO and enhancement of 001 reflections) are also apparent in the

XRD patterns of U308 grown from solution on fuel surfaces, as illustrated

by the intensity data in Table 1. Samples of U308 formed or annealed in

air at higher temperatures (500 to 700°C) give well-resolved XRD patterns.

Note that U03-xH20 also has two XRD peaks near 0.34 nm (see below); the

presence of peaks in this region but not at 0.415 nm is, therefore,

indicative of the latter phase. If both UO3-xH2O and solution-grown U3O8
are present as major phases, this peak appears as a triplet, because the

130 peak of U308 and the 111 peak of U03-xH20 overlap.
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5.3 HYDRATED U(VI) OXIDES

The hydrated phase most commonly observed in this work is "dehydrated

schoepite" (Christ and Clark I960, Dawson et al. 1956, Hoekstra and Siegel

1973, O'Rare et al. 1988). This is a material of variable stoichiometry,

U03.xH20, with x usually lying between 0.7 and 0.9. The unit-cell dimen-

sions, and hence the positions of diffraction peaks, vary slightly with

composition. Table 2 compares diffraction patterns reported by Dawson et

al. (1956) and Christ and Clark (1960) for this phase with a pattern we

obtained from a fuel specimen thickly coated with dehydrated schoepite

crystals (see Section 6.1.2). The intense peak at d = 0.51 nm is well

separated from peaks due to any other uranium oxide, and is therefore use-

ful for detecting the presence of this phase. X-ray diffraction intensity

ratios are somewhat erratic for the highly crystalline surface layers

commonly obtained in this study (see Section 6.1.2), because the layers are

not ideally randomly oriented.

The formation of other hydrated phases in some of our moist oxidation

experiments (Section 6.1.3) has been indicated by XRD peaks at d > 0.51 nm.

Peaks at d = 0.72, 0.36 and 0.24 nm were tentatively assigned to schoepite,

U03'2H20, but the large number of higher angle peaks arising from other

phases made positive identification of schoepite difficult. Also, the

remaining features of the scheopite XRD pattern appeared to be diminished,

relative to the three peaks listed above, because of preferred orientation.

Similarly, a combination of peaks near 0.76 and 0.38 nm was indicative of

either paraschoepite (probably a polymorph of UG3-2H20: see Christ and

Clark 1960) or ianthinite (Christ and Clark 1960, Guillemin and Protas

1959, Cordfunke et al. 1968), but could not be conclusively assigned.

Peaks at 0.63 and 0.455 nm were consistent with an ill-defined hydrate of

U03 reported by Dawson et al. (1956). Additional unidentified peaks

appeared in the 0.5-1.0-nm d-spacing region in some diffraction patterns.

6. DISCUSSION OF HICROSTRUCTURES AND OXIDATION HECHANISHS

6.1 SURFACE OXIDATION

This section describes the microstructural changes to external surfaces of

fuel specimens during dry, moist and wet oxidation, as observed by SEM.

For comparison, micrographs of highly polished, unoxidized fuel surfaces

are shown in Figure 2. These surfaces are featureless except for pores and

polishing scratches. The grain structure is not visible in these unetched

specimens. Note that the quality of finish on these specimens is superior
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to that obtained in earlier stages of this program, such as those shown in

Figure 3; this reflects the evolution of sample preparation procedures

during this research.

6.1.1 Dry Oxidation to U307 and U3O8

It is not the purpose of this report to describe dry oxidation of U02 to

U307 and U308 in detail. However, a brief description of the microstruc-

cure of fuel oxidized in dry air is needed for comparison "ith wet and

moist oxidation processes. More detailed accounts of the formation of U307

and U3O8 on unused CANDU fuel are presented elsewhere (Taylor et al. 1980

and manuscript in preparation).

The oxidation of U02 to anion-excess phases, such as U409 and U307, pro-

ceeds by diffusion of oxygen into cubic-coordinated interstitial positions

in the U02 lattice, with significant displacement of other atoms, but only

small changes in lattice parameters, and a reduction in crystallographic

symmetry from cubic to tetragonal or pseudotetragonal (Hoekstra et al.

1961, Willis 1987, see Section 5.1). There is therefore little microstruc-

tural change associated with this stage of oxidation; normally, no change

is detectable by SEM of the outer surface, although U307 layers on U02
grains are easily distinguished in etched cross sections of oxidized fuel

(see Section 6.2). Oxidation of U02 to 0-U3O7 involves a 2.7% reduction in

solid volume, but usually no cracking associated with this contraction is

observable by SEK. The volume reduction may be accommodated by micro-

cracking at U307 crystallite domain boundaries: broadening of the XRD peaks

for U307, compared with the original U02, indicates that the ordered

domains of U,07 are much smaller than the original U02 grains. Thomas et

al. (1989 and pers. comm.) have reported evidence from transmission

electron microscopy for very small ordered domain-size in a-U307 and U409

formed by oxidation of used U.S. light-water reactor (LWR) fuel. Volume

reduction in the outer oxidized layer is also accommodated by preferred

orientation of che U307, as discussed in Section 5.

Further oxidation of U307 to U308 involves a substantial structural reor-

ganization and a 35.8% expansion relative to the original U02 volume (Allen

et al. 1986; Aronson et al. 1957; Boase and Vandergraaf 1977; Taylor et al.

1989, in preparation). It is this expansion that can cause fuel swelling

and spalling of powder from the uranium oxide surface.

Figure 3 illustrates the progressive appearance of U30g on fuel specimens

oxidized in room air (dew point ~15°C) at 300°C for 4, 8 and 16 h. After

4 h, U308 is just detectable by XRD; the only new features detected by SEM
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at this stage are whitish patches, presumed to be U308, concentrated mainly

at pores and projections in the surface (note that this specimen was not so

highly polished before oxidation as those shown in Figure 2). After 8 h of

oxidation, the formation of U30B has caused general roughening of the sur-

face, and some grains have become detached from the specimen. After 16 h,

the entire surface has broken up into particles of ill-defined morphology,

generally smaller than the original U02 grains, but with some recognizable

vestiges of the original grain structure. Features due to both inter-

granular fracture and intragranular swelling and fragmentation can be seen

in the micrographs. The most important feature, from the viewpoint of

distinguishing moist and wet from dry oxidation processes, is the absence

of any well-defined (i.e., clearly faceted) crystal growth on the surface

under dry oxidation conditions.

6.1.2 Wet Oxidation to U03-xH;0 and U30a

When U02 is immersed in oxygenated water, as noted in Section 2, the water

constitutes a solvent for oxidation processes involving dissolution and

precipitation, as well as being a reagent for the formation of hydrated

solids. Conceptually, the simplest aqueous oxidation process is the oxida-

tive dissolution of U(VI) from the U02, followed by precipitation of the

U(VI) as a hydrate of U03. Over thirty years ago, Aronson (1958) showed

that this is the predominant reaction between U02 powder and oxygenated

water at 87 to 177°C. We have found that it also occurs on U02 fuel sur-

faces in aerated water at temperatures up to at least 225°C.

Easily detectable quantities of dehydrated schoepite (DS, U03>xH20,

x - 0.8) are formed on unused fuel surfaces within 2 to 5 d at 200°C and 1

to 2 d at 225°C. Visually, this is observed as a pale yellow precipitate.

Individual acicular crystals approaching 1 mm in length are often visible

to the unaided eye. Figures 4 to 6 show examples of fuel specimens on

which solution-grown DS is the predominant oxidation product.

Figure 4 shows highly crystalline DS that grew on a quarter-disk specimen

of U02 immersed in 50 cm
3 of water under air in a 1-dm3 vessel for 4 d at

200°C. The oxidation is unusually extensive for this combination of time

and temperature, but the micrographs illustrate the dissolution and preci-

pitation process clearly. Figure 4(a) shows that the specimen is uniformly

covered with radiating clusters of elongated DS crystals, mostly 0.5 to

1.0 mm in length, which have obviously grown from solution. The preferred

nucleation sites for these crystals appear to be at grain boundaries in the

fuel. Note that, despite the extensive surface recrystallization, the fuel

specimen remains intact; this is typical of our experience with wet
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oxidation of fuel for up to 55 d at 225°C. The DS crystals are shown at

progressively higher magnifications in Figures A(b) to 4(d). Figure 4(c)

also clearly shows uniform preferential dissolution of U02 from the grain

boundaries; this is shown in greater detail in Figure 4(e). In addition,

the latter figure shows some much smaller crystals scattered on the sur-

face; these may be either DS or U308, as discussed later in this section.

Figure 5 shows an example of much denser surface coverage of a fuel speci-

men by DS crystals (note also the small quantity of fine-grained (<1 /im)

material just to the left of the centre of Figure 5(b)). Such a dense

layer of DS is commonly observed after wet oxidation, with effectively

unlimited air, for 2 to 10 d at 225°C in solution volumes from 50 cm3 down

to <1 cm3. This particular specimen was oxidized for 2 d at 225°C in

50 cm3 of water under air in a 1-dm3 vessel. Figure 6 shows a similar

product obtained after 5 d in 10 cm3 of water under air in a 20-cm3 vessel,

also at 225°C. This is the material from which the XRD data for DS

(Table 2) were obtained. Siuce the SEM study in this case was done after

the XRD, it shows slight specimen damage (flattening of the DS crystals

onto the specimen surface).

In many experiments similar to those just described, much larger quantities

of fine-grained oxidation product were observed, sometimes to the exclusion

of DS. Visually, this appeared as a loosely adherent, sooty black deposit

on the fuel surface. X-ray diffraction showed this material to be U3O8
(Taylor et al. 1991). The diffraction pattern is much sharper and better

resolved than that of U3O8 formed by solid-state air oxidation of U02 fuel

at 250 to 300°C, as discussed by Taylor et al. (1991) and shown in Table 1.

This indicates a different mechanism for U3O8 formation, as does its rela-

tively rapid appearance. In dry air, U308 is rarely detected on unused

fuel surfaces in less than 20 d at 225°C. In wet oxidacion experiments at

225°C, substantial quantities of U308 have been seen in some cases within

1 to 2 d, and the fuel surface is often completely covered with U308 after

10 to 20 d.

Figure 7 shows representative scanning electron micrographs of fuel

specimens covered with U308 after wet oxidation. The U3O8 is fine-grained

(typically 1 to 3 JIIB and sometimes up to 5 //m), and, although the crystals

are not so clearly faceted as the DS crystals described above, they do not

resemble U308 foriaed by dry-air oxidation of U02• Also, they bear no rela-

tionship to the original U02 ^rain structure, and thus appear to have grown

from solution. Figure 8 shows a specimen with comparatively low surface

coverage by U308, with the U02 grain structure clearly visible beneath.

Figure 9 shows examples of mixed deposition of large DS crystals and fine-

grained U3O8 on the same fuel surface. Note that DS sometimes predominates
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in certain parts of the specimen surface, and U308 predominates elsewhere,

indicating that local variations in solution convection conditions (and

hence local variations in dissolved uranium concentrations) may determine

the product.

The conditions that determine whether U30g or DS is precipitated are

difficult to define, because of limited experimental reproducibility. The

frequent observation of both DS and U30a on fuel surfaces in the early

stages of wst oxidation indicates that the two precipitation reactions are

closely competing processes on a U02/U307 surface. Thermodynaraic aspects

of these processes have been discussed by Taylor et al. (1991). It is

unlikely that the crystallization of U308 proceeds througn bulk dissolved

U(IV) species (as opposed to reduction of dissolved U(VI)), since U(IV)

species are highly insoluble. The possibility of involvement of U(V) is

less deir-cut. According to availaole thermodynamic data, U(V) species

are stable only over limited ranges of pH and uedox potential (Paquette and

Lemire 1981). It is probable, however, that U(V) species are involved in

the formation of U3O3, at least as reactive intermediates either in

solution or on the solid surface. The extent of the involvement of U(V)

species in this reaction is a possible topic for further investigation.

Larger quantities of U30a tend to be observed in longer-duration experi-

ments (10 to 20 d) in small vessels (20 cm3) at both 200 and 225°C, whereas

the more highly oxidized phase, DS, tends to predominate at shorter reac-

tion times or when an excess of oxygen is present. This suggests that U3O8
formation is favoured by oxygen depletion, and that it occurs, at least in

part, by back-reduction of previously precipitated DS. This was confirmed

in one experiment in which a fuel specimen was first oxidized in a plenti-

ful supply of oxygen to form DS crystals on the surface, then reheated at

225 °C in water under a nitrogen atmosphere, after which the DS was replaced

by U308 and possibly also ianthinite (U02-5U03•1O.5B2O). Micrographs of

this specimen are shown in Figure 10.

Under some circumstances, DS can grow from solution as small crystals

(<10 m long), and it is then difficult to distinguish from U3O8 except by

XRD. An example is shown in Figure 11. The specimen was oxidized in

50 cm3 of water under an atmosphere of 2% O2 in N2 in a 1-dm
3 vessel at

225°C for 2 d. The micrographs show small crystals (<10 ftm) scattered on a

surface with well-defined but narrow grain-boundary etching. Compare this

with the masses of large crystals in Figure 5, which shows a specimen

oxidized under identical conditions except the atmosphere was air. The

dissolution/precipitation rate was evidently diminished by reducing the

initial oxygen concentration, but the principal recrystallization product

indicated by XRD was still DS, with lesser quantities of U308.
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In addition to these dissolution/precipitation processes, solid-state

oxidation of U02 to U307 occurs on fuel samples immersed in aerated watar,

much as it does in dry air. In the early stages of oxidation (e.g., 2 d at

200°C), and IT other situations in which little recrystallization occurs on

the specimen surface, U307 is readily detected by XRD. When the surface is

covered with recrystallization products, the underlying U02/U307 is often

not detectable by XRD, because of X-ray absorption by the overlying layer(s)

of other oxides. In these situations, U307 formation can be detected by

ceramographic sectioning, polishing and either optical or scanning electron

microscopy, as discussed in Section 6.2.

6.1.3 Moist Oxidation to U03-xH3O and U30B

We have examined the oxidation of fuel specimens in a variety of mixtures

of air and unsaturated steam at 200 to 225°C. The main purpose of these

experiments was to determine whether U02 fuel can be oxidized to U(VI)

oxide hydrates in the presence of unsaturated steam, and whether this has a

significant impact on fuel integrity. The results are best discussed in

terms of the relative humidity (RH, or percentage of saturated steam

density) of the air-steam mixtures, and can be divided into three general

categories:

(a) At low moisture levels (RH below about 40%), oxidation proceeds

much as it does in dry air, with no microstructural changes

detectable by SEM until U30B appears as a solid-state oxidation

product (usually >20 d at 225°C).

(b) At intermediate moisture levels (RH between about 40 and 70%),

some localized surface recrystallization is observed, with small

(<3 vm) crystals of DS and/or U308 (identified by XRD) scattered

over the sample.

(c) At high moisture levels (RH above about 80%), a variety of highly

textured, fine-grained (<3 fim) oxidation products, which usually

cover the specimen surface completely, are observed. Again,

these are primarily U3O8 and/or DS.

It is difficult to quantify the extent of oxidation in these experiments,

because several oxidation processes are contributing to the small weignt

changes, but the amount of recrystallized material is usually much lower in

the experiments performed under moist (unsaturated) conditions than in

corresponding experiments done under wet conditions. If the quantity of

water exceeds that required for steam saturation, even by a few tenths of a
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cubic centimetre, the wet-oxidation microstructures (see Section 6.1.?)
usually appear.

In both the intermediate and high RH experiments, some other hydrated

solids were sometimes obtained in addition to DS. Most frequently observed

is a product tentatively identified as schoepite, and some unidentified

products have also been found, with no clear-cut pattern of occurrence (see

Section 5.3). Since schoepite is not stable with respect to DS at tempera-

tures above about 125°C (O'Hare et al. 1988, Tasker et al. 1988), it is

presumed to have formed by low-temperature hydration of the DS after

cooling, either in the autoclave or when exposed to air while awaiting

examination by XRD. Hydration of DS to schoepite was not detected with the

much larger DS crystals obtained in wet oxidation reactions, described

above, indicating that it is limited by solid-state diffusion of water.

Some of the unidentified phases mentioned above may also have been

secondary hydration products.

A selection of scanning electron micrographs, giving some idea of the

variety of surface microstructures observed in experiments run at high RH,

is shown in Figure 12. We have not yet been able to determine a clear-cut

relationship between the precise humidity conditions and the crystallo-

graphic identity and microstructure of the surface oxidation products, but

there is no question that the highly textured oxidation-product microstruc-

tures are a consequence of oxidation under high-moisture (but still

unsaturated) conditions.

All of the varied moist-oxidation microstructures feature a combination of

small grain size and a sufficiently distinct morphology from the original

grain structure of the fuel to demonstrate mobilization of uranium in a

dissolution/precipitation type of mechanism, rather than solid-state oxida-

tion, even though liquid water was not in contact with the fuel in these

experiments (except during initial warming and final cooling). We believe

that, as discussed by Taylor et al. (1989), sufficient water (several

molecular layers) is adsorbed on the fuel surface under intermediate and

high RH conditions to mobilize the uranium in a solution-like state, and

thus give rise to the observed microcrystalline oxidation products. This

type of oxidation mechanism is similar to the rusting of iron and related

corrosion processes that can occur in unsaturated humid atmospheres, as

discussed by Taylor et al. (1989).
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6.2 GRAIN-BOUNDARY OXIDATION (DRY. MOIST AND VErn

Several authors have reported that oxidation of U02 to U307 (or U40g or

other anion-excess uraninite phases) proceeds preferentially along grain-

boundaries in used U02 fuel (Campbell et al. 1989b, Thomas et al. 1985,

Wasywich et al., 1982, 1986, Vasywich and Frost 1989, Novak et al. 1983).

However, there is little information on the degree of preferential grain-

boundary oxidation in unused fuel. Campbell et al. (1989a,b) and Thomas et

al. (1989) indicate that grain-boundary oxidation is much more rapid in

U.S. used LWR fuel than in fresh fuel, and they attribute this to fission-

gas bubbles and channels providing a route for oxygen to gain access to

grain boundaries. Taylor et al. (1980) reported some indirect evidence of

enhanced grain-boundary oxidation in the early stages of U307 formation,

but no microscopic examination was performed at that time.

We have examined polished cross sections of oxidized, unused fuel by both

optical microscopy and (more recently) SEM, with three aims:

(a) to estimate the rate of grain-boundary oxidation in unused CANDU

fuel;

(b) to see whether the rate of grain-boundary oxidation is affected

by moisture; and

(c) to see whether oxidized grain boundaries provide a route for

moist or wet oxidation processes to penetrate the fuel.

This work, is still in progress, and this section only summarizes

preliminary findings.

Optical micrographs clearly show significant preferential oxidation of

grain boundaries, with individual grains being oxidized to a depth of about

1 /im, while the oxidation front penetrates the fuel to a depth of tens or

sometimes even hundreds of micrometres. Representative micrographs of

polished and etched cross sections of fuel specimens oxidized at 225"C

under various moisture conditions for 5 to 55 d are shown in Figure 13.

In all the micrographs in Figure 13, grain-boundary oxidation is seen to

have progressed to a depth of several grains, even under wet-oxidation

conditions where extensive fuel dissolution and precipitation of DS has

occurred on the fuel surface. Evidently, the oxidative dissolution and

grain-boundary oxidation are closely competitive in wet oxidation at 225°C.
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Exceptionally deep grain-boundary oxidation occurred in the specimen oxi-

dized at 26Z nominal Rfl, shown in Figure 13(e) (note the lower magnifica-

tion of this figure, as compared with Figures 13(a) to (d)). This proved,

however, to be an unusually reactive fuel specimen, and the deep oxidation

appears not to be related to the specific moisture conditions. The high

reactivity is apparently related to imperfect sintering of the fuel during

pellet fabrication, as indicated by the large volume fraction of fine-

grained (2 to 5 urn) U02 in this specimen (Figure 13(e)).

Our results indicate that specimen reactivity is a more important variable

than moisture level in determining the depth of penetration of the oxida-

tion front. The origin of variation in reactivity of fuel with respect to

grain-boundary oxidation is still under investigation. Typically, grain-

boundary oxidation penetrates unused fuel to a depth of about 70 /.m after

55 d at 225°C, but in the most reactive specimens, oxidation depths in

excess of 500 (im were observed under comparable oxidation conditions.

There is also, as a rule, considerable undulation of the oxidation front

within one specimen, as well as interspecimen variability. This corres-

ponds to a factor of two to three in variation of oxidation depth within

one specimen. In addition, cut and polished surfaces tend to be more

reactive than sintered surfaces.

Preliminary SEM work, indicates that, in addition to the layer of U307 on

U02 grains, a further oxidation product appears as a thin layer («1 nm) at

the grain boundary under wet and high-moisture conditions. Two micrographs

of one specimen showing this type of layer are shown in Figure 14; the

specimen is the same as that shown in the optical micrograph, Figure 13(b).

The thin layer of oxidation product at the grain boundaries appears to be a

continuation of a more extensive alteration product (U308?) formed in the

outermost layer of fuel grains.

It appears from Figure 14 that solid-state oxidation to U307 Is the initial

oxidation process, and that this weakens or separates grain boundaries

sufficiently to allow ingress of water as well as oxygen, and hence allows

the grain-gap infilling by a further oxidation product. Because the SEM

results are complicated by etching artifacts, further work is needed to

modify sample-preparation methods, and hence to confirm and clarify the

nature of this process.
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7. SUMMARY AND CONCLUSIONS

This report summarizes observations on the influence of moisture (either

liquid water or unsaturated steam) on the air oxidation of unused CANDU U02

fuel at 200 to 225°C. The following processes have been identified:

(a) oxidative dissolution of U(VI) and precipitation of hydrated U03;

(b) back-reduction of dissolved U(VI) and precipitation of U308 on

the UO2/U3O-, surface;

(c) solid-state surface and grain-boundary oxidation of U02 to

0-U3O7; and

(d) in wet oxidation conditions only, preferential dissolution of U02

grain boundaries, with some evidence of filling of the resulting

gap with higher uranium oxide(s).

Quantitative information on the relative importance of these processes with

respect to fuel integrity and fission-product release from used fuel is

difficult to obtain. Experimental reproducibility is generally poor, due

at least in part to variation in reactivity between specimens. However,

the following generalizations can be made with some confidence:

(a) Oxidative dissolution of U(VI) and precipitation of hydrated U03
is the predominant surface process in the presence of liquid

water and an unlimited supply of oxygen. This reaction often

produces large crystals of dehydrated schoepite (UO3-xH2O,

x = 0.8), sometimes approaching 1 mm in length, and often

involves enhanced dissolution of uranium from grain boundaries

in the fuel. Formation of UO3-xH2O can also occur to a much

lesser extent in the presence of unsaturated steam, above about

40% relative humidity (Taylor et al. 1989). In this case, much

smaller crystals are produced (usually <3 nm); it is proposed

that this reaction proceeds by dissolution and precipitation

within a thin adsorbed layer of water on the fuel surface.

(b) Crystallization of U3O8 from solution commonly occurs on U02
surfaces during moist and wet oxidation at 200 to 225°C; this

appears to involve the back-reduction of dissolved U(VI) on the

U02/U307 surface. The possible involvement of U(V) species in

this reaction could bear further investigation. The formation of
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U 30 8 is often competitive with the direct precipitation of U(VI)
as UOJ.XHJO, and tends to predominate at long reaction times in
experiments with a limited supply of oxygen. Although U308

formed in this way is detectable at much shorter reaction times
than in dry-oxidation experiments, it does not appear to acceler-
ate fuel swelling, cracking or spalling, presumably because it
proceeds only in regions with free solution volume, and it
involves outward movement of uranium from the fuel rather than
inward movement of oxygen. Similarly, we have no evidence yet
that U03 hydrate formation can cause fuel swelling, although the
large molar volumes of these phases relative to U02 provide a
potential for swelling damage. We note that format1an of U03

hydrates is thermodynamically feasible at low relative humidities
(Section 4), and could conceivably proceed by a gas-solid
reaction as well as the solution processes described here.

(c) Solid-state surface and grain-boundary oxidation of U02 to U307,
previously reported for dry conditions, proceeds under all
moisture conditions. Any effects of moisture on the rate of
penetration of the fuel by grain-boundary oxidation are masked by
intersample variation in reactivity. The origins of this
variation are still under investigation.

(d) Whereas the grain-boundary oxidation of U02 to U 30 7 is the
primary pathway for oxygen penetration into the fuel, this
oxidation causes sufficient grain-boundary weakening or separa-
tion for further oxidation by dissolution and precipitation to
penetrate the fuel. Nonetheless, there is as yet no evidence
that this causes greater swelling damage than dry oxidation to
U 30 8. Major differences in grain-boundary structure and porosity
between used and unused fuel, as well as the substantial radia-
tion fields generated by used fuel, make it difficult to draw
direct comparisons between the oxidation behaviour observed in
these experiments and the CEX-1 and CEX-2 used-fuel storage
experiments.
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TABLE 1

X-RAY POWDER DIFFRACTION DATA FOR U,O8 FROM DIFFERENT SOURCES

hkl

110
001
130
200
220
131
201
221
150
310
002
060
151
241
330
311
061
132
331
260
400
350
420
261
401
171
152
242
312
421

062
332

0.5853
0.4149
0.3428
0.3359
0.2928
0.2642
0.2610
0.2390
0.2253
0.2200
0.2073
0.1993
0.1980
0.1966
0.1952
0.1944
0.1796
0.1774
0.1766
0.1714
0.1679
0.1634
0.1616
0.1584
0.1556
0.1536
0.1525
0.1519
0.1509
0.1506

0.1437
0.1421

dob8
a

0.5855
0.4146
0.3428
0.3358
0.2928
0.2642
0.2609
0.2392
0.2253
0.2200
0.2073
0.1993
0.1980
0.1966
0.1952
0.1944
0.1796
0.1774
0.1766
0.1714
0.1679
0.1634
0.1616
0.1584
0.1556
0.1538
0.1526
0.1519
0.1509
0.1506

0,1437
0.1421

Ia"

4
94
100
56
2
74
37
1
2
3
19
14
3
2
22
5
16
27
50
14
7
2
2
17
8
1
2
2
1
3

8
17

dob.b

0.4147
0.3425
0.3359

0.2640
0.2611

0.2074
0.1993
wv

0.195A

0.1791
0.1772
0.1765
0.1715
wv
wv
wv

0.1582
0.1557

0.1440
0.1434
0.1423

Ib

100
5
2

14
8

36
1

3

3
19
17
1

3
1

1
2
5

dOba
C

0.5866
0.4141
0.3421
0.3353
0.2929
0.2639
0.2608
0.2389
0.223
0.2201
0.2072
0.1991

0.1950

0.1795

0.1768
0.1712
0.1680
wv
wv

0.1584
0.1555

0.151

0.1436
0.1421

Ic

~1
100
77
28
2
62
27
1
2br
2
24
11

17

12

37br
9
4

10
5

2br

7
11

dObs
d

0.4150
0.3425

0.2637

0.2077
0.198

0.194

0.177
0.171

0.158

0.143

Id

100
75ba

50ba

25
14br

lObr

34br
10

llbr

8br

All intensities, I, are peak heights, ba = broad, asymmetric peak;
br = broad peak; wv = weak peak visible but not measured.
Aykan and Sleight (1970); dcalc based on orthorhombic unit cell with
a = 0.6715, b = 1.1959, c = 0.4146 nm.
From oxidation of polished specimen of U02 fuel in aerated water
(3 cm3 in 20-cm3 vessel), 225°C, 15 d. Note strong orientation
effects, especially enhancement of 001 and 002, and diminution of hkO
intensities.
From oxidation of U metal in 25% 02/75% Ar at 515°C, 0.5 h (see
Hayward et al., in preparation).
From oxidation of
were also observed.

U02 fuel in air at 300°C, 18 h; weak U02/U307 peaks



- 24 -

TABLE 2

X-RAY POWDER DIFFRACTION DATA FOR UO3-xH3O (x - 0.8) FROM DIFFERENT SOURCES

hkl

200
020
111
220
400
311
111
221?
002
420
112
131
202
022
302
511
111
520
312
331
040
222
600

402
240
620
???
422
531
440

dc

0.
0.
0.
0.
0.
0.

0.
0.
0.
0.
0.
0.
0.
0.
0.

0.
0.
0.
0.
0.
0.

0.
0.
0.

0.
0.
0

5108
3438
3426
2852
2554
2486

2374
2143
2050
2006
1982
1976
1818
1813
1781

1756
1753
1738
1719
1713
1703

1641
1629
1526

1481
1437
1426

dob.
b

0.5110
0.3445
0.3426
0.2857
0.2557
0.2487

0.2138
0.2053

0.1986
0.1971
0.1817

0.1782

0.1740
0.1721
0.1712
0.1704

0.1641
0.1632
0.1528

0.1481
0.1437
0.1428

Ib

100
80
100
60
40
60

40
40

60
40
30

40

40
20
30
20

30
30
30

30
30
20

d0

0.
0.
0.
0.
0.
0.

0.
0.
0.
0.
0.
0.
0.
0.

0.

0.
0.
0.

0.

0.
0.

b i C

509
345
339
2890
2542
248

211
2060
2023
1993
1954
1826
1800
1774

172

1698
167
163

1541

1484
1444

Ic

100
25
17
7
6
8br

4
4
6
4
4
4
<4
6

<4

4
<4
<4

<4

<4
<4

dob8
d

0.5093
0.3458
0.3412
0.2861
0.2548
0.2494
0.2476
0.2390
0.2146
0.2052
0.2006
0.1979
wv

0.1837
0.1810
0.1733
0.1778

0.1753
0.1736
0.1731

0.1699

0.1639

0.1525
0.1490
0.1476
0.1444
0.1431

]•d

100
15
6
10
35
4
2
1
1
9
3
5

1
1
4
5

2
2
2

17

3

6
1
1
1
2

to
to
to
to
to
to
to
to
to
to
to

to
to
to
to

to
to
to

to

to

to
to
to
to
to

35
15
26
56
8
9
2
3
24
8
12

2
2
7
11

5
7
8

35

19

12
2
2
3
5

Hoekstra and Siegel (1973) report variable cell dimensions, a = 1.019
to 1.024 nm, b = 0.686 to 0.696 nm, c = 0.427 to 0.430 nm (cell
transformed for consistency with Dawson et al. (1956)). The dcalc

values in this table are based on the mid-points of these ranges.
Powder diffraction file card 10-309, after Dawson et al. (1956).
"U03-0.8H20." Orthorhombic, a = 1.023, b = 0.689, c - 0.428 nm.
Prepared from U03 + H20 at 180°C.
Powder diffraction file card 13-242, after Christ and Clark (1960).
"UOJ-HJO?.11 Orthorhombic, a = 1.019, b = 0.686, c = 0.427 nm
(cell transformed for consistency with Dawson et al. 1956). Prepared
by dehydration of synthetic or natural schoepite.
Prepared by surface oxidation of polished U02 fuel specimen in aerated
water (2 or 10 cm3 in 20-cm3 vessel) for 5 to 9 d at 225°C. Average
d-spacings and range of relative peak-heights for four specimens are
given.
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Stability Relationships Between Selected Solid Uranium Oxides,
Expressed in Terms of 02 and H,0 Activities, at 25, 100 and
200-C. DS = UO3.0.9B20, "dehydrated schoepite"; S = schoepite,
UO3-2H2O. Based on thermodynamic data discussed in Appendix B.
Dashed lines represent metastable equilibrium between U308 and
DS. The quantity "log10a(H20) vs. saturation" is approximately
equal to log!0(relative humidity,%) - 2.
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! \

1 5 K U v 4 713 X - 2 0 . 9 K, 9 8 3 2

15KU 2.41KX 4.15H 9 83 3

FIGURE 2: Scanning Electron Micrographs of a Polished, Unoxidized CANDU
U02 Fuel Specimen; Two Different Magnifications of the Same Area
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(b) 1 5 K U 5 . 3 7 K X 1 . 8 6 H 1 3 1 9

continued..

FIGURE 3: Scanning Electron Micrographs of Polished CANDU Fuel Specimens
Oxidized in Air (Dew Point ~ 15°C) at 300°C. (a) Stereo-pair
showing specimen oxidized for 4 h, with U30a (brighter parti-
cles) starting to appear at exposed grain edges on the surface,
(b) Higher magnification of U3O8 particles at another location
on the same surface.
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(c)

(d)

(c) Specimen oxidized for 8 h; stereo-pair shoving general
roughening of surface and loose particles starting to
spall from the surface, (d) Higher magnification of
spalled grains shown in (c).

FIGURE 3 (continued)
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(n) Specimen oxidized for 16 h; stereo-pair showing more
generalized breakup of the surface due to U3O8 formation.

FIGURE 3 (concluded)
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(a)

continued...

FIGURE A: Scanning Election Micrographs ot Polished CANDU Fuel Specimen,
Oxidized in Aerated Water (50 cmJ H;0 in 1-dm

3 Vessel, 200"C,
4 d) Showing Extensive Formation of Large Crystals of Dehydrated
Schoepite (DS) by Dissolution and Reprecipi tat ion of Uranium,
(a) Lou-magnification view ot quarter-disk specimen.
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(b)

(b) Higher magnification, showing detail of DS crystals.

(c ) I 5K.U . 332X 3 0 . 1H 68 4 6

(c) Higher magnification, showing further detail of DS
crystals as well as widespread preferential dissolution
of grain boundaries in fuel specimen.

FIGURE 4 (continued)
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(d)

(d) Further detail of DS crystals.

(e) 15KU 2-:23KX 4.48.H 6850

(e) Further detail of grain-boundary attack, also shoving small
quantities of fine-grained precipitate (possibly U 3O 8).

FIGURE 4 (concluded)
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(a)

KU 122X 82 . 0H 8594

(b)

> ^

FIGURE 5: Scanning Electron Micrographs of Polished CANDI) Fuel Specimen,
Oxidized in Aerated Water (50 cm' H20 in 1-dm

3 Vessel, 225°C,
2 d), Showing Much Denser Surface Coverage of Fuel Surface by DS
Crystals than in Figure A. (a) Low magnification, (b) high
magnification. Note variation in DS crystal size (-10-1000 ßm);
note also the traces of very fine-grained material in (b).



- 3A -

(a)

FIGURE 6: Scanning Electron M i c i \>̂ i aph:-
Oxidised in Aerated V<iUi ( h'
b d ) , at Three Magnitications
Crystals, vith Some DL-tail . i

cont inued.

ul FoiiKhed CANDU Fuel Specimen,
en:' H_.O in 20-cm3 Vessel, 225°C,
, Sbo.ing Predominantly Large DS
F I not -C.i ained Minor Product
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(b)

( c )

FIGURE 6 (concluded)
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(a)

•1-5 K-U 177X 56.5H 2724

continued..

FIGURE 7: Scanning Electron Micrographs of Polished CANDU Fuel Specimens,
Oxidized in Aerated Water; (a) to (c), 10 cm3 H20 in 20-cm

3

Vessel, 225°C, 20 d; (d) and (e), 3 cm3 H20 in 20-cm
3 Vessel,

225°C, 15 d. All show uniform surface coverage by fine-grained
U30fi crystals.
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(b) 15KU 0.88KX 11 . 4H 2725

(c)

FIGURE 7 (continued)
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(d) 15KU 8..87KXTT'.-5F.*1763.-

(e )

FIGURE 7 (concluded)
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FIGURE 8: Scanning Electron Micrographs of Polished CANDU Fuel Specimen,
Oxidized in Aerated Water (3 cm3 H20 in 20-cm

3 Vessel, 200°C,
11 d). Thinner layer of U30b than in Figure 7 reveals some
detail of underlying U02/U307 surface, again showing extensive
preferential dissolution at grain boundaries.



(a)

continued..

FIGURE 9: Scanning Electron Micrographs of Polished CANDU Fuel Specimens,
Oxidized in Aerated Water. (a) to (f), 50 cm3 H20 in 1-dm3

vessel, 225°C, 2 d; (g) to (i), 2 cm3 H20 in 20-cm
3 vessel,

225°C, 5 d. (a) shows different precipitation patterns on
different parts of sample surface;
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(b)

(c)

(b) and (c) show greater detail, mainly of the large DS
crystals formed near the specimen edge;

FIGURE 9 (continued)



15KU 0.89KX;li.2H 2818

JMJ

(e)

(d) and (e) show greater detail of fine-grained U3O8

crystals formed near the centre of the specimen;

FIGURE 9 (continued)
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(f) bare, roughened area at outer rim;

(g)

w'.^jr'

15KU 178X J8.8H 2118

(g) to (i) show detail of a specimen with more uniform
distribution of both DS and U3O6 crystals.

FIGURE 9 (continued)



(h)

( i )

FIGURE 9 (concluded)



(a)

continued...

FIGURE 10: Scanning Electron Micrographs of Polished CANDU Fuel Specimen,
Oxidized in Aerated Water (18 cm3 H20 in 420-cm

3 Vessel, 225°C,
18 h), Then Heated in Water Under N2 Atmosphere (Again, 18 cm

3

H20 in 420-cm
3 Vessel, 225°C, 18 h). (a) to (c) show details of

U02/U307 surface and scattered crystals of partly reduced
phases, i.e., fine-grained U 30 8 and platy crystals tentatively
identified as ianthinite, U02-5U03•1O.5H2O. Note enhanced
dissolution at fuel grain boundaries.



; **T-

( b )

(c )

FIGURE 10 ( c o n t i n u e d )



(d) >w-. (e)

(d) to (f) show fine-grained pseudomorphic mass that appears to originate from a
large DS crystal formed in the initial oxidizing stage of the experiment.

FIGURE 10 (concluded)
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(a)

•*•£•

7

•>•• v - # t -

0 . 82KX 12

\Z '-3

8603

(b)

continued..

FIGURE 11: Scanning Electron Micrographs of Polished CANDU Fuel Specimen
Oxidized in Water Under an Atmosphere of 2% 02 in N2 (50 cm3

H20 in 1-dm
3 Vessel, 225°C, 2 d). (a) and (b) show a more

extensively oxidized portion of the surface than (c) and (d).
The scattered small crystals are dehydrated schoepite,
according to XRD.



(c) 1-5KU 0 . §,1KX 12 . 3H 8.605

(d) 1 5 K U 08 . 1 K X • 1.'. 2 3 V 8 606

FIGURE 11 (concluded)
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<f'' " ̂ ' ^
.; ... , v.

(a) e.83KX 8K 2138

(b)

continued...

FIGURE 12: Scanning electron micrographs of polished CANDU fuel specimens
oxidized in a variety of air-steam mixtures.
(a) and (b) Specimen temperature 225°C, dew-point 215°C (= 83%
saturation), 6 d. Note the highly textured, fine-grained
surface microstructure. Principal oxidation product
(identified by XRD) is dehydrated schoepite, with some U30s.
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( c ) 0.88KX 11.4H 2730

(d) 15KV .3.53KX' 2.83H 2731

(c) and (d) Specimen temperature 225°C, dew-point 220°C
(= 91% saturation), 6 d. Note the more nodular surface
microstructure. Principal oxidation product (identified
by XRD) is U30B, with some dehydrated schoepite.

FIGURE 12 (continued)
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(e)

(f)

(e) and (f) Specimen temperature 225°C, dew-point 175°C
(= 36% saturation), 6 d. Note the scattered, isolated
crystals on the surface, and relatively little texturing.
Principal oxidation products are U30B and dehydrated
schoepite (both in minor quantities).

FIGURE 12 (continued)



(g)

i

(i)

(g) to (i) 10 cm3 H20 in 1-dm
3 vessel, 225°C (= 78% saturation), 2 d. Note the

nodular microstructure, similar to (c) and (d). Principal oxidation products
(identified by XRD) are U308 and dehydrated schoepite (both major phases).

FIGURE 12 (continued)



••̂ .v<--

14. 6M 8369 15KU 1 V72"KX 81H 8378

(j) (k)

(1)

(j) to (1) 0 31 cm3 H;0 in 28-cm
3 vessel, 225°C (= 87£ saturation), 5 d. Note the

coarser crystalline microstructur-2 of the surface oxidation product (although
it is still much finer grained than the original fuel). Principal oxidation
product (identified by XRD) is U3O8, with some schoepite.

FIGURE 12 (continued)



CWsW-3

(o)

(m) to (o) 0.31 cm3 H20 in 28-cm
3 vessel, 225°C (= 87% saturation), 10 d.

Principal oxidation product (identified by XRD) is U30B, with a trace of
dehydrated schoepite.

FIGURE 12 (continued)
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(P) 15KU 0,89KXTT. 2H 2836

. * * • • - •

• • • ' - > • - "

\- - ^

(q) 15KU 2H 2833

(p) to (s) 1.15 cm3 H20 in 120-cm3 vessel, 225°C (= 75%
satura t ion) , 5 o. Note further variation of textured
surface microstructure. Principal oxidation product
(identif ied bv XPD) is U30g, with some dehydrated

i t e .
FIGURE 12 (continued)



- 57 -

(r ) 1 5 K U 3 . 6 0 K X 2 . 7 8 H 2 8 3 4

(s) 15KU 7.14KX 1.49K 2835

FIGURE 12 (concluded)
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(b)

continued. ..

FIGURE 13: Optical Photomicrographs of Polished, Etched Cross Sections of
CANDU Fuel Specimens Oxidized Under the Conditions Indicated at
225r : (a) Unlimited Dry Air (dew point -15"C), 20 d;
(b) Contacted with Aerated Water (2.0 cm3 H20 in 120-cm

3

vessel), 5 d. Scale bars represent 40 iim.
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(c) Contacted with aerated water (2.0 cm3 H20 in 120-cm
3

vessel), 55 d.

(d) Air/steam (59% saturation, 0.9 cm3 H20 in 120-cir.
3 vessel),

55 d. Scale bars represent A0 fim.

FIGURE 13 (continued)
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(e) Air/steam (26% saturation, 0.4 cm3 H20 in 120-cm
3 vessel),

55 d. Scale bars represent 100 urn.

FIGURE 13 (concluded)
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(a)

continued...

FIGURE 14: Scanning Electron Micrographs ((a) Low and (b) High
Magnifications) of Polished, Lightly Etched CANDU Fuel Specimen
Oxidized for 5 d at 225°C in 2 cm3 H20 under Air in 120-cm

3

Vessel (Same Specimen as Figure 13(b)). Original surface ot
specimen is near the left edge of both images. Note that (1)
solution-grown crystals (probably DS) are at surface, many of
them detached by cutting/polishing of specimen; (2) outermost
layer of specimen is heavily damaged by a combination of
oxidation and specimen preparation; (3) grain-boundary
oxidation (U02 to U307) has penetrated to a depth of 3 to 5
grains (-30 Mm) below the outermost, damaged surface layer; the
U02 "core" is more deeply etched than the U 30 7 "crust" of the
oxidized grains; (4) pullout and etching damage is severe at
the oxidation front; this is probably a polishing artifact
caused by the abrupt change in grain-boundary strength at the
oxidation front; (5) beyond the oxidation front (to the right),
there is no evidence of grain-boundary oxidation; individual
grains are revealed by different etching rates, presumably
related to crystallographic orientation of grains; (6) within
the region showing grain-boundary oxidation, an additional
oxidation product appears as a narrow bright layer right at the
grain boundaries.
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(b)

FIGURE 14 (concluded)
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APPENDIX A

PREPARATION OF POLISHED CANDU FUEL SPECIMENS

During the research described in this report, some effort was expended on
improving te "hniques for the preparation of reproducible, highly polished
specimens fre J unused CANDU fuel pellets, and in sectioning oxidized
specimens for microscopic examination. This appendix describes details of
both the procedure for initial specimen preparation and two alternative
procedures for preparation of polished sections.

A.I. PREPARATION OF POLISHED SPECIMENS FOR OXIDATION EXPERIMENTS

Disks of U02 are first cut from unused fuel pellets, using a Buehler low-
speed saw at setting #7, with an applied weight of about 10 g. The cut
surface is then rough-ground using 400-grit Buehler wet/dry paper until the
surface is smooth and flat. This is performed by hand on a Struers DP-10
system at 125 rpm, using water as a lubricant, and typically takes 10 to
20 min. Fine grinding is then performed with 6OC-grit Buehler wet/dry
paper using the same equipment and conditions, until the surface appears
shiny to the unaided eye; this usually takes JO to 15 min. Fine polishing
is then performed, also on the Struers DP-10 system at 125 rpm. Beta
Diamond 3-nm oil/water-soluble diamond paste is applied in three 4-cm
strips on a Leco Corporation 8-in. (nominal) PAN-W polishing cloth, and
polishing is performed for 20 to 30 min using DP Red lubricant and Struers
diamond paste extender.

A.2. PREPARATION OF POLISHED SECTIONS OF OXIDIZED FUEL

The two methods for preparation of polished sections are referred to as the
"standard" and "modified" methods. The former is basically the method
developed by Buehler Inc. and adapted by W. Hutchings and A. Jarvis (pers.
comm.) for metallographic examination of metallic specimens at Whiteshell
Laboratories. The latter was developed during this investigation as an
alternative technique that reduced the extent of grain pullout suffered by
the specimens.

A.2.1 STANDARD METHOD

A.2.1.1 Cutting the Specimen

The U02 fuel specimens are mounted in the vise chuck of a Buehler low-speed
saw, and cut with a Buehler high-diamond-concentration blade at 70 rpm or
less (approximate setting #3). Additional weight to increase the cutting
speed is not recommended, and in any event should not exceed 10 g, other-
wise unacceptable specimen damage is likely to occur. A low saw speed
minimizes the formation of cutting defects in the specimen surface. The
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portion of the specimen that has been cut off, rather than that remaining
in the chuck, should be selected for polishing, since the latter portion
may have some damage from clamping. Isopropanol is used to clean the
specimen surface after cutting, then the specimen is air-dried.

A.2.1.2 Mounting the Specimen

One face of the 1.25-in. (nominal) mounting ring is first ground with
600-grit paper to assure a good seal when placed on adhesive tape. The
inside of the ring is lubricated *jith Dow-Corning vacuum grease to
facilitate later removal of the epoxied specimen. The ring is then pressed
firmly on double-sided adhesive tape, which has been mounted on a flat
aluminum sheet. The U02 specimen is then placed with the face of interest
down on the tape, while trying not to dislodge any crystals adhering to the
specimen surface. A marker may be placed in the mold to designate a side
of particular interest (e.g., cut versus sintered surface).

The epoxy material of choice is Struers Epofix HQ, with a resin:hardener
volume ratio of 15:2. After being poured into the ring, the resin is
allowed to harden for 24 h at room temperature. The disadvantage of long
curing time with this particular resin is offset by the low extent of
shrinkage from the specimen. After removal from the mounting ring, the
specimen can be polished in any 1.25-in. automated metallographic polishing
system.

A.2.1.3 Coarse Grinding

Coarse grinding is performed on an 8-in. (nominal), gear-reduced, direct-
drive, flush-mounted Buehler system. The first stage, to provide a flat
specimen face, is a 30-s grind at 150 rpm, using 240-grit self-adhesive
Buehler disks, 40-lb applied weight (1 lb = 454 g), and water lubricant.
The next stages are 1 min with a 400-grit disk and 40-lb applied weight,
then up to 1 min with a 600-grit disk using 20 lb, all at 150 rpm with
water as lubricant. The specimen should now have no gross surface
scratches, and be ready for fine polishing. The large applied weight in
this procedure, however, is probably responsible for the excessive grain
pullout, which led us to develop the modified method described below.

A.2.1.4 Fine Polishing

Fine polishing is performed with a similar Buehler system, but using a
different head that applies a fixed weight of 40 g to each specimen. In
the first stage, polishing is performed using a Buehler Microcloth with
about 2 cm3 of 6-fim Beta Diamond, high-concentration, oil/water-soluble
diamond p-ste (hereafter, Beta d?amend paste), Struers diamond paste
extender and DP Blue lubricant; this polishing stage takes about 5 min.
The second fine-polishing stage is similar, but uses 1-jxm Beta diamond
paste and DP Red lubricant.

A.2.1.5 Final Polishing and Etching

Final or finish polishing is conducted in a Scintron polisher, using
Buehler Microcloth and a polishing slurry of Linde 3 compound in dilute
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aqueous H202 (5 vol.% H2O2 in deionized water), using just enough Linde B
to make a slurry rather than a paste. About 200 cm3 of the slurry is used,
and the polishing takes 8 to 16 h. Finally, the specimen is etched by
dipping in 90% H202/10% H2S04 for 10 to 30 s.

A.2.2 MODIFIED METHOD

Cutting, mounting and etching in the modified method follow the same
procedures described above, but all three polishing stages differ in
detail, as follows.

A.2.2.1 Coarse Grinding

Coarse grinding is performed on a Struers Model DP-10 unit with an auto-
matic grinding head and an 8-in. (nominal) platen. About 2 cm3 of 80- to
120-jim Beta diamond paste is applied to a "uehler nylon, self-adhesive
polishing cloth. The specimens are ground for 30 min at 125 rpm, with a
40-g weight applied to each specimen, using water and Buehler diamond paste
extender for lubrication. The extender helps to suspend the diamond
particles above the cloth, and to prevent them becoming embedded in the
cloth. After grinding, the specimens are removed from the head and washed
with water. This grinding procedure is then repeated with successively
finer diamond pastes: 40- to 50-/xm, 26- to 32-fim, and finally 15-jim paste.
This successive grinding provides for thorough removal of swarf, while
minimizing polishing damage, especially grain pullout.

A.2.2.2 Fine Polishing

The equipment used for coarse grinding is also employed for the fine
polishing. Again, the equipment is operated at 125 rpm with a 40-g weight
applied to each specimen. The polishing medium is 6-/xm Beta diamond paste,
applied to an Imperial self-adhesive polishing cloth (Leco Corp.). Lubri-
cation is provided by Struers DP Red lubricant and Buehler diamond-paste
extender, applied at intervals of about 2 min. After polishing for 30 min,
the specimens are washed with water, then the procedure is repeated with
the 6-/im paste replaced by corresponding 3-jtm, then l-/xm pastes. With each
reduction in diamond size a new cloth is used.

A.2.2.3 Final Polishing

The final polishing procedure is similar to that described in the standard
method, except that Buehler Metcloth is used in place of Microcloth, and
the slurry of Linde B compound is somewhat more dilute (25 g of Linde B in
100 cm3 of 5% aqueous fl202). This slurry is mixed in situ in the Scintron
polisher, using the vibrations of the polisher to suspend the particles,
before the specimens are introduced.

A.2.3 COMPARISON OF POLISHING METHODS

The modified method produces a specimen with less polisMng damage to the
outermost oxidized layer than the standard method. However, the modified
method is more time-consuming, requiring several more hours of grinding and
polishing. The combination of diamond pastes and lubricants used in the
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modified method are responsible for the improved preservation of surface
microstructure. The faster standard method is preferred for more robust
specimens, but the combination of unlubricated grinding and heavy applied
weight, possibly combined with the resistance of the grinding papers them-
selves, causes damage in specimens with weak (or weakened) grain boundar-
ies. This is important in U02 studies, but is inconsequential with the
metallic specimens for which the standard method was first developed.
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APPENDIX B

SELECTED EQUILIBRIUM CALCULATIONS FOR THE UO-,zQ2 =E2 0 SYSTEM

(Robert J. Lemire and Peter Taylor)

The equilibrium calculations discussed in Section 4 of this report were

based on the thermodynamic data in Table B-l, which are taken from Grenthe

et al. (in press). These were used to calculate equilibrium constants for

various reactions, (B.I) to (B.ll), among solid, hydrated and anhydrous

uranium oxides, gaseous oxygen and gaseous (G) or liquid (L) water, as

shown in Table B-2. The equilibrium calculations followed the procedure

described by Lemire and Tremaine (1980).

20-U3O7 ^

2a-U3O8 n

7-UO3 n

UO3-O.9H2O n

uo3.o.9a2o -

2a-U308

/MJ3O7 -

2a-U3O8

2a-U308

2a-U308

• o 2

v 0.9H2

h 1 . 1 H 2

h 0 . 1 H 2

f 0 2

»• o 2

v 02

•• °2

f 2.7H2

f 6H20

0

0

0

0

2.7H20

5.4H20

6H2O

12H20

^ T 2a-t73O8

i=? 67-UO3

i = U03-0.9H20

J=? U03.2H20

^ ^ - U 0 2 ( 0 H ) 2

^ ^ 3(U03-0.9H20)

i=? 6(U03-0.9H20)

^=? 3(U03-2H20)

^=? 6(U03-2H20)

^=^ ^-U307 + 3(U03-0.9H2O)

^ ^ ^-UjO, + 3(UO3-2H2O)

(B.I)

(B.2)

(B.3)

(B.4)

(B-5)

(B.6)

(B.7)

(B.8)

(B-9)

(B.IO)

(B. l l )

Reactions (B.I) and (B.2) represent the anhydrous oxidation sequence from

^-U307 to a-U308 and 7-UO3. Since the equilibrium constants for these

reactions are independent of water, they are depicted by horizontal lines

that separate the stability fields for these three solids in Figure B-l.

Reactions (B.3), (B.4) and (B.5) represent various hydration processes in

the system U03-H20. Reaction (B.3) appears as a vertical line (independent
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of p(02)) separating the U03 and U03-0.9H20 stability fields in each of the

three parts of Figure B-l. Reaction (B.4) is represented by the vertical

line separating the U03.0.9H20 and UO3-2H2O fields in the 25°C diagram on

Figure B-l. It does not appear in the higher-temperature diagrams because

U03-2H20 is unstable with respect to [U03-0.9H2O + 1.1H2O(1)], i.e., log10K

for Reaction (B.4L) is negative, above about 90°C. Reaction (B.5) is not

depicted in Figure B-l because, although /9-UO2(OH)2 appears to be

marginally stable with respect to [U03-0.9H20 + 0.1H20(l)], it has not been

observed as a product of fuel oxidation during this investigation.

Reactions (B.6) to (B.9) represent oxidation and hydration of either £-U307
or a-U3O8 to either U03.0.9H2O or UO3-2H2O. Reaction (B.7) appears as a

diagonal line in each of the three diagrams in Figure B-l, bounding the

stability fields of U3O8 and U03.0.9H20. The dashed lines entering the U03
stability field are metastable extensions of this equilibrium line; they

are included because 7-U03 is normally not observed as a fuel oxidation

product. Reaction (B.9) appears as a second, short diagonal line bounding

the U308 and UO3»2H2O stability fields at 25°C only, and is absent frcm the

higher-temperature figures because of the instability of U03.2H2O.

Reactions (B.6) and (B.8) are not depicted, because the assemblages [0-U3O7
+ U03-0.9H2O] and [0-U3O-, + U03-2H20] are both metastable with respect to

U308, as indicated by the negative values of log10K for the disproportiona-

tion reactions, (B.10L) and (B.11L). In other words, these equilibrium

constants show that formation of a-U3Og from U03 hydrates and fi-U3O1 is

thermodynamically feasible.

Note that the stability relationships depicted in Figure B-l are derived

from the data in Table B-2 for reactions involving liquid water (L series).

The water activities in this figure are based on a hypothetical 0.1-MPa

liquid-phase standard state at all temperatures; these activities roughly

approximate relative humidities. Note also that the tables and Fig are B-l

are not comprehensive, in that several phases such as ianthinite and

H2U3010, for which thermodynamic data are incomplete, are not included; see

discussion in Section 4 of the main report.
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TABLE B-l

THERHODYNAHIC DATA* USED IN EQUILIBRIUM CALCULATIONS

Species

H2O(1)

H20(g)

02(g)

0-U3O7
b

«-u3o8
b

Y-UO3

UO3.0.9H20

0-UO2(OH)2

UO3-2H2O

AfG°

-237.13

-228.58

0.0

-3242.0

-3369.5

-1145.7

-1374.6

-1398.8

-1636.5

S°

69.91

188.84

205.14

250.53

282.54

96.11

126.0

138.0

188.54

a

75.291

30.543

29.957

193.01

261.83

88.103

140.0

41.84

84.238

b

10.29

4.18

149.37

66.48

16.64

200.0

294.59

c

-1.67

-19.65

-37.32

-10.128

35.271

* Gibbs energies of formation, AfG° (kJ-mol'
1), and standard entropies,

S° (J-K"1-mol'1), are for a temperature of 25°C and pressure of
0.1 M?a. Heat capacities take the form Cp = a + 10"

3bT + 105cT"2, and
have units J.K"1-moi"1. Estimated uncertainties in the thermodynamic
data are discussed by Grenthe et al. (in press); the resulting
uncertainties (2CT) in log10K values in Table B-2 are ±0.5 units (or
better) per U atom involved in the reaction stoichiometry (Reactions
(B.I) to (B.ll)).

b Data for 0-U3O7 and a-U308 are three times the values given by Grenthe
et al. (in press) for "/3-UO2.3333" and "U02 6667" respectively.
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TABLE B-2

COMPUTED EQUILIBRIUM CONSTANTS FOR REACTIONS (EA) TO (BAD

IVCCl

B.

B.

B.

B.

B.

B.

B.

B.

B.

B.

B.

1

2

3

4

5

6

7

8

9

L»
G»

L
G

L
G

L
G

L
G

L
G

L
G

10 L
G

11 L
G

25

44

23

2
4

0
1

0
0

42
46

40
48

42
51

41
59

-2
1

-1
7

•c

.7

.7

.7

.1

.2

.8

.1

.2

.3

.4

.0

.0

.9

.9

.1

.0

.4

.7

.8

.2

60°

39.

20.

2.
2.

0.
0.

0.
0.

36.
38.

33.
37.

36.
40.

34.
42.

-2.
-0

-2
1

C

2

1

2
9

1
8

i
2

4
3

6
4

6
8

0
4

8
9

6
6

1<

100

34

16

1
1

-0
-0

0
0

31
31

27
27

30
30

27
27

-3
-3

-3
-3

°C

.2

.9

.8

.8

.1

.1

.1

.1

.0

.0

.7

.7

.8

.8

.4

.4

.3

.3

.4

.4

K at

150°

29.

13.

1.
0.

-0.
-0.

0.
0.

25.
23.

21.
18.

25.
21.

20.
12

-3
-5

-4

T

C

4

6

4
8

2
9

1
1

6
8

8
3

0
0

6
7

8
6

4
3

200°

25.

11.

1.
0.

-0.
-1.

0.
0.

21.
18.

17.
10.

20.
13.

15.
1.

-4.
-7.

-5
-12

C

5

1

0
0

3
6

1
0

3
2

1
9

3
4

1
3

2
3

2
1

225

23

10

0
-0

-0
-1

0
0

19
15

15
7

18
10

12
-3

-4
-8

-5
-13

"C

.9

.0

.9

.4

.4

.9

.1

.0

.5

.8

.1

.7

.3

.2

.8

.5

.4

.1

.6

.7

a L refers to reactions involving liquid water; G to the corresponding
reactions involving gaseous water (standard state, ideal gas at
P = 0.1 MPa)
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FIGURE B-l: Stability Relationships Between Selected Solid Uranium
Oxides, Expressed in Terms of 0z and H20 Act iv i t ies , at 25,
100 and 200"C. DS = UO3.0.9B2O, "dehydrated schoepite";
S = schoepite, U03-2H20. Dashed lines represent metastable
equilibrium between U3O8 and DS. The quantity "log10a(H20)
vs. saturation" i s approximately equal to

g!0 (relative humidity, .?) - 2.
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