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Thermal- and Radiation-Induced Interaction s of Water on U02 Surfac es
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Most plans for the disposition of surplus nuclear materials involve storage in sealed containers where the

evolution of gases from reactions of adsorbed water could present both pressure and flammability

hazards[l] . Despite efforts such as calcining the material to minimize the water content prior to packaging,

both residual moisture and readsorbed water may be present in the final containers . Given the anticipated

temperature excursions during transportation and storage, this water may thermally desorb, increasing the

pressure, and/or thermally dissociate to produce H2 gas, increasing flammability hazards . In addition, the

radiation from the nuclear material may induce radiolysis of the water with the likely products being water

vapor, H2, 02 and H2O2. In order to better understand the relative importance of the thermal- and radiation-

induced chemistry, we have studied the interactions of water on single crystals of uranium dioxide .

All experiments were conducted in an ultrahigh vacuum chamber in order to clean and characterize the

single crystal samples and to minimize the effects of readsorption in the interpretation of the results . The

single crystal UOZ(111) surface was prepared by cleaning with Ar ion sputtering, annealed at high

temperatures and examined with Auger electron spectroscopy to determine surface cleanliness . The

principal experimental techniques employed were temperature programmed desorption (TPD) for studying

the thermal chemistry and electron stimulated desorption (ESD) to simulate the effects of radiolysis . In

TPD, the surface is exposed to controlled quantiries of water at low temperatures, the surface is then

heated, and gaseous product evolution is monitored with a mass spectrometer . Evolved gas-phase products

are directly determined and binding energies and reaction kinetics can be obtained from an analysis of the

desorption temperature profiles . An electron gun is employed to simulate the effects of radiation as the

inherent radiation flux at the surface from these planar samples is too low to induce significant chemistry in

reasonable time scales. Ionization events and production of low energy secondary electron emission from 5



MeV alpha particle accounts for over 99% of its energy loss . Therefore , a controlled external electron

source acts as an approp riate simulant for inducing the majority of the interfacial radiation chemist ry. Both

positive ion and neutral species desorption are monitored with a mass spectrometer. D 216 0 was used for all

exposure to reduce background effects from the small amounts of residual H2 0 in the vacuum system .

The TPD results for the clean U02 surface are relatively straightforward . The only desorbing species is

water . No D2, 02, or other species are detected . Two distinct states for adsorbed water are observed. A

low temperature, non-saturating state is observed . This is ascribed to the formation of condensed,

multilayers of water on the surface by comparison with previous work[2J . A saturating, high temperature

state is assigned to the direct interaction between water and the U02 surface. A simple kinetic analysis of

this monolayer state yields a binding energy of approximately 13-15 kcaUmole .

In contrast to the thermal chemistry, the electron-induced chemistry is more complex . D2 and 02 gas are

the primary ESD products along with small amounts of water . No D202, an important product of the

radiolysis of bulk water, is observed. The absolute and relative amounts of D2 and 02 produced are

funcrions of the temperature and coverage of water . The highest yields occur for multilayer water . D2 is

produced in hyperstoichiometric amounts(e .g .,the ESD DZ :OZ ratio is at least 5 ; ideally it is 2 in D20) .

The cause of the oxygen-deficiency in the neutral products is currently unknown . For monolayer, and

lower coverage, water films, the overall yields decrease but the D2 :02 ratio increases (exceeding 10) . In

addition to neutral species, positive ions were monitored as well . For the clean U02 surface, ESD only

observed 0, H and F ions . The H comes from the small adsorption of water from the background gases in

the system and the F is attributed to impurities in the fluxes used to produce the U02 crystal . This result

highlights the potential sensitivity of ion-desorption to minority low concentration species . D ion is the

only species observed from multilayers of water, consistent with previous studies[3] . For submonolayer

amounts of water, D and O D ions are the primary products . The ESD D and OD signals persist to surface

temperatures up to 600K . From the thermal studies, all molecular water was observed to desorb below

300K . In order to determine the origin of the OD species, isotopically labeled 180 was incorporated into



the surface by ion sputtering . Upon exposure to D2160, 18 0D ions were observed, indicating that at least

some of the oxygen comes from the substrate as the result of dissociation at minority defect sites .

The TPD results indicate that the majority of water interacts molecularly on clean U02 (111) surface with a

binding energy only slightly greater than water with itself. However, this small change may have important

implications in "real world" environments. A simple steady state kinetic model can be used to determine

the vapor pressure of water needed to form the direct, monolayer film . Based of the TPD-derived binding

energy of 13-15 kcaUmole, a water pressure of order of a few millitorr is enough to saturate the monolayer

film. This pressure is below that used in most glove boxes, so most processed material will, except in the

driest boxes, readsorb one layer of water . Most of the standards developed for nuclear materials storage

require accounting for . at least this level of water loading in designing the containers . The electron-

irradiation results indicate that over prolonged periods, significant radiolytic production of H2 and 02 can

occur . In all cases, H2 was produced in excess of 02, which is consistent with previous work on gas

generation from Pu02 powders . As the absolute yields decrease and relative H2;02 yields increase with

decreasing water loading, these results suggest that minimizing moisture content would be beneficial not

only in reducing the pressure hazards, but also in insuring that the gas composition is outside the

flammability limits for hydrogen/oxygen mixtures.
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