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Introduction

Under certain conditions corrosion of uranium metal results in the formation of uranium hydride, which is unstable in air and may oxidise pyrophorically. Generally, attack of the metal by hydrogen occurs in a localised manner initially with a concomitant increase in the observed reaction rate. A continual growth in the number and sizes of individual reaction sites may lead to complete surface attack of the metal characterised by a specific amount of hydrogen consumed per unit area per unit time. Although much is known regarding the thermodynamics of the U-H 2 system [START_REF] Moshe | Evaluation of the kinetics and mechanisms of hydriding reactions[END_REF], and of the magnitude of the specific reaction rate at any given temperature and pressure, our understanding of the processes leading to the nucleation of hydride sites is much less clear.

At a given temperature, the hydriding of uranium proceeds when the metal is exposed to H 2 at a pressure that exceeds the equilibrium pressure of the metal hydride (UH 3 ). This leads to a direct solid-gas reaction in which the metal is converted to hydride. If the reaction proceeds in a closed (constant volume) system, the resultant fall in gas pressure can be measured and used to indicate the onset time and rate of reaction. The presence of UH 3 on uranium surfaces has been identified using X-ray photoelectron spectroscopy [START_REF] Allen | The behaviour of uranium metal in hydrogen atmosphere[END_REF] and [START_REF] Ward | Some observations on the electronic structure of beta-UD3[END_REF] also reported studies of UD 3 using the same technique.

In practice though, the mechanism of this reaction is complicated by the presence of a uranium oxide layer which usually covers the uranium surface and appears to have significant influence over the kinetics and morphology of hydride formation [START_REF] Cohen | Model calculations for hydride nucleation on oxide-coated metallic surfaces: surface-and diffusion-related parameters[END_REF]. Even when extremely pure H 2 is used, uranium oxide is formed preferentially [START_REF] Allen | The behaviour of uranium metal in hydrogen atmosphere[END_REF]. Many have suggested [START_REF] Allen | The behaviour of uranium metal in hydrogen atmosphere[END_REF], [START_REF] Cohen | Model calculations for hydride nucleation on oxide-coated metallic surfaces: surface-and diffusion-related parameters[END_REF], [START_REF] Glascott | Hydrogen & Uranium; Interactions between the first and last naturally occurring elements[END_REF] that the surface oxide layer protects the metal from hydrogen attack by constituting an effective barrier to diffusion. Certainly, in the presence of a surface oxide layer, hydride formation on uranium must be preceded by a period in which hydrogen penetrates through the oxide layer and concentrates at or near the metal-oxide interface.

Previous work has shown that the duration of this 'induction' period is dependent on a number of factors, namely, the oxide thickness [START_REF] Cohen | Model calculations for hydride nucleation on oxide-coated metallic surfaces: surface-and diffusion-related parameters[END_REF], [START_REF] Owen | A microscope study of the initiation of hydrogenuranium reaction[END_REF], the degree of surface hydroxylation [START_REF] Powell | The kinetics of hydriding uranium metal[END_REF], the presence of carbides [START_REF] Arkush | Site related nucleation and growth of hydrides on uranium surfaces[END_REF] and the purity of the H 2 gas [START_REF] Bloch | Effects of gas phase impurities on the topochemical-kinetic behaviour of uranium hydride development[END_REF]. Some of these factors may be understood to influence hydride initiation times in terms of how they affect the transport of hydrogen through the surface oxide film i.e. oxide thickness and oxide stoichiometry (which would both be expected to modify hydrogen permeation through the oxide) and degree of surface hydroxylation (which might be expected to influence hydrogen surface sticking and dissociation). Others, i.e. inclusions, may influence hydride initiation times by aiding the development of surface oxide irregularities (cracks) which constitute short-circuit diffusion pathways to the underlying metal.

The initial development of hydrides on metallic surfaces is observed to occur in isolated zones or 'spots' [START_REF] Owen | A microscope study of the initiation of hydrogenuranium reaction[END_REF], [START_REF] Bedere | Hydruration de l'alliage UV0.095 en présence ou non d'inhibiteur CO[END_REF], [START_REF] Bloch | The initial kinetics of uranium hydride formation studied by a hot-stage microscope technique[END_REF], [START_REF] Brill | The incipient kinetics of hydride growth on cerium surfaces[END_REF], [START_REF] Brill | Experimental verification of the formal nucleation and growth rate equations -initial UH3 development on uranium surfaces[END_REF], [START_REF] Ben-Eliyahu | Hydride nucleation and formation of hydride growth centers on oxidized metallic surfaces -kinetic theory[END_REF], indicating that certain areas favour the onset of hydride forming reactions. It follows that these zones experience shorter induction times than elsewhere on the sample surface, which may be attributed to the effects of defects or cracks in the oxide layer, localised thinning, regions of enhanced hydrogen species permeability or regions of enhanced hydrogen surface dissociation (although the exact nature of the hydrogen species which transport through the surface oxide film is currently unknown) [START_REF] Hanrahan | The influence of surface morphology and oxide microstructure on the nucleation and growth of uranium hydride on alpha uranium[END_REF].

The work detailed in this paper provides evidence that the location of grain boundaries in the metal at the oxide interface provides a further control on hydride formation at higher temperatures (where nucleation rates are also high). Deuterium was used in place of hydrogen for the experimental work to assist in the analysis of the mass spectroscopic measurements, and avoid confusion with possible aqueous contamination. A detailed examination using secondary ion mass spectrometry (SIMS) and focused ion beam (FIB) methods is provided.

Experimental

A depleted uranium sample was prepared in an Ar-filled glovebox containing less than 5ppm oxygen and H 2 O, using a Buehler minimet polishing system with increasingly fine SiC grit papers and diamond paste down to a 3µm grade. The sample was then annealed at 550 o C for a period of 16 hours under UHV conditions (better than 1×10 - 6 mbar). After cooling, the uranium coupon was exposed to laboratory air at approximately 21 o C for a period of five minutes to develop a surface oxide layer.

The sample was then encased in a stainless steel high-vacuum cell, evacuated and heated to 75°C for 12 hours at 1×10 -6 mbar pressure in order to remove some of the adventitious water absorbed from the atmosphere. Finally, the cell temperature was raised to 320°C for 3 hours in preparation for reaction. Deuterium gas was then added to the cell at a pressure of 500 mbar and the reaction was allowed to proceed for 215 seconds. The reaction was halted after a 1.2 mbar drop in gas pressure, equivalent to 0.64 µmol/cm 2 D 2 consumption.

It should be noted that the conditions of deuterium exposure chosen for these experiments were far from arbitrary; the gas pressure and temperature were chosen specifically to ensure a high nucleation rate of attack sites but to also limit the subsequently linear growth rate of nucleated reaction sites. In this way, the intention was to produce a very large number of reaction sites (and so reveal the 'general' mode of attack rather than attack at only a few isolated, perhaps untypical locations) but limit their subsequent growth, such that the exact position of the nucleation point could be determined during post experimental analysis.

The reacted sample was initially studied with a gallium ion based focused ion beam (FIB) system manufactured by FEI, and subsequently analysed with a secondary ion mass spectrometer (SIMS), previously constructed at the University of Bristol. The SIMS system employed a focused gallium ion source (FEI electronically variable aperture type) fitted to a Vacuum Generators model 7035 double-focusing magnetic sector mass analyser. Sample loading for each system involved exposure to ambient laboratory conditions for < 2 minutes.

The FIB system was used to resolve the deuteride growths on the sample surface, providing a means of examining the size and form of any growths at high resolution. In order to determine the location of the deuteride growths with respect to grain boundaries at the metal surface, it was first necessary to remove the oxide layer from defined areas of the sample surface using gallium ion etching. Using the maximum ion current the uppermost 100nm of material (relative to a Si standard) was removed and high magnification secondary electron images of the exposed metal surface subsequently recorded (figure 1).

-Figure 1 in here -For sample sectioning, a large ion current was used initially to remove a staircaseshaped trench 20µm wide. A finer beam of lower current was then used to 'polish' the larger vertical face of the trench by scanning the beam in a line to remove further material. To protect the top surface of the sample during ion milling, a platinum strap was deposited prior to the sectioning. The sample was tilted to 30-35° and the polished face imaged using the low current ion beam to obtain high-resolution electron images.

Secondary ion mass spectrometry (SIMS) was then used to obtain a chemical verification that the features observed were indeed UD 3 precipitates. Positive SIMS spectra recorded from areas of the uranium surface showed the ion clusters associated with the deuteride growths [UD + , UD 2 + , UOD + , UO 2 D + and UO 2 D 2 + ]. These clusters were clearly resolved relative to the U + , UO + and UO 2 + ion clusters more typically associated with uranium oxide (figure 2). Positive ion mapping was performed for the ions and cluster ions U + , UD + , UD 2 + , UO + , UOD + , UO 2 + , UO 2 D + and UO 2 D 2 + for a number of areas on the sample surface using a 0.5nA beam current. Mapping was specifically aimed at identifying the spatial distribution of deuterium on the surface of the sample. Although the resolution of the SIMS system for ion mapping was not equal to that of the FIB system, individual deuterium growth spots could be readily identified. Surface etching using a higher ion beam current was performed prior to mapping to remove the surface covering of uranium oxide (nominally UO 2 ) and expose the metal.

Results

Examination of the Ga ion etched surface after UD 3 nucleation revealed a significant number of growth sites located exclusively along the length of the metal grain boundaries, frequently forming growth chains several tens of microns in length (figures 3 and 4). Individual UD 3 growths within the chains were quasi-spherical and no more than 1µm in diameter. The grain structure of the metal could clearly be resolved. It consisted of large crystals up to 30-40µm in diameter, with relatively straight grain boundary contacts. The differences in contrast between metal grains of different orientations highlighted the location of deuterides with respect to the metal grain boundaries (figure 1).

-Figure 3 in here -Growth chains were also commonly observed following the lengths of twinned boundaries running through larger metal grains (figure 3c &d). It was also observed that growth chains which coincided with grain boundary triple points typically appeared to propagate along two boundaries rather than all three. Other than along twinned boundaries, there were no UD 3 growths observed away from grain boundaries on the metal surface.

-Figures 4 and5 in here -A total of eight vertical sections were milled through the uranium surface, dissecting chains of UD 3 growth sites. Examination of these section faces showed that the UD 3 growths were nucleated at or very near to the metal surface, with a maximum depth of 0.5µm. The section faces also revealed the angle of the underlying grain boundaries, with respect to the plane of the surface. A variation between 30º and 90º from horizontal was observed, with apparently no preferred grain boundary angle (low angle versus near vertical) for UD 3 precipitation.

-Figure 6 in here -Other areas on the uranium surface revealed a very small number of isolated deuteride growths, typically around 20µm in diameter. These isolated growths exhibited a more classical form and also coincided with grain boundaries at the surface of the underlying metal (figure 6).

SIMS positive ion mapping performed on numerous areas on the sample surfaces revealed discrete areas concentrated in deuterium that coincided exactly with the growth chains previously identified by secondary electron imaging. The SIMS maps recorded for UD + , UD + , UO 2 D + and UO 2 D 2 + provide chemical verification that the growths observed along metal grain boundaries were indeed UD 3 precipitates.

-Figures 7 and8 in here -A positive cluster attributed to uranium carbide (mass 262) was consistently detected during SIMS analysis of the samples. Positive ion mapping revealed distinct concentrations of carbide material in zones or growths across the annealed coupon surfaces typically no more than 1-3µm in size (figure 7 &8). No significant evidence was found to associate the carbide concentrations with the UD 3 growths observed.

Discussion and conclusions

Secondary ion mass spectrometry (SIMS) in combination with focused ion beam (FIB) milling and imaging has been used to analyse the surfaces of uranium following reaction with D 2 at 500 mbar pressure and 320ºC. SIMS positive ion mapping was performed for U + , UD + , UD 2 + , UO + , UOD + , UO 2 + , UO 2 D + and UO 2 D 2 + ion clusters and results clearly indicated the presence of deuterium concentrations along grain boundaries in the metal at the sample surface. These deuterium concentrations were found to correspond exactly with surface growths observed using secondary electron imaging on both the FIB and SIMS systems. Thus, it is concluded that grain boundaries in the metal are favourable locations for the initial precipitation of deuteride when uranium, bearing a thin oxide film, is exposed to D 2 . Twin boundaries were also found to be favourable sites for deuteride precipitation which, in the light of the above, is probably to be expected as a twin boundary could be regarded as just a special form of grain boundary. Finally, a very small number of larger isolated deuteride growths were also identified but these also appeared to be located in the region of metal grain boundaries. These deuteride growths were not able to be associated with any obvious type of inclusion (e.g. carbide) although association with pre-existing hydride inclusions could not be ruled out.

For the particular reaction conditions reported here, metal grain boundaries were clearly the predominant sites for UD 3 nucleation, yet not all grain boundaries showed UD 3 development (see figures 3 and4). Furthermore, even for a single metal grain, it was common to observe a line of deuteride precipitates along only one or two boundaries of that grain rather than around the entire grain (e.g. point A of figure 4a). The reason why deuteride precipitates should terminate at the intersection of one grain boundary with another and not encompass an entire grain may be related to the relative orientations of neighbouring grains and the associated degree of lattice mismatch at the various boundaries of that grain where they intersect the metal surface. Typically, any grain boundary would be expected to have a width of about 5 Å but this will vary slightly depending on the particular lattice orientations of the neighbouring grains. Also, where any grain boundary intersects the metal surface, the width of the region of atomic disorder at the surface would also depend on the angle of the grain boundary to the surface (see figure 9). If the region of atomic disorder at a grain boundary emerging at the metal surface is favourable to chemisorption, then deuteride formation may be more likely at those particular metal grain boundaries where that region of surface disorder is greatest. Thus, both the relative lattice orientations of neighbouring grains and the angle of intersection of a grain boundary with the metal surface may influence deuteride precipitation. It should be noted that differential thermal expansion of the metal grains induced by heating the sample from ambient to 320ºC (under vacuum) was not considered sufficient to result in cracking of the surface air-formed oxide and influence the location of D 2 attack.

-Figure 9 in here -Under the conditions employed in this study, the sizes of the generated deuteride growths observed at the metal grain boundaries at the termination of the experiment was no more than about 1 µm in diameter. Examination of the sections cut through the deuteride growth chains using the FIB, indicated that the deuteride sites initiated at or very close to (<0.5 µm) the oxide-metal interface and did not initiate an appreciable distance below the oxide-metal interface. This is an important point as one model of the uranium-hydrogen reaction [START_REF] Condon | Nucleation and growth in the hydriding reaction with uranium[END_REF], [START_REF] Kirkpatrick | The linear solution for hydriding of uranium[END_REF] (albeit a model to explain the magnitude of the observed specific reaction rate rather than a model to predict hydride initiation times) concludes that sub-surface precipitation of hydride should occur.

As mentioned earlier, the experimental conditions employed in these studies were chosen specifically to generate numerous reaction sites which would not enlarge significantly during the reaction period so that later visual analysis would be able to identify the original locations of the reaction sites. The vast majority of the deuteride sites generated appeared to be of one type (i.e. small diameter (~1 µm) located at metal grain boundaries and twin boundaries) in contrast to the several 'families' of reaction sites as reported by other workers [START_REF] Cohen | Model calculations for hydride nucleation on oxide-coated metallic surfaces: surface-and diffusion-related parameters[END_REF], [START_REF] Arkush | Site related nucleation and growth of hydrides on uranium surfaces[END_REF]. There is much evidence to show that the mean initiation rate of deuteride/hydride reaction sites on uranium changes in a well ordered way with changes in temperature or pressure [START_REF] Glascott | Hydrogen & Uranium; Interactions between the first and last naturally occurring elements[END_REF] and this suggests that some diffusion-controlled process(es) are operative. It is possible, therefore, that the special deuterium exposure conditions employed in this study were such that one particular family of deuteride sites was preferred. Additionally, it is suggested that this family of deuteride sites is the principal (diffusion controlled) family, whereas other families which have been observed relate to attack at cracks and defects in the oxide, inclusions etc. and which are usually produced in any experiment but whose formation is more dependent on sample purity and preparation conditions than deuteriding conditions (pressure & temperature) per se. Consequently it is suggested that the location of grain boundaries in the metal beneath the surface oxide will continue to provide some control on hydride and deuteride reaction site initiation at all temperatures lower than those investigated in this study. Finally, although the prevalent sites of deuteride attack on the metal have been identified, some consideration can be given as to how this attack pattern might relate to the structure of, and the mode of transport of deuterium species through, the surface oxide film. The detailed structure of the oxide film developed on uranium metal following slight exposure to laboratory air at ambient temperature is as yet unknown. Questions such as the grain size of the oxide, possible epitaxial growth with the underlying metal and different rates of oxide growth on metal grains by virtue of the particular metal lattice plane exposed to the gas are still unresolved. Also, of particular interest is whether deuterium species would reach the metal-oxide interface following lattice or grain boundary transport through the overlying oxide film. Just as cracking of the oxide at metal grain boundaries due to differential expansion of adjacent metal grains might be expected to favour deuteride precipitation at these locations (as discussed above), transport of deuterium species in the oxide grain boundaries rather than the oxide lattice would also favour deuteride precipitation at metal grain boundaries if the oxide film was epitaxial with the underlying metal. Even if epitaxial growth extended to only a very small oxide thickness, with the overlying oxide being very small-grained if not amorphous, deuteride attack at the metal grain boundaries would still be expected if oxide grain boundary rather than oxide lattice transport predominated. Future FIB and EBSD studies are to be undertaken to study the growth rate of the oxide as a function of metal grain orientation and the influence on subsequent hydriding behaviour. Fig1; Secondary electron images of the reacted uranium surface before and after gallium ion etching. Removal of the surface oxide layer revealed the location of UD3 growths with respect to grain boundaries at the metal surface.

Fig2; Positive secondary ion mass spectrum covering the mass region between 230 and 330 amu recorded from a 130µm2 region of a uranium surface containing significant deuteride growth.

Fig3; Secondary electron images of the reacted uranium surface after gallium ion etching. The location of UD3 growths with respect to metal grain boundaries was readily determined. 

  Figure Captions:

Fig 4 ;Fig 5 ;

 45 Fig 4; Secondary electron images of the reacted uranium surface after gallium ion etching, showing the location of UD3 growths with respect to grain boundaries at the metal surface. Contrast differences between metal grains highlight differences in lattice orientation.

Fig 6 ;

 6 Fig 6; Secondary electron images of the reacted uranium surface after gallium ion etching. The location of the UD3 growths with respect to the metal grain boundaries was readily determined.

Fig 7 ;

 7 Fig 7;A secondary electron image and ion maps of deuteride growths on the surface of annealed uranium after gallium ion etching to remove the layer of surface oxide. The recorded ion maps show that deuterium concentrations coincide with the observed grain boundary growths. The colour map displayed is a red, green, blue (RGB) combination of maps recorded for U+, UO2D+ and UC2+ positive ion clusters.

Fig 8 ;

 8 Fig 8;A secondary electron image and ion maps of deuteride growths on the surface of annealed uranium after gallium ion etching to remove the layer of surface oxide. The recorded ion maps show that deuterium concentrations coincide with the observed grain boundary growths. The colour map displayed is a red, green, blue (RGB) combination of maps recorded for U+, UO2D+ and UC2+ positive ion clusters.

Fig 9 ;

 9 Fig 9; Diagrammatic representations of uranium surfaces with intersecting metal grain boundaries at low and high angles to the metal surface. Although the width of the boundary remains the same in both cases, the width of disordered material exposed at the surface varies, due to differences in boundary angle.
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