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ABSTRACT 

An investigation of the composition of the metallic inclusions in CANDU fuel, which contain 
Mo, Tc, Ru, Rh and Pd, has been conducted as a function of burnup by wavelength dispersive 
X-ray (WDX) microanalysis. Quantitative measurements were performed on micrometer sized 
particles embedded in thin sections of fuel using elemental standards and the ZAF method. 
Because the fission yields of the noble metals change with bumup, as a consequence of a shift 
from almost entirely ' 3 5 ~  fission to mainly 2 3 9 ~ ~  fission, their inventories were calculated from 
the fuel power histories using the WIMS-ORGIN code for comparison with experiment. 
Contrary to expectations that the oxygen potential would be buffered by progressive Mo 
oxidation, little evidence was obtained for reduced incorporation of Mo in the noble-metal 
particles at high bumup. These surprising results are discussed with respect to the oxygen 
balance in irradiated CANDU fuels and the likely intrinsic and extrinsic sinks for excess oxygen. 

1. INTRODUCTION 

Oxygen potential, which is directly correlated with stoichiometry. has been recognized as the 
most important chemical property of oxide nuclear fuels [l-51. Thermal conductivity of the fuel 
is degraded by hyperstoichiometry, which in turn can cause higher than expected operating 
temperatures [6-81. A small degree of hyperstoichiometry also increases thermal lattice diffusion 
rates of fission products by as much as several orders of magnitude through enhancement of the 
uranium vacancy population [2,9- 121. Furthermore. the valence state of several key fission 
products changes over the accessible range of oxygen potentials, with profound implications for 
their segregation behaviour [ 1,2,13,14]. 

All as-fabricated UO? fuels are probably at least slightly hyperstoichiometric, whereas 
(U,Pu)O? fuels can be significantly hypostoichiometric [l-51. Because the effective mean 
valence of the fission products is less than two, some oxygen is expected to be freed during 
irradiation. Owing to a higher yield of the noble metals, plutonium fission is more oxidizing than 
uranium fission, which may be almost neutral [1,2,15]. The impact of irradiation on UOz 
stoichiometry should therefore be greater for CANDU fuels with natural uranium (0.7% '35~) 
than enriched light-water reactor (LWR) fuels: fission of plutonium isotopes created by neutron 
absorption becomes progressively more important at high bumup in the former, whereas fission 
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of 2 3 5 ~  predominates in the latter. Consumption of excess oxygen by the Zircaloy sheath could 
effectively maintain a very low oxygen potential in the fuel [16]; however, the CANLUB 
graphite layer on the interior sheath surface of CANDU fuels appears to act as a barrier to oxygen 
gettering by the Zircaloy, at least under normal operating conditions [17]. Furthermore, 
significant hyperstoichiometry at the U02  grain boundaries has been suggested as a possible 
explanation for pronounced grain pullout observed during metallographic preparation of samples 
from high-bumup CANDU fuels [17]. 

Metallic alloy inclusions, composed of Mol Tc, Ru, Rh and Pd, have been identified in many 
irradiated oxide fuels and SIMFUEL (simulated high-bumup oxide fuel) [ I ,  16,18-2 11. These 
precipitates, which have a hexagonal close-packed structure. are known as the &-phase. They are 
typically observed, by optical and scanning electron microscopy (SEM), as micrometer-sized 
particles attached to fission-gas bubbles at the fuel grain boundaries, although much smaller 
intragranular inclusions have also been identified by TEM [20]. It has been proposed that Mo 
serves to buffer the oxygen potential in irradiated oxide fuels by progressively reacting with any 
excess oxygen, whether present initially or freed by fission: this should then be reflected by a 
corresponding reduction in the relative proportion of Mo retained in the &-phase [ 1,16,22]. 
Significant in situ oxidation of Mo within previously formed noble-metal particles seems 
unlikely and would be inconsistent with observed behaviour (below). Oxidized Mo also has low 
solubility in the UOz matrix and has been found in a variety of complex mixed oxide phases that 
can form at the fuel grain boundaries and within the element void space [I]. Extensive 
measurements by wavelength dispersive X-ray (WDX) microanalysis on (U,Pu)02., fuels, 
irradiated to very high burnup in fast breeder reactors. have revealed continuously decreasing Mo 
concentrations in the &-phase particles, consistent with the anticipated evolution of the oxygen 
potential and trend toward stoichiometry. A rather narrow range of compositions has been found 
for the Mo-rich &-phase particles in irradiated LWR fuels, which can be attributed to the limited 
amount of excess oxygen produced through '35~ fission and oxygen gettering by the Zircaloy 
sheath [ 1,161. Only a single qualitative examination of metallic particles extracted from 
irradiated CANDU fuel has been reported: Mo, Tc, Ru and Pd were identified, but any Rh 
present would have been masked by Ru in the low-resolution, energy dispersive X-ray (EDX) 
spectra [23]. 

A more systematic investigation of the composition of the noble-metal particles in CANDU 
fuels as a function of bumup was therefore undertaken by WDX microanalysis. Initially, X-ray 
spectra were recorded from particles adhering to fuel fragments obtained by crushing whole fuel 
pellets; these preliminary experiments were conducted to demonstrate the feasibility of analyzing 
the comparatively small noble-metal inclusions normally encountered in CANDU fuel. 
Quantitative measurements were then performed, using elemental standards and the ZAF method 
[24], on larger populations of particles embedded in metallographically prepared thin sections of 
fuel taken from different elements spanning a wide range of bumup. Because the fission yields 
of the noble metals change as a function of bumup, the total inventories of the five metals were 
calculated from the fuel power histories using the WIMS-ORIGEN code [25] for comparison 
with experiment. The results have been assessed with respect to the oxygen balance in irradiated 
CANDU fuel and the likely sinks for excess oxygen. 



2. EXPERIMENTAL PROCEDURES 

A Hitachi S-570 SEM equipped with a single Microspec four-crystal WDX spectrometer was 
used for the qualitative preliminary investigation of the noble-metal particles in irradiated 
CANDU fuel. This instrument is located directly above a hot cell at the AECL Whiteshell 
Laboratories (WL). All parts of the microscope that are necessarily exposed to high radiation 
fields, including the electron optics column. the sample analysis chamber and the WDX 
spectrometer, have been separated from the control/electronics console and installed within a 
lead-shielded enclosure [26]. Various other modifications were also made to facilitate remote 
operation and handling of highly radioactive materials, notably placement of lead sheets (outside 
the vacuum system) between the analysis chamber and the housing of the WDX spectrometer for 
additional shielding of the X-ray detector. 

The shielded-SEM/WDX facility at the AECL Chalk River Laboratories (CRL) is similar in 
concept and layout to the WL system described above, but is based upon a JEOL 840A SEM 
with twin JEOL WDX spectrometers. Because of differences in instrument design, external 
shielding of the X-ray detectors was not possible in this case; instead, custom-made shield plates 
were fitted inside the vacuum system. The WDX spectrometers are controlled by a Tracor 
Northern TN5500 computer system that includes routines for quantitative analysis using the ZAF 
matrix correction procedure, according to the following equation: 

where C, is the concentration of element x in the unknown, C ,  is the known concentration of x in 
a standard; I, is the X-ray intensity measured for x from the unknown, I, is the comparable value 
determined from the standard; and 2, A and F are matrix correction factors related to differences 
in atomic number, X-ray absorption and X-ray fluorescence respectively [24,27]. 

Elemental standards were available for Mo, Ru, Rh, Pd and U, but not Tc; therefore, the 
concentration of Tc in the noble-metal particles was estimated using relative sensitivity factors 
derived from the measurements on Mo and Ru (which are the adjacent elements in the Periodic 
Table). The net X-ray signal intensities (I, and I,) required for Equation (1) were determined by 
an automated process that monitored the count rate on each peak and at an adjacent energy 
(background level subtracted). A 25 kV electron beam, with 40-50 nA of current, was normally 
used to excite the X-ray emission; experiments performed at other beam voltages (10-40 kV) and 
currents (15-60 nA) did not show any dependence of the noble-metal relative proportions 
obtained on the measurement conditions. Because of partial sampling of the fuel matrix, some 
uranium was invariably detected together with the noble metals. Typically, analysis of a particle 
-2 pm in size would yield an absolute composition totaling 100 -c 10 wt.%, including -5 wt.% 
uranium - proportionately larger amounts of U were found for smaller particles. The 
measurements were normally performed in triplicate to check for consistency and then averaged 
(until reproducibility had been established, some analyses were repeated up to 9 times). A 
number of WDX analyses of the fuel matrix under the same conditions did not reveal detectable 
levels of any of the noble metals. 



Power histories and some other relevant information on the CANDU fuels that were the subject 
of the present investigation are provided in Table 1. Inventories of Mo, Tc, Ru, Rh and Pd 
calculated for these fuels are reported in Table 2 as proportions (in wt.%) of the total noble-metal 
content [25,28]. For the initial studies at WL, discrete fragments of fuel, typically -4 mm in size, 
were selected from crushed whole pellets (only P1117 1 W/7 and BDL-406-GFl2). Further details 
of the sampling methodology and secondary electron images of comparable fragments have been 
previously reported [14]. The original location of the fragment within the fuel pellet could be 
approximately inferred from the morphology. Rectangular, thin sections of fuel (-8 mm long, 
-4 mm wide and -1 mm thick) were prepared, using standard metallographic methods, for the 
quantitative measurements at CRL. The wafer was oriented perpendicular to the former pellet 
axis and the long dimension included a segment of sheath at one end; this allowed the radial 
location of any features to be determined. Surface charging during the electron beam 
interrogation was inhibited by sputter coating each mounted sample with a light film of carbon or 
gold (no difference was found in the results). 

3. RESULTS 

During the initial phase of this study, WDX spectra were recorded from noble-metal particles, 
typically - 1 pm in size. attached to fragments of the fuels with the lowest and highest bumup 
(Table 1). Although the exact radial location could not be specified, such particles were found 
only on fragments that originated from near the fuel centerline. Illustrative examples of the 
extremes of behaviour observed are displayed in Figures 1 and 2: all five of the &-phase 
constituents have been identified here, although the Rh La peak is partly overlapped by the Ru Lp 
peak. For the low-bumup fuel (Figure 2), the relative intensities of the La peaks arising from the 
three main constituents are in qualitative agreement with the calculated inventories (Mo > Ru > 
Pd) reported in Table 2. Conversely, for the high-bumup fuel (Figure l), the La peak of Pd is 
stronger than the corresponding peaks arising from Mo and Ru, by more than a factor of two, 
despite the fact that the inventories of the three elements are now comparable (Mo still largest, 
but by a small margin and Ru is nearly equal to Pd. Table 2). These preliminary results 
suggested confirmation of the expected trend of declining Mo participation in the &-phase with 
increasing bumup; however, only a few Pd-rich particles were found and WDX spectra collected 
from other particles (on the high-bumup fuel fragments) revealed Pd levels comparable with or 
less than Ru and Mo (Figure 3). 

During the second phase of this study, sectioned noble-metal particles embedded in polished 
wafers of fuel were quantitatively analyzed using the ZAF method as described above. A few 
WDX spectra were also recorded for comparison with the preliminary work; an illustrative 
example showing resolution of the Rh La and Ru Lp peaks has been reproduced in Figure 4. In 
all cases, noble-metal particles were identified only within a core region extending from the fuel 
centerline out to -30% of the pellet radius - no compositional dependence on radial location 
was evident here. The measured compositions of 12 noble-metal particles found within the 
Bruce fuel J033 11 W/3 are reported (as wt.% of the 5 metals normalized to 100%) in Table 3. 
Because of the comparatively high power at which this fuel operated, the particles were 
sufficiently large (2-3 pm) to minimize sampling of the fuel matrix and even the minor 



constituents could be precisely determined. The results for particles 1-8 are quite consistent, 
while particles 9- 12 show some variability. Although the range of measured concentrations 
spans the calculated inventories (compare Table 2 and 3) for every element, there is closer 
agreement in general for Mo and Rh than Tc, Ru and Pd. The experimentally determined MoRu 
ratio is - 15% below the predicted value on average. with only one individual measurement that is 
higher (for particle 9), which could suggest modest depletion of Mo from the noble-metal 
particles. Conversely, the measured MoPd ratio is rather larger on average than calculated - 
despite the two low values for particles 1 1 and 12 - consistent with depletion of Pd rather than 
Mo from the &-phase. 

The results from quantitative WDX analyses of the noble-metal particles in the other three 
high-bumup fuels are reported in Table 4 as MoRu and MoPd ratios. For the two natural 
uranium fuels, the experimentally determined Mo/Ru ratios are generally in excellent agreement 
with the calculated inventories, whereas the MoPd ratios are clearly larger than predicted in all 
but one case (particle 2 of J983 15C/28). These &-phase particles are thus deficient in Pd rather 
than Mo, which is contrary to the premise that fission-freed oxygen would be consumed by Mo 
oxidation at high bumup. A likely explanation for the lower than expected Pd content of most 
noble-metal particles in high-bumup CANDU fuel was provided by the measurements on the 
(U,Pu)02 fuel: in addition to the typical &-phase particles, a couple of Pd-rich particles (7 and 9), 
containing only minor amounts of Mo and Ru. were found as well. These are undoubtedly the 
cubic a-phase particles that have been identified in SIMFUEL and fast breeder reactor fuels with 
very high burnup [1,2 1.291. The formation of even a small population of a-phase particles 
would effectively reduce the average Pd content in the primary &-phase and probably accounts for 
the initial result above from the U02 fuel with the highest burnup. Preferential relocation of Pd. 
which is less refractory than the other metals, away from the central region of the fuel is also 
possible and could therefore be a contributing factor [29]; however, as already noted, no 
correlation of particle composition with radial location was apparent. 

4. DISCUSSION 

The measured compositions of the noble-metal particles in irradiated CANDU fuels spanning a 
wide range of bumup thus provide little evidence of progressive Mo oxidation. This finding is in 
agreement with extensive studies of fission-product segregation by X-ray photoelectron 
spectroscopy (XPS): for intact elements, oxidized Mo has only rarely been detected (and then in 
low abundance) at either the U 0 2  grain boundaries or the fuel-sheath interface [14,30,3 11. 
Although contrary to expectations based on analogy with fast breeder reactor fuels, the oxygen 
potential in CANDU fuels would therefore appear to remain below the Mo02/Mo boundary even 
at high burnup, which also implies that the bulk UI.,Pu,02 would remain only slightly 
hyperstoichometric [ 1-31. 

In order to better understand these surprising results, the oxygen balance in CANDU fuel was 
considered in further detail. Speciation of fission products was initially assumed to involve only 
binary compounds, either oxides or halides, and pure elements. The valence state of each fission 
product was then assigned (Table 5), according to known thermodynamic data, for oxygen 



potentials either above or below the Mo02/Mo boundary [I]. Next, the amount of oxygen 
released by fission was derived from the calculated fission-product inventories at normal and 
high bumup (top part of Table 6)  [25,32]. For the normal-bumup fuel, all of the available 
oxygen could have been consumed solely through oxidation of Mo. Conversely, for the high- 
bumup fuel, because of the progressive impact of plutonium fission, even with complete Mo 
oxidation, a significant excess of oxygen would still be predicted. Clearly, this simple model is 
inadequate to account for the chemistry of irradiated CANDU fuel; more subtle aspects will now 
be considered, including both intrinsic and extrinsic sinks for oxygen. 

The trivalent rare earths and yttrium (collectively denoted by RE) as well as ce4+ all readily 
substitute for the u4+ ion in the uraninite lattice to relatively high concentrations [33-351. Charge 
balance can be maintained either through hypostoichiometry, i-e., creation of oxygen vacancies 
giving REyUI-y02-y/2, or by a matching increase in the average uranium valence. REyUl.y02. 
Because of the stability of the stoichiometric uraninite structure, an O M  ratio of almost exactly 
two can be maintained to relatively low oxygen potentials for modest rare earth concentrations - 
the equivalent amount of us+ and/or u6+ in UO1+, would require a much higher oxygen potential 
[2,3,33-351. An additional 0'- ion should therefore be bound in the fuel matrix for every two 
 RE^+ ions, even somewhat below the Mo02/Mo boundary (Table 6). The divalent alkaline earths 
(denoted AE) can substitute for U~ in the uraninite lattice in a similar fashion to the rare earths, 
AEyUI-y02-rr and form separate uranate phases of the form AEU04.z [36,37]; Sr predominantly 
remains dispersed in the fuel matrix, whereas Ba commonly segregates to an appreciable extent 
[ l ,  14,30,3 11. In either case, the additional oxygen is likely bound less strongly than for rare earth 
lattice substitution, although the thermodynamics of the Ba-Sr-U-0 system are not well known 
[37]. Significant segregation of Ba but not Sr to the grain boundaries and the fuel-sheath 
interface, has been routinely found in XPS studies of CANDU fuel; however, insufficient 
reference data are available to distinguish between the possible oxides and uranates [14]. 
Accordingly. the maximum amount of additional oxygen that could be bound by the alkaline 
earths (in the fuel matrix and uranate phases combined) has been multiplied in Table 6 by a 
coefficient (a < 1) to allow for hypostoichiometry. 

The monovalent alkali metals (Rb and Cs) have relatively low solubility in the uraninite 
structure and have been shown to preferentially segregate to the UO? grain boundaries and the 
fuel-sheath interface [1,2,14,3 11. Numerous studies of the Cs-U-0 system have indicated that 
complex phases of the generic form Cs2U04., are stable for oxygen potentials near the MoOz/Mo 
boundary [1,2,37.38]. The maximum additional oxygen that could be bound in such phases here, 
after allowing for reaction with the halides (i.e., formation of CsI, RbBr, etc.), has again been 
reported in Table 6; in this case, the range of possible values for the hypostoichiometry 
coefficient (0.5 < P < 1) would appear to be limited. 

Three additional fission products that would be expected to remain in an elemental state, Sn, 
Cd and Te, are known to exhibit anomalous behaviour. Studies of fission-product segregation in 
CANDU fuel by XPS have identified only oxidized forms of Sn and Cd, whereas both elemental 
and oxidized Te have been found [14,30,31]. Because the Sn02/Sn boundary lies just above that 
for Mo02/Mo, oxidation of Sn can be accommodated by modest stabilization of elemental Mo 
when it is alloyed with more noble metals [39]. Conversely, oxidation of Cd and especially Te 
would require either much higher oxygen potentials (unlikely) or formation of more stable mixed 



oxides (e-g., BaTeO, and CdTe03) about which not much is known [ l ,  141. Thus, there is 
considerable uncertainty in the value of the coefficient (ye 1) multiplying the maximum amount 
of oxygen that could potentially be bound by these three elements in CANDU fuels (Table 6). 

The amount of fission-freed oxygen predicted (Table 6) for the normal-bumup CANDU fuel, 
when the oxygen potential remains below the MoOz/Mo boundary, could be entirely consumed 
by the intrinsic oxygen sinks discussed above, although somewhat optimistic values would be 
required for a, P and y. Conversely, for the high-bumup fuel, the intrinsic oxygen sinks could 
accommodate at most -2/3 of the calculated excess oxygen (with the oxygen potential below the 
Mo02/Mo boundary) and realistic values for the coefficients reduce this to less than half. 
Extrinsic sinks for oxygen, involving the CANLUB layer and the Zircaloy sheath, must therefore 
be considered as well. 

The CANLUB layer prevents stress-corrosion cracking of the thin-walled sheath on CANDU 
fuels by serving as a chemical barrier to fission products, especially iodine. but it appears also to 
inhibit reaction of any excess oxygen with the Zircaloy [17,40]. During the fuel fabrication, 
colloidal graphite together with an organic binder is applied to the sheath interior surface and 
then baked at over 300°C for several hours. Although the finished CANLUB layer consists 
predominantly of carbon, there are small proportions of hydrogen and oxygen present as well, in 
the form of organic compounds, which are rapidly destroyed by irradiation. The released 
hydrogen will either react with any available oxygen to form water or dissolve in the Zircaloy. 
The maximum amount of free hydrogen that could thus be introduced into the element (in excess 
of that needed to react with oxygen from the binder) was estimated from the initial formulation 
(Table 6). Because most of the organic binder is probably lost during the initial bake, the actual 
amount of hydrogen will almost certainly be much less (6 << l ) ,  hence the overall impact on the 
oxygen balance in the fuel should be insignificant. However, the formation of even trace 
quantities of water might partly explain indications of fuel degradation at high burnup [17] - 
full monolayer coverage of the entire UOz grain-boundary network could be provided by just 
0.3 mmole of Hz0 per element. 

The carbon component of CANLUB is by comparison a potentially important extrinsic oxygen 
sink; a typical inventory of carbon in an element is thought to be -200 mg, although the layer 
uniformity (3- 10 pm thick) can vary considerably. Progressive disappearance of the CANLUB 
layer as a function of bumup has been well documented through post-irradiation examinations by 
optical and scanning electron microscopy [17]. Nonetheless, mass spectrometric analyses of the 
gas present in CANDU fuel elements after irradiation have consistently found only negligible 
amounts of CO and C 0 2  even at high burnup. Recent studies by XPS and SEM/WDX have 
shown that carbon remains the most abundant element at the fuel-sheath interface; however, they 
have also confirmed that there is considerable redistribution of carbon and revealed significant 
incorporation of oxygen into the graphite at high bumup [3 11. The calculated total carbon 
inventory has been reported in Table 6 with a multiplying factor of q, which has been estimated 
to approach -0.3 for the BDL-406-GF fuel based upon chemical-shift effects for the C 1s peak 
[3 11. This coefficient would undoubtedly have a smaller value for normal-bumup fuel, 
consistent with the limited XPS data available. 



As the CANLUB layer becomes degraded with increasing burnup, conventional post irradiation 
examinations have revealed formation of a thin oxide film on the interior sheath surface, which 
has been identified as ZrOz by XPS analysis [17,31]. Growth of this film is characteristically 
nonuniform, with only patches of oxide being visible initially and the thickness ranging from 
<1 pm to > l o  pm at the highest bumup. For the BDL-406-GF fuel, the oxygen consumed by 
21-02  formation was calculated assuming an average film thickness of 3 pm; the result is reported 
in Table 6 and represents a modest further contribution to the overall oxygen balance. 

The incorporation of even a small proportion of oxygen into the CANLUB layer (q - 0.1) 
allows all of the calculated excess oxygen at normal burnup to be easily accommodated with 
realistic values for the other coefficients ( a  < 0.5, P - 0.5 and y < 0.5). In the case of the high- 
bumup fuel. however, the predicted amount of fission-freed oxygen (in the absence of Mo 
oxidation) is near the total capacity for all of the extrinsic and intrinsic sinks listed in Table 6 
(per element, 69.7 mrnole consumed with a = P = y = 6 = q = 1 versus 67.3 rnrnole liberated). If 
plausible values are chosen for the various coefficients, only -2/3 of the calculated excess 
oxygen would be consumed. Dissolution of oxygen in the Zircaloy beneath the surface oxide 
film might be a partial explanation for the remainder. Significant concentrations of oxygen 
(- 12 at.%) have been found in LWR fuel sheaths (by WDX microanalysis) to depths of -20 Fm 
from the surface. despite a fuel-sheath gap -20 pm wide that is partly filled with a complex 
ceramic phase consisting of mixed fission-product and zirconium oxides [16]. There are no data 
presently available on oxygen dissolution in CANDU fuel sheaths at high burnup, but it would 
seem unlikely that this sink could account for all of the difference above: assuming 12 at.% 
dissolved-oxygen concentration. a penetration depth of - 140 pm would be needed. 

The preceding discussion has implicitly assumed that thermodynamic equilibrium was 
achieved throughout the whole fuel matrix during the irradiation, which is clearly not the case. 
Internal energy released by fission maintains a steep temperature gradient across the fuel radius: 
the outer elements in a CANDU fuel bundle typically operate with centerline temperatures of 
1200- 1700°C and periphery temperatures of 400-500°C. The noble-metal inclusions analyzed 
here were all located in the hot central part of the fuel, because the diffusion rates elsewhere are 
much too slow to allow formation of micrometer-sized particles [41]. In cooler regions of the 
fuel, fission products with low solubility in the U02 lattice, including the noble metals. will still 
precipitate at extended burnup, but then form tiny particles ( ~ 3 0  nm in size) that are dispersed 
throughout the grains as well as along the grain boundaries [20]. Conversely, oxygen mobility in 
the fuel is sufficiently high even at the periphery to ensure that a steady-state distribution is 
maintained (the oxygen diffusion rate in UOz+, is 4- 10 orders of magnitude larger that of any 
other species and it can also migrate along cracks in the vapour phase) [4 1.421. All of the 
metallic fission products, including Mo, have MO,/M boundaries with large positive temperature 
coefficients (see for example Figure 2 in reference [I]): hence, conditions become significantly 
less oxidizing with increasing temperature for constant oxygen potential and even more so if the 
oxygen partial pressure is constant. Oxidation of Mo (and other fission products) in the cooler 
regions of the fuel, where segregation is too limited to allow practical analysis, might therefore 
account for the balance of the excess oxygen at high bumup (Table 6). However, measurements 
of oxygen redistribution in hyperstoichiometric UI-yP~yOZ+x fuels have indicated that it migrates 
up the thermal gradient, at least for temperatures above 1200°C [4 1,421, which should increase 



the oxygen potential in the hot central region. Because the boundaries for Moo2 and UI.yPuy02+x 
with y < 0.03 and x - 0.001 cross near 1400°C [I], there would still be some latitude for Mo to 
be appreciably oxidized in the cooler regions of the high-burnup CANDU fuel and largely 
metallic near the center. 

5. CONCLUSIONS 

Quantitative X-ray microanalyses of the noble-metal inclusions formed in the central region of 
CANDU fuels spanning a wide range of bumup have been performed. Comparison of the 
measured relative proportions of Mo, Ru and Pd in these particles with calculated fission-product 
inventories provided little evidence of Mo oxidation. This also implies that the UI-yP~yOZ+x 
matrix has remained nearly stoichiometric (x < 0.001) even at the highest bumup attained. 
Further evaluation of the possible intrinsic and extrinsic sinks for fission-freed oxygen has shown 
that all of it can be reasonably accounted for, except at the highest burnup where there is still 
some uncertainty in the fate of - 1/3 of the excess. Nonetheless, significantly greater capacity for 
buffering the oxygen potential in CAVDU fuel has been revealed than was previously apparent. 
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TABLE 1. POWER HISTORIES AND SELECTED PIE DATA FOR FUELS IN WHICH THE 
NOBLE-METAL PARTICLES WERE ANALYZED BY WAVELENGTH DISPERSIVE 

X-RAY (WDX) MICROANALYSIS. 

I Bundle 
Element 
Number 

- 

Fission-Gas 
Release 

Peak 
Power 

(kW/m) 

Power 
Profile 

CANLUB 
Retention 

(%> 

NMe 
63 
62 
20 
52 

50 
47 
59 
37 
59 

' ~ a t u r a l  U02  fuel irradiated as a 28-element bundle in Pickering NGS-A. 
'~a tu ra l  U02  fuel irradiated as a 37-element bundle in Bruce NGS-A. 
'~a tu ra l  U02  fuel irradiated as a Bruce-type bundle in NRU. 
4 ~ i x e d  oxide (MOX) fuel, with 0.55% Pu in natural U02,  irradiated as a Bruce-type bundle in NRU. 
' ~ o t  measured, but other elements with a similar burnup typically show an essentially complete 
CANLUB layer. 

Cons tan t 
Declining 
Declining 
Constant 
Declining 

TABLE 2. CALCULATED RELATIVE PROPORTIONS OF NOBLE METALS IN IRRADIATED 
NATURAL U02 FUELS STUDIED BY X-RAY MICROANALYSIS. 

Fuel 

~ 1 1 1 7 1 ~ / 7 ~  
~ 9 8 3  1 5 ~ / 2 8 '  
5033 1 1 w/3' 
4 0 6 - ~ F /  1 ' 

'Derived from noble-metal inventories determined by interpolation between tabulated data for 
CANDU power reactor fuel [28]. 
2 ~ e r i v e d  from noble-metal inventories calculated from the fuel power history using the WIMS- 
ORIGEN program [25].  

Mo 
(wt.%) 

39.4 
35.7 
35.0 
32.4 

Tc 
(wt.%) 

10.0 
9.1 
8.9 
7 -4 

Ru 
(wt.%) 

26.1 
28.2 
28.4 
28.0 

Rh 
(wt.%) 

8 .O 
6.5 
6.2 

3 17 

Pd 
(wt.%) 

16.5 
20.4 
21.5 
28.5 

Mo/Ru 
(ratio) 

1.51 
1.27 
1.23 
1.16 

Mo/Pd 
(ratio) 

2.39 
1.75 
1.63 
1.14 

I 
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TABLE 3. MEASURED COMPOSITION OF NOBLE-METAL PARTICLES IN J033 1 1 W/3 

'standard deviation of the mean in units of the least significant figure. 

TABLE 4. MEASURED Mo/Ru AND MoPd RATIOS FOR THREE IRRADIATED FUELS 

1 Standard deviation of the mean in units of the least significant figure. 
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TABLE 5. EXPECTED VALENCE STATE OF FISSION PRODUCTS IN CANDU FUEL 

TABLE 6. OXYGEN BALANCE IN CANDU FUELS WITH NORMAL AND HIGH BURNUP 

F- 

'coefficients allow for less than maximum possible consumption of oxygen by sinks, i.e., a, P, y, 6 

Oxygen sources1 
and sinks' 

Fission-Freed 0 
Mo as Moo2 

Mo Elemental 

Intrinsic 0 Sinks 
REyU .,02 

AEyU 

( C S , R ~ ) ~ U O ~ _ ,  
SnO?, CdO, Te02 

Extrinsic 0 Sinks 
CANLUB H 
CANLUB C 
ZrOz Film 

Zr Dissolution 

and q should all have values of less than 1 (see text). 

AGO, Above MoOz/Mo Boundary 

Nb 
Zr, Ce, Mo, Sn 

Y,La, Pr,Nd,Pm, Sm,Eu,Gd, 
Tb, Dy, In, Ho, Er 

Sr, Ba 
Rb, Cs 

As, Ge, Se, Kr, Tc, Ru, Rh, Pd 
Ag, Cd, Sb, Te, Xe 

Br, I 

Valence State 

+5 
+4 
+3 

+2 
+1 
0 

- 1 

AGO? Below Mo02/Mo Boundary 

Zr, Nb, Ce 
Y, La, Pr, Nd, Pm, Sm, Eu, Gd, 

Tb, Dy, Ho, Er 
Sr, Ba 
Rb, Cs 

As, Ge, Se, Kr, Mo, Tc, Ru, Rh, 
Pd, Ag, Cd, In, Sn, Sb, Te, Xe 

Br, I 

 mount of oxygen released by fission derived from calculated fission-product inventories [25,32 
assuming valence states listed in Table 5 .  

Bruce A Fuel (190 MWhkg U) BDL-406-GF 
mmole 0 per 
mole Actinide 

9.80 
32.9 

9.05 
a(6.17) 

P(3.09) 
y(4.10) 

6(1) 
ll(8. 1) 

2.6 
? 

mmole 0 per 
mole Actinide 

-0.33 
3.20 

1.44 
a( 1 .20) 

P(O-66) 
y(0.49) 

6(0.9) 
q(7.8) 

(950 MWhIkg U) 
mmole 0 per 

Element 

20.1 
67.3 

18.5 
a(12.6) 

P(6-33) 
y(8.39) 

r1( 16.7) 
5.3 
? 

mrnole 0 per 
Element 

-0.70 
6.83 

3.08 
a(2 -57) 

P( 1.42) 
$1.05) 

6(2) 
r1( 16-7) 
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