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ABSTRACT

The preliminary results reported here support the hypothesis that CANLUB graphite coating reduces the rate at
which oxygen can react with fuel sheathing. X-ray photoelectron spectroscopic (XPS) characterization of
Zircaloy sheathing obtained from extended-burnup Bruce-type elements (BDL-406-XY (555 MW .h/kgU) and
BDL-406-AAH (731 MW.h/kgU)) irradiated in NRU indicates that CANLUB may reduce fuel sheath oxidation,
and hence that fission-liberated oxygen may remain in the fuel. Chemical shifts in the Zr 3d spectra suggest
that a stoichiometric (ZrO2) oxide film was formed only on Zircaloy in direct contact with fuel. Particulate fuel
adhering to the sheath was also determined to be systematically more oxidized on surfaces with CANLUB than
on those without it. The unique association of tin on sheathing specimens with the non-CANLUB-coated
specimens might also suggest that the tin had segregated from the sheathing. It must be emphasized that further
experiments are required to better define the effect of CANLUB on fuel oxidation.

INTRODUCTION

Recent post-irradiation examination (PIE) of fuel elements from 37-element bundles that have high burnups
(300-800 MWJi/kgU) and high powers (up to 59 kW/m), and were irradiated in Bruce NGS-A, indicated fission-
gas releases of up to 26%. The extent of fission gas-release at extended burnups was under predicted by
computer codes calculations (1). This is believed to be due, at least in part, to a reduction in fuel thermal
conductivity, which results in elevated operating temperatures (2). Some evidence of hyperstoichiometry was
observed during PIE (1), but this needed to be further investigated, along with any possible relation to CANLUB
graphite coating behaviour and sheath oxidation (3).

The role of CANLUB in determining local oxygen balance and redistribution on fuel sheathing is not yet fully
understood. This report discusses the possible link between CANLUB coatings and fuel behaviour, and suggests
some mechanisms for the interaction of CANLUB with fission products and fission-liberated oxygen that may
affect fuel performance.



EXPERIMENTAL

Samples

Zircaloy sheathing obtained from extended-burnup Bruce-type elements (BDL-406-XY (555 MWJi/kgU) and
BDL-406-AAH (731 MWJi/kgU)) irradiated in NRU, and having a peak rating of -35 kW/m were characterized
using X-ray photoelectron spectroscopy (XPS). Samples were obtained from the fuel sheathing as follows: a
3 cm long segment was cut from the element, about 7 cm from one end of the element, using a high-speed
CON-0-SAW. The cutting was done as slowly as possible with flowing Ar for cooling, to reduce surface
contamination and oxidation. The fuel was then removed by tapping the sheathing gently. Because the fuel
was already quite fragmented, damage to oxide and CANLUB films on the interior sheathing surface during this
process was minor. Finally, two samples were cut from opposite sides of the 3 cm sheathing segment at mid-
length using a slow-speed diamond saw operated with minimum pressure and flowing Ar for cooling. These
samples were -5 mm wide (circumferential direction) by -7 mm long (axial direction). They were fixed to Al
mounts using conductive Ag-based epoxy with the interior sheathing surface facing up. All samples from both
non-CANLUB-coated inner elements (XY-34 and AAH-36) and CANLUB-coated outer elements (XY-11 and
AAH-8) were analyzed by XPS without prior chemical or physical treatments. Any residual deposits or films
appeared to be well bonded to the surface; i.e., there was no visible indication of loose debris falling off during
mounting or handling.

XPS

XPS is a surface analytical technique and an effective method for determining the valence and type of bonding
in oxide films. It has been used to evaluate oxide stoichiometries formed on Zr-Nb alloys (4,5), and to study
the oxidation state of uranium in the UO2tx series (6,7).

XPS spectra were recorded at Whiteshell Laboratories using a modified McPherson ESCA-36 spectrometer
equipped with a position-sensitive detector (PSD) manufactured by Surface Science Laboratories (8).
Photoelectron emission was excited by Mg Kot X-radiation. The spectrometer dispersion and work function
were routinely calibrated using sputter-cleaned gold (Au 4f7/2 = 84.00 eV) and copper (Cu 2p3/2 = 932.67 eV)
standards; i.e., with the binding energy scale referenced to the Fermi level. All quoted binding energies have
been corrected for relativistic effects (9) and compensated for surface charging based on the known position of
the U 5f peak (10). Data were collected not only from the surfaces but also after ion sputtering (for 1 min and
3 min). Ar-ion sputtering was performed with a Kratos Mini Beam I ion gun. A beam of 3 keV Ar* with a
diameter of ~2 mm and a total current of -0.6 uA was rastered over an area of -0.8 cm2 centred on the
sample. The ion beam was incident on the specimen at an angle 45° to the surface normal. During each
sputter-analysis sequence, the Ar-gas flow rate was adjusted slightly to maintain the average current density at
0.7 uA/cm2, measured with a Faraday cup. Under these conditions a sputter rate of 1.03 A/min has been
derived from ion-implanted UO2 standards (11); however, the sputter yield for adsorbed molecules (i.e., surface
contamination) could be as much as an order of magnitude larger than that typical of metal oxides.
Photoelectrons are accepted into the ESCA-36/PSD analyzer from only a narrow strip (-400 urn wide) down the
centre of the sample, which was always oriented so that it corresponded to the axial direction. The length of the
strip was controlled using an electronic PSD aperture, and most of the spectra were recorded with the aperture
set at <6 mm.

RESULTS AND DISCUSSION

XPS is very sensitive to defects or impurities in ZrO2; i.e., spectra of ZrO2 obtained from different zirconium
alloys should be identical, as shown in Figure 1. A minor change in Zr oxide stoichiometry has been shown to
have a significant influence on hydrogen ingress of the pressure tube material (5). The most obvious difference
between the spectra on the inner-ring (non-CANLUB-coated) and outer-ring (CANLUB-coated) fuel sheathings
was the relative intensity of the zirconium photoemission peaks. All of the non-CANLUB-coated specimens
exhibited stronger Zr peaks than those that were CANLUB-coated. Evidently, sufficient CANLUB coating was



retained on the outer-ring specimens to obscure the Zircaloy (oxide) surface. The binding energies determined
for the Zr 3dw peak were consistent with ZrO2 (at 182.2 ± 0.2 eV) for both CANLUB and non-CANLUB
elements. Although the Zr 3d signal intensity was low for the CANLUB-coated specimens, these specimens
consistently indicated a broader Zr 3d photoemission than those that were non-CANLUB-coated (Figure 2).
This might imply that the zirconium oxide formed on the CANLUB-coated specimens was more
substoichiometric (ZrO2.x) than that formed on the non-CANLUB-coated specimens.

The valence state of uranium (which was found as UO2 fragments present on all of the sheathing specimens)
was assessed using the chemical shifts that can be derived from the U 4f spectrum. The curve resolution of the
U 4f7/2 peak envelope into U4* and U6* components provided the data listed (as %U**) in Table 1. There
appeared to be a systematic difference in the degree of uranium oxidation between the CANLUB and non-
CANLUB specimens; i.e., 31% U6* versus 15% U6* on average, respectively (Figure 3). Ambient exposure of a
freshly-cleaved irradiated CANDU fuel surface during standard XPS analysis typically yielded only about 10%
V6* by comparison. Although the present results support the hypothesis that CANLUB acts as an inhibitor to
the reaction of fission-liberated oxygen with the Zircaloy sheathing, and hence promotes fuel oxidation at
extended burnup because of the increased oxygen potential in fuel, further confirmation of this mechanism is
required.

A number of other chemical elements were found on the sheathing specimens; they appeared to offer a rich
source of fuel-chemistry information, which is only briefly summarized here. Tin is a minor fission product that
has a low fission yield and has occasionally been detected at fuel grain boundaries. In this study, the
association of tin with the non-CANLUB-coated specimens (probably as tin oxide at -486.5 eV for Sn 3d5/2)
seems to suggest that the tin had segregated from the Zircaloy; however, it is not clear whether CANLUB
reduces this segregation process. Aside from tin, the following elements were obviously fission products that
had diffused to the fuel/sheathing interface: cesium (at -724.2 eV for Cs 3d5/2) was observed in widely varying
amounts on all of the specimens, whereas rubidium was detected on only a few specimens. Oxidized tellurium
(at -576.2 eV for Te 3d5/2) was found on all specimens, but at rather low levels. Barium (probably as barium
oxide at -780.3 eV for Ba 3d5/2) and iodine (probably as iodide at -618.9 eV for I 3d5/2) were mainly associated
with the CANLUB-coated specimens, and their concentration increased with sputtering time. This observation
seems to support the hypothesis that fission-product iodine diffuses through the CANLUB coating and forms
Zr,IyC at the sheathing surfaces (12). Xenon (at -669.6 eV for Xe 3d5/2) was also observed to be uniquely
associated with the CANLUB-coated specimens, but it was completely removed after 1 min of sputtering; hence
it had evidently been trapped within the graphite layers near the surface. Elemental ruthenium (at -280.0 eV
for Ru 3d5/2) was detected at low levels on several specimens, whereas identifications of Mo, Pd and Tc were
rather tenuous.

XPS examination of the zirconium oxide formed on the end-cap indicated that the oxide was more
substoichiometric (i.e., ZrO2l) than that formed on the sheath of the fuel elements (Figure 2). Since the escape
depth for fission fragments is approximately in the range of 6-10 um in carbon, CANLUB is hypothesized to
shield the Zircaloy surface from energetic fission fragments that may be needed to accelerate the Zr-O reaction
at 300°C. The end-cap was far enough separated from UO2 that it would not experience significant fission-
fragment bombardment; therefore, a stoichiometric zirconium oxide layer was not expected. If this hypothesis is
true, then the effect of fission-fragment bombardment (i.e., heavy-ion in MeV range) on the stress-corrosion
cracking (SCC) of Zircaloy (causing the amorphization or damage of Zr(Fe,Cr)2 precipitates in Zircaloy) should
be studied.

It has been suggested that the iodine potential is not sufficient to cause SCC of Zircaloy under normal-operating
conditions in CANDU fuel, but SCC is still occurring (13). The effect of intermetallic particles on local attack
by I2 that could initiate the crack is not well understood. Perhaps SCC of Zircaloy by iodine vapour may be
catalyzed by Fe-rich inhomogeneities in the Zircaloy, which can form Zrl4 (a SCC agent) through the following
reactions:

ZrFe2 + 4I2 -> Zrl4 + 2FeI2
2FeI2 + 2Zr -» Zrl4 + ZrFe2



Furthermore, heavy ion bombardment has been found to induce "damage" on Zr(Fe,Cr)2 precipitates in Zircaloy-
4 (14). Although the effect of this on SCC is unknown, it is possible that this "damage" might enhance local
attack by iodine and promote SCC. Therefore, if CANLUB does shield the sheathing, the degree of "damage"
to the intermetallic particles on the Zircaloy surface would be reduced. A better understanding of the chemistry
of the SCC process in the presence of CANLUB will help to determine the optimum thickness of CANLUB,
and hence to develop an improved coating.

CONCLUSIONS

The preliminary results obtained here suggest that CANLUB graphite coating reduces sheathing oxidation, and
hence that fission-liberated oxygen might remain in the fuel. It is also hypothesized that CANLUB graphite
coating might shield the sheathing from energetic fission-fragment bombardment and reduce the degree of
amorphization among the intermetallic particles in Zircaloy.
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TABLE 1: Uranium Valence State at the Surface of Residual Fuel Adhering to Sheathing from Bruce-type
Filler Bundles Irradiated in NRU (BDL-406).

Bundle

AAH

AAH

AAH

AHH

XY

XY

XY

XY

Element

36

36

8

8

34

34

11

11

Sample

Section 1

Section 2

Outer

Inner

Section 1

Section 2

Outer

Inner

%U<»

8

16

26

31

19

17

31

36

A(%U6*)'

7-14

14-19

24-28

28-33

17-21

15-20

27-34

33-39

"Probable lower and upper limits for the %V^ values, based on consideration of the statistical uncertainty,
robustness of the fit and confidence in the surface-charging correction.
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Figure 1: XPS Zr 3d Spectra of Oxides Formed on a) Pressure Tube Material after Steam Prefilming and b)
Irradiated Fuel Sheathing Obtained from BDL-406-AAH Element#36 (non-CANLUB-coated).
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Figure 2* XPS Zr 3d Spectra of Oxides Formed on a) Fuel Sheathing Obtained from 406-AAH Element #8
(CANLUB), b) Fuel Sheathing Obtained from 406-AAH-Element #36 (non-CANLUB) and c) End-
Cap Obtained from 406-AAH Element #8.
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Figure 3: XPS U 4f7/2 Spectra of Irradiated Fuel Sheathing, after Peak-Synthesize Routine, Obtained from
BDL-406-AAH Element # a) 8 (CANLUB-Coated) and b) 36 (Non-CANLUB-Coated), and BDL-
406-XY Element # c) 11 (CANLUB-coated) and d) 34 (Non-CANLUB-Coated). Spectra Have
Been Corrected for Surface Charging, But Not Relativistic Effects.
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Figure 3: continued


