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Abstract

Using scanning electron microscopy (SEM), this study evaluates the microstructure evolution of
uranium-molybdenum (U-Mo) fuel foils made with and without heat treatment at medium burn-up (of
approximately 5x1021 f/cm3). The impact of annealing treatments on critical microstructural properties
of the U-Mo fuel foils, including porosity, grain structure, Mo homogeneity, and fuel interaction with the
Zr interlayer, was examined using large area lift outs (LALOs). The heat-treated specimens presented less
grain refining at these burnups when compared to the non-heat-treated specimens. Grain refinement
was associated with porosities and fission products precipitation. These observations may indicate that
heat treatment can influence fuel swelling during irradiation. Chemical inhomogeneity (Mo banding)
was found to persist in the non-heat-treated samples but was not present in the heat-treated samples.
Thus, heat-treated U-Mo foils allow for more predictable fuel behavior under irradiation with respect to
non-heat-treated foils. The U-Mo and Zr interaction layer appears to be thicker and more continuous in
the heat-treated sample which has been associated with stronger interface integrity during irradiation,
as observed in previous studies. These observations may indicate an overall improved performance of
heat-treated fuel foil in a reactor, which needs to be confirmed with higher burnup samples. The effect
of local burn-up on grain size/refinement and porosities in each LALO specimen, sampled from different
positions in the fuel foil, was difficult to analyze due to the large standard deviation of these
parameters. Finally, evidence of grain refinement by polygonization may be present in these specimens.
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Figure 1-Example of LALO sampling from irradiated U-Mo foils for microstructural and chemical analyses (not to scale).

2.2 Instruments and Data Collection

Data was collected using a JEOL-7600 SEM equipped with an Oxford EDS X-max 50 (energy dispersive x-
ray spectroscopy-EDS) and an Oxford INCA-Wave (wavelength diffractometer spectroscopy-WDS) for
elemental analysis. Analyses were conducted at 20 keV. The current was optimized to obtain a deadtime
(DT) below 50%. EDS analyses were conducted via a standardless method. WDS was conducted by
increasing the beam current to obtain adequate signal to noise ratio, generally over 14 nA. The
described detectors (EDS and WDS) are calibrated yearly for repeatable measurements. Images were
collected in secondary-electron (SE) mode for morphological information and in backscattered-electron
(BSE) mode for compositional information. X-ray maps were collected with a dwell time of 100 ms for a
total of at least ten frames with a resolution of 512 × 384 pixels. Four-to-five-line scans for each
specimen were collected to determine chemical homogeneity (a.k.a. homogenization) in the fuel (U-Mo
content), as shown in Figure 2. Line scans were collected with a 0.5 µm step size, each point was
collected for 10 s. Line scans were collected on the interlayer at different magnification and step size
2500x at 0.5 µm step size; 5000x and 0.2 µm step size; and 10000x at 0.1 µm step size.

Figure 2-Example of line scans collection on LALOs specimens for Mo homogenization.

2.3 Data Analyses
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Figure 4-Overview of the microstructure for the LALOs specimens obtained from the non-heat-treated sample (sample 1). SE and
BSE images show the U-Mo fuel core for all LALOs. Porosity is developed throughout the fuel core after irradiation. The Zr

interlayer is present in the 1A, 1C, and 1D specimens. The Al cladding is visible only in sample 1D.

Figure 5- Overview of the microstructure for the LALOs specimens obtained from the heat treated sample (sample 2). SE and BSE
images are presented, similarly to Figure 4. These specimens show regions free of porosities containing big micrometer grains

(unrefined grains). Increased interaction layer can be observed in these LALOs when compared to Figure 4 of the non-heat-
treated sample.
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Figure 6- Example of microstructure observed in the foils before irradiation. Figure A show an unirradiated sister sample to
sample 1, while figure B is the sister sample of sample 2. Reproduced from ref.[6].

Figure 7-Details of porosity and grains for LALOs from sample 1. Samples 1A and 1B present some unrefined grains at the UMo-
Zr interface, while in sample 1D most of the interface contained only refined grains.
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Figure 10-Mo banding can be observed in this EDS map for sample 1 (right). On the left the SE image shows minimal surface
morphological differences.

3.3 Precipitates/second phases

Minimal carbides/oxides were observed in these samples, as shown in Figure 4 and Figure 5. Carbides
were observed only in sample 2B, as shown in Figure 11. These carbides seem to be linked to the
localized porosity of the submicron dimension. Most precipitates observed in the samples were related
to fission products produced during irradiation (see Figure 12) and were found also associated with the
porosities. Closed porosities showed the presence of Cs-Xe (possibly fission gas bubble). Solid fission
products appear to decorate the surface of the open porosities, point analyses confirmed these
observations. In sample 2 an enrichment of Cs and Xe was also observed in the larger, unrefined grains
(see Figure 12).

Figure 11-Example of carbides observed in Sample 2B.
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Figure 12-WDS maps showing fission products precipitates in the U-Mo fuel core.
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Figure 13-Example of U-Mo/Zr interface before irradiation for the non-heat-treated samples, obtained from ref.[7].

Figure 14-Linescan showing typical interlayer features.

Table 4-Interlayer thickness based on UZr2 layer.

LALO
Average

thickness
(µm)

Stand.
dev.
(µm)

Min-max
Thickness

(µm)
Continuity

(%) LALO
Average

thickness
(µm)

Stand.
dev.
(µm)

Min-max
thickness

(µm)
Continuity

(%)

Sample 1A 1.09 0.49 0.70-2.06 39.5 Sample 2A 1.67 0.70 0.58-2.99 96.7
Sample 1B N/A N/A N/A N/A Sample 2B N/A N/A N/A N/A
Sample 1C 0.72 0.15 0.53-1.04 24.1 Sample 2C 0.78 0.19 0.51-1.16 94.0
Sample 1D 0.52 0.11 0.27-0.67 29.4 Sample 2D 1.24 0.43 0.60-1.80 87.0
Sample 1E N/A N/A N/A N/A Sample 2E N/A N/A N/A N/A
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