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Abstract 
Because of their high radioactivity, irradiated fuels are commonly examined in a hot cell. However, the Idaho 
National Laboratory (INL) has recently investigated irradiated U-Mo-Al metallic fuel from the Reduced Enrichment 
for Research and Test Reactors (RERTR) project using a conventional unshielded scanning electron microscope 
outside a hot cell. This examination was possible because of a two-step sample-preparation approach in which a 
small volume of fuel was isolated in a hot cell and shielding was introduced during later stages of sample 
preparation. The resulting sample contained numerous sample-preparation artifacts but allowed analysis of 
microstructures from selected areas. 
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1. Introduction
The Reduced Enrichment for Research and Test Reactors (RERTR) project is developing low-enrichment 
uranium (<20% U-235) fuels that can be used instead of the current high-enriched uranium fuels in research 
reactors. Two kinds of fuel are under development: dispersion fuels, in which the uranium is dispersed in fine 
particles, and monolithic fuels, in which it is a constituent of a homogeneous alloy [1]. 

This paper describes preparing two samples of irradiated RERTR-6 dispersion fuels for examination in a 
conventional (unshielded) scanning electron microscope and illustrates consequences of the sample-preparation 
technique for the kinds of data that can be collected from the samples. 

2. Samples
Two dispersion fuel plates were prepared at the Fuels and Applied Sciences Building (FASB) at the Idaho 
National Laboratory (INL). Each plate had a central fuel zone approximately 0.06 cm thick, and consisting of fine 
particle (typically <100 m diameter) of U-7Mo embedded in an aluminum-alloy matrix. The fuel zone was 
sandwiched between two layers of Alloy 6061 cladding, each 0.04 cm thick. The total nominal as-fabricated 
thickness of each plate was 0.14 cm. 

The plates were irradiated in the Advanced Test Reactor (ATR) at the INL to an average burnup of 49-50% in the 
mid-plate region. Irradiation ended in November, 2005. A gamma scan performed in September, 2006, indicated 
that the isotopes with the highest contribution to the sample radioactivity at that time were Ce-144, Nb-95, Zr-95, 
Ru/Rh 106, Cs-137, Cs-134, Ru-103, and Ce-141 (listed in order of decreasing contribution to the gamma scan); 
however, some of the shortest-lived isotopes (particularly Nb-95) would have almost completely decayed to stable 
or long-lived isotopes by the time samples were prepared for microscopy in late May, 2007. Radiation readings 
from a punching with a nominal 1 mm diameter through the thickness of one of the plates were 300 mSv/hr 
combined beta-gamma and 3 mSv/hr gamma (as measured at contact with a Ludlum model R020 ion chamber 
detector) when the samples were prepared for SEM analysis. 

Each irradiated plate was prepared for optical metallography in the hot cell by grinding it with a series of 
abrasives, ending with a nominal 3 m abrasive polishing fluid. Samples were not etched before examination. 
Optical examination of the irradiated plates indicated that each retained its layered structure consisting of a central 
fuel zone with particles dispersed in a matrix, surrounded by two particle-free layers corresponding to the original 
cladding (Figure 1a). Higher-magnification views (Figure 1b) show that the microstructure of the fuel zone consists 
of particles, dispersed in a matrix. Each particle has a dark center surrounded by a lighter-colored ring. Previous 
analyses of similar samples (e.g., [2-6]) indicate that the rounded particles are what remains of the original U-Mo 

*Telephone: 208-533-7478, FAX: 208-533-7996, e-mail: dawn.janney@inl.gov



alloy particles, the rings around them are U-Al intermetallic reaction products formed during irradiation, and the 
matrix is an aluminum alloy. 

Figure 1: Optical micrographs showing typical microstructures in irradiated fuel. a) Cross-section of entire plate, 
showing central zone with fuel particles surrounded by particle-free zones. Total thickness of plate is 
approximately 0.14 cm. b) Detailed view of fuel zone. 

3. Sample preparation for electron microscopy
Sample preparation for electron microscopy occurred in two steps. In the first, which was performed in the argon-
atmosphere hot cell at the Hot Fuel Examination Facility (HFEF) at the Idaho National Laboratory, a commercially 
available press that had been modified slightly for easier operation in a hot-cell environment (Figure 2) was used 
to produce cylindrical punchings with nominal 1 mm diameters. Each cylinder had a nominal height of 1.4 mm (the 
thickness of the fuel plate). The punchings were placed in individually labeled containers and transferred into the 
air-atmosphere glove box at the Electron Microscopy Laboratory (EML) at the Idaho National Laboratory. 

At the EML, each punching was placed on its side inside a commercially available 1.25 inch (3.175 cm) diameter, 
0.75 inch (1.9 cm) tall phenolic ring that had been attached to a piece of duct tape using tweezers. A commercially 
available two-part epoxy that had been mixed with 325 mesh (< 44 μm) tungsten powder to provide added 
shielding was poured into each ring and allowed to cure at room temperature for approximately 19 hours. When 
the epoxy had hardened, the duct tape was removed. Each sample was manually ground using silicon carbide 
paper and a small amount of water to expose a longitudinal section through the fuel punching. One of the samples 
was initially ground with ANSI 600-grit paper (nominal abrasive size 16 m), followed by 1200-grit (6.5 m
abrasive) paper. The other sample was initially ground with 240-grit (53 m abrasive) paper, followed by 600-grit 
and 1200-grit papers. Total grinding time for each sample was 5-10 minutes. 

Samples were transferred out of the glove box and decontaminated. A thin coating of sputtered Pd was applied to 
the surface with the exposed fuel, and the samples were transferred into the scanning electron microscope for 
analysis. 



Figure 2: Punch used to make SEM samples (shown outside hot cell) 

4. Results
Figure 3 shows low-magnification scanning electron microscope images of the samples. In each case, the epoxy 
had not completely wetted the sample, forming a bubble adjacent to the sample. As the contrast and general 
appearance of the sample and the tungsten-epoxy mixture are similar, these bubbles provided an easy way to 
locate each sample at low magnification. The tapering outline of one of the samples (Fig. 3a) suggests that the 
ground surface is at an angle to the long axis of the punching, while the consistent width of the other (Fig. 3b) 
suggests that the ground surface is approximately parallel to the long axis.  

Figure 3: Low-magnification secondary-electron SEM images showing the samples (indicated by arrows) and 
adjacent holes. Light-colored areas in the remainder of the sample are tungsten particles embedded in the epoxy 
to provide shielding. a) Sample 1. b) Sample 2. 

Closer inspection indicates that the samples have been strongly deformed (Fig. 4). Although the particle-free 
areas at the left ends of the fuel samples in Figure 3 may be cladding, the region with fuel particles extends 
almost to the right ends of both of the fuel samples, suggesting that the cladding at these ends of the samples 



may have broken off. Sample 2 is narrower through the fuel zone than at either end (Fig. 4a), and both fuel 
samples show cracks extending across the punchings (Fig. 4a, b). Each sample shows regions in which sharp-
edged fragments of what appear to be different materials have been jumbled together (Fig. 4c), and each shows 
particle-free high-Al areas along the outer edges of the punchings (Fig. 4d).  

Figure 4: Evidence for deformation of fuel punchings. a) Narrowing in fuel zone and crack, Sample 2. b) Crack, 
Sample 1. c and d) Fuel-free zones along edges of punchings and jumbled fragments of fuel particles and 
reaction rims, Samples 2 and 1, respectively. 

None of these characteristics would be expected from perfect cylinders taken from fuel plates with microstructures 
similar to those in Figure 1. However, higher-magnification images show a few particles with concentric 
microstructures that resemble those in the post-irradiation optical images (Fig. 5). X-ray maps confirm that the 
light-colored centers of these particles are high in U and Mo, the intermediate-contrast areas around the outsides 
are high in U and Al, and the dark colored material surrounding the particles is predominantly Al. Thus, these 
particles can plausibly be interpreted as representing remnants of an original fuel particle surrounded by at least 
the inner portion of the layer of reaction products that formed around it. 



Figure 5: Secondary-electron SEM images showing microstructures similar to those in optical images. U-Mo, U-Al, 
and Al indicate major elements present in each area, as determined from X-ray maps.  a) Sample 1. b) Sample 2. 

4. Discussion
Comparisons between Figures 1, 3, 4, and 5 clearly show that the microstructure of the irradiated fuel has been 
changed during SEM sample preparation. Localized fractures such as those shown in Figures 3, 4a, and 4b are to 
be expected in brittle materials, and are unlikely to significantly affect microstructures not immediately adjacent to 
the fractures. However, necking of the sample in the fuel zone (Fig. 4a), particle-free areas at the edges of the 
punchings, and jumbled fragments (Fig. 4b-d) suggest more pervasive deformation throughout the sample, with 
possible flowing of the aluminum matrix. As the embedding and grinding processes used to prepare the optical 
and SEM samples are similar, it seems likely that the vast majority of the deformation occurred during punching.  

Because of the pervasive deformation, extreme caution is necessary in interpreting data from the matrix, or data 
involving spatial relationships in materials in jumbled areas. Despite the pervasive deformation, it is possible to 
find particles whose microstructures resemble those in the optical images from the relatively intact plates. X-ray 
maps from these particles show chemical distributions similar to those previously reported from samples prepared 
with other techniques (e.g., [2-6]), and it may be appropriate to ignore the deformation of the surrounding material 
in interpreting data from these particles. However, data from these particles should always be compared to that 
obtained from samples prepared by other techniques. 

Decisions about how to prepare samples and perform electron-microscope analysis of irradiated fuel necessarily 
involve considerations of convenience, cost, and safety. One could no doubt obtain excellent data by putting an 
entire cross-section of a fuel plate similar to that in Figure 1 into a scanning electron microscope. But, that would 
require either putting an electron microscope into a hot cell or handling relatively large volumes of fuel outside a 
hot cell. Both of these approaches have significant problems: putting a microscope into a hot cell leads to 
increased costs because of difficulty in maintaining an instrument or the need to replace it relatively frequently, 
while handling large volumes of fuel outside a hot cell requires great care in addressing radiation safety problems.  

The approach taken here provides a compromise, in which all manipulations involving large amounts of material 
are performed in a hot cell, while scanning electron microscopy is perfumed outside the cell. Although the results 
appear promising, the data suggest that starting with slightly larger cylinders of material (e.g., a 1/16”=1.65 mm 
punching instead of the 1 mm used here) might produce significantly larger areas with microstructures 
comparable to those in optical images. Nonetheless, researchers must be constantly aware of possible 
deformation, particularly in the matrix where it may produce little or no direct microstructural evidence. 

Comparisons between radiation readings measured on the sides of the sample with the fuel punchings and those 
measured in an orientation in which the tungsten-epoxy mixture was between the meter and the punchings 



indicated that the tungsten-epoxy mixture reduced the beta-gamma radiation from the sample by at least two 
orders of magnitude. 

The present data illustrates both the potential and the problems associated with samples prepared from fuel-plate 
punchings, and suggest that further work using larger-diameter punchings may be worthwhile. Relatively minor 
modifications of the techniques presented here, such as using a core drill instead of a punch, should be 
considered. 
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