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Low-enriched (LEU) U-ZrH fuel, with a235U content less than 20% of the total uranium, is being evaluated for possible use in different types of reactors, including space nuclear systems, light water reactors (LWRs) and micro-reactors. As a result, it is beneficial to better understand the macrostructural and microstructural changes that occur in this fuel during irradiation. This paper reports the results of the post irradiation examination of an LEU U-ZrH fuel element (30 wt.% U, <20% 235U) using neutron radiography, precision gamma scanning, chemical analysis, optical metallography and scanning electron microscopy combined with energy dispersive spectroscopy and wavelength dispersive spectroscopy, where the fuel element was irradiated in a Training, Research, Isotope, General Atomics (TRIGA) reactor. Results of microstructural characterization indicated some dehydriding and cracking of the U-ZrH fuel occurred during irradiation; an axial and radial burnup gradient existed in the fuel during irradiation, as measured by gamma scanning and chemical analysis; negligible microstructural changes transpired during irradiation, based on comparison of irradiated and as-fabricated U-ZrH fuel microstructures; and, negligible, fission product-rich, phases could be resolved in a U-ZrH fuel that was irradiated to a calculated 20% depletion of 235U.
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1 INTRODUCTION
TRIGA (Training, Research, Isotope, General Atomics) reactors were developed in the 1950s to act as safe reactors that could be constructed around the world (Fouquet et al., 2003). A U-ZrH fuel was developed as the fuel for these reactors, and its chemical formula is U0.31ZrH1.6, which corresponds to a nominal Zr/U atom ratio of 3.2 and a nominal H/Zr atom ratio of 1.6 (Olander and Ng, 2005). The cladding for a TRIGA fuel element is typically Type 304 stainless steel (SS) with a graphite reflector slug at each end. A Mo diffusion disc is present at the bottom. The fuel pellets have a concentric hole in the center where a solid zirconium rod is inserted in each fuel meat during assembly. Erbium can be added to the fuel as a burnable absorber to increase the core lifetime in a high-power reactor (Simand et al., 1976). The first exported TRIGA reactor was designed for the U.S. exhibit at the Second Geneva Conference on the Peaceful Uses of Atomic Energy in 1958. Over 6,000 fuel elements of seven distinct types were fabricated for use in the first 60 TRIGA research reactors. Some of the unique safety features for this reactor type include a prompt negative temperature coefficient of reactivity, high fission product retention, chemical stability when quenched from high temperatures in water, and dimensional stability over large swings of temperature (GA Technologies, 1992).
U-ZrH fuel has been evaluated for use in different types of reactors, including space nuclear systems (Zinkle et al., 2002), light water reactors (LWRs) (Olander and Ng, 2005; Olander, 2009; Olander et al., 2012; Terrani et al., 2017), and micro-reactors such as the Microreactor Applications Research Validation and EvaLuation (MARVEL) reactor (American Nuclear Society, 2021). An evaluation of the literature shows that information from detailed microstructural characterization using techniques like electron microscopy of as-irradiated U-ZrH fuel is lacking. A few images from scanning electron microscopy (SEM) analysis are available in (Terrani et al., 2017; Meyer et al., 2020). The goal of this paper is to report the results of detailed characterization of U-ZrH fuel in an as-irradiated TRIGA fuel element using neutron radiography (NR), precision gamma scanning (PGS), optical metallography (OM), and scanning electron microscopy (SEM) combined with energy dispersive spectroscopy (EDS) and wavelength dispersive spectroscopy (WDS). Comparisons will be made to results from the microstructural characterization of an as-fabricated U-ZrH fuel element reported in another paper (Keiser et al.).
2 EXPERIMENTAL
Two irradiated TRIGA fuel rods (Rod 10170 and Rod 10172) (30 wt.% U and <20% 235U) were selected for characterization. These came from a batch of fuel rods that were shipped to the Idaho National Laboratory (INL) from General Atomics in San Diego, California. The fuel rods were recovered from their storage location at the Irradiated Spent Fuel Storage facility and transported to the Hot Fuels Examination Facility (HFEF). Non-destructive visual examinations performed on both fuel rods did not indicate any evidence of any defects in the cladding.
For NR, a collimated neutron beam from a TRIGA reactor housed in HFEF, was employed to penetrate the fuel (McClellan et al., 1983; Craft et al., 2015). The beam was attenuated by the uranium-zirconium hydride fuel in the rods. Attenuation is dependent on uranium density, thickness, and local neutron cross section; the remaining beam passed onto a foil made of a high-neutron cross-section material, which became activated. The activated foil was placed on industrial x-ray radiography film in a vacuum cassette and allowed to decay for a minimum of five half-lives. The activated foil subsequently decayed by beta emission, and the beta particles exposed the radiography film, thus transferring a latent image of the fuel rod from the foil to the film. The film was developed using an automatic film processor to obtain a finished neutron-radiography image.
PGS was performed to verify the burnup profile and relative burnup using the 137Cs spectra throughout the selected TRIGA rods prior to sectioning into specimens. PGS is a non-destructive examination method that records the gamma spectra emitted by irradiated items and is commonly used in post-irradiation characterization examinations (Barnes et al., 1979; Harp et al., 2014). Typical application of PGS involves recording a gamma spectrum to determine relative axial and radial fuel-burnup profiles, identifying radionuclide location, and generating other data to aid in evaluating the performance of irradiated fuels. In conducting a PGS assay on the TRIGA fuel rods, gamma rays from the irradiated fuel rod were passed through a narrow variable slit and collimator so that photons from only a small and identifiable part of the rod were counted over a particular time interval. The gamma rays struck the high-purity germanium detector, which emitted a pulse of electric charge proportional to the energy of each individual event. The pulses, after shaping and amplification, were counted. The collected data were analyzed to provide information about the isotopic composition of the area analyzed.
Additionally, a source scan of known isotopes spanning the energy range of the isotopes of interest was performed prior to each PGS measurement campaign on each TRIGA rod. To reduce uncertainty while performing assays with the smallest step size, the fuel rod was oriented such that it was centered as closely as possible in front of the collimator. This was accomplished by incrementally moving the fuel rod horizontally across the slit of the collimator, thereby determining the relative edge locations (right and left) of the sample by observing the count rate and spectra collected; by this method, the center-line coordinate of the fuel rod was determined.
Gamma scanning tomography (Parker and Joyce, 2015; Steven Hansen) was performed on cross sections taken from a fuel pellet. The scans were centered over the centerline of a cross section and were taken in 0.2 mm steps at nine different angles. Since decay counts were not high due to the long decay period of the fuel rod, improvement of the resolution of the plots and statistical noise for 137Cs and 60Co were reduced, by summing data from two step locations. Even lower counts for 154Eu necessitated summing data from five step locations.
For destructive examinations, samples were cut from an irradiated fuel rod and used for analytical chemistry in order to benchmark the PGS data by establishing the local fission-product inventories for selected test specimens. The fission-product inventory was coupled with the PGS data to determine the fission density, burnup, and fission-product inventories at specific locstions of the fuel meats. Other samples from the highest burnup region of the highest burnup fuel rod were used for OM and SEM/EDS/WDS analysis. In the SEM, both backscattered electron (BSE) and secondary electron (SE) images were collected, and EDS and WDS were employed for poin-to-point and linescan analyses, and x-ray maps were also generated.
3 RESULTS
3.1 Neutron radiography
NR is a non-destructive characterization method used to evaluate mechanical integrity and geometric stability prior to performing destructive examinations. A loss of integrity or geometric stability would be indicated by evidence of fuel cracking, fuel relocation, or significant fuel density variations throughout the element and rod. NR images showed areas in the fuel meats that may have dehydrided or cracked.
The NR imaging of TRIGA Rods 10170 and 10172 was successful in providing data with which to assess the general condition of the fuel region of both rods. Thermal neutron and epithermal radiographs were generated, and the thermal neutron radiographs are shown in Figure 1.
[image: Figure 1]FIGURE 1 | Thermal neutron radiographs for Fuel Rods 10172 and 10172 for the 0, 60- and 120-degree rotations.
Regions of possible dehydriding (or hydrogen depleted regions due to hydrogen transport) are observed in both rods (most pronounced in the 120-degree view) and are primarily located in the regions between the fuel meats. These areas were characterized by the circled darker regions on the fuel meats in the radiographs shown in Figure 2 for Fuel Rod 10170 and 10172. It is hypothesized that these were areas of higher temperatures during the operation of the reactor and the hydrogen diffused from these areas to cooler areas. The Zr rod at the center of the fuel pellets can also be seen in Figure 2A.
[image: Figure 2]FIGURE 2 | Fuel Rods 10170 and 10172 shown for the 120-degree view (A). The circled regions are possible dehydride locations in the fuel meat. In (B) is shown the fuel meat to cladding interface for a local region of fuel rod 10172.
Due to irradiation-induced fuel swelling (with some possible contribution of thermal expansion), the fuel meat expanded. Of interest was if this resulted in good contact between the fuel and the cladding such that chemical interaction transpired between the fuel and cladding during irradiation. Fuel cladding mechanical interaction is also of interest. Figure 2B shows that there may be good fuel pellet contact with the cladding for the higher burnup rod, Fuel Rod 10172, excluding the regions between the fuel pellets where the fuel pellet ends are chamfered and do not contact the cladding. Fuel Rod 10172 was selected for destructive examination because it potentially had good fuel and cladding contact, was the highest-burnup rod, and contained the highest inventory of lanthanide fission products.
All views shown in Figure 3 for Fuel Rod 10172 (higher burnup than Fuel Rod 10170) show a crack (labelled) in the top fuel meat with some potentially dehydrided regions also visible. There was no indication in the gamma-scan data or during the visual inspection of the exterior of the rods that would have indicated damage to the fuel in this region. An explanation for the crack in the fuel is not currently available. Subsequent sectioning of Fuel Rod 10172 revealed radial cracking in most regions of the fuel pellet that were not resolvable in radiography. It is conceivable that cracking could have occurred during specimen sectioning. Sectioning is performed using a slow-speed saw with water cooling. A slightly smudged region just off-center in the middle fuel meat of Fuel Rod 10172 also indicates a dehydriding location. Based on radiography results, the cracked fuel and possibly dehydrided regions of the fuel were avoided during sectioning of samples for destructive analysis.
[image: Figure 3]FIGURE 3 | Fuel Rod 10172 showing crack in top fuel meat.
3.2 Precision gamma scanning
3.2.1 Axial gamma scanning
Gamma-scanning results are shown in Figure 4, and 137Cs, which is a longer-lived fission product (half-life of 30.07 years), was selected to indicate burnup levels for the rods relative to each other. Spectral profiles of 137Cs for both rods indicate the peak burnup location within each rod to be in the middle (center fuel meat) region of the rods. Also indicated in the 137Cs spectra is a dip between each of the fuel meats (see Figure 4). While both Fuel Rods 10170 and 10172 have a slight dip in the 137Cs spectra located in the center fuel-meat region, neutron radiography of the fuel rods indicates that the fuel is intact. Also, the uncertainty in the data indicates that the dips were not statistically significant relative to other data points in this region. 60Co (half-life 5.27 years) is an activation product from the SS cladding of the fuel rod and end fittings. 154Eu (half-life 8.59 years) is another gamma-emitting fission product by which burnup can be benchmarked.
[image: Figure 4]FIGURE 4 | Isotopic gamma-scan profile for TRIGA fuel rods 10170 (top) and 10172 (bottom). To the right of each profile, the Y-axis is in 137Cs counts, and the red profile is for 137Cs. To the left, the Y-axis is in 60Co and 154Eu counts, and the blue and yellow profiles are for 60Co and 154Eu, respectively.
The top of the rods in the overlay on the plots are oriented toward the left side (10,0) of the x and y-axes. While absolute position on the plots is arbitrary, the relative position from point to point is absolute. As shown in Figure 4, Fuel Rod 10170 has a relatively flat profile in the center region as compared to the areas to the left and the right of the middle fuel pellet. The peak net count for Fuel Rod 10170 is 152,602, based on a 240-s count time for each 0.254 cm step down the length of the rod. The center fuel-pellet region for Fuel Rod 10172, shown in Figure 4, has a less flat profile as compared to Fuel Rod 10170s profile in this location. The peak net count for Fuel Rod 10172 is 166,745 for the same count parameters. Therefore, Fuel Rod 10172 was selected for sectioning due to its higher relative burnup, as indicated by the higher gamma activity level for 137Cs. These data also confirm the calculated physics estimates for which of the two rods had a higher burnup. Additionally, because of its higher burnup, the middle fuel-pellet region for fuel rod 10172 offers the highest fission-product inventories. Figure 5 shows the spectral profile of 137Cs for the 10,172 fuel pellets in more detail, along with a schematic cutting diagram for the middle fuel-pellet.
[image: Figure 5]FIGURE 5 | Neutron radiography image (A) showing fuel pellets in fuel rod 10172 and a gamma scanning profile for 137Cs along the length of the fuel rod, which shows how the middle fuel pellet received the highest burnup during irradiation. The schematic diagram in (B) shows how the middle fuel pellet was sectioned to produce samples for analytical chemistry, gamma scanning tomography, and microstructural characterization.
3.2.2 Gamma scanning tomography
Gamma scanning tomography was performed on three cross sections that were adjacent to the chemistry sample taken from the middle fuel pellet. The tomographic images of 137Cs, 60Co, and 154Eu from these data are shown in Figure 6 for the BOT217 specimen. Results from the tomographic reconstruction of the circumferential count locations indicate a radial gradient in the burnup in the fuel meat. The higher 137Cs count data at the perimeter indicate greater burnup relative to the center of the fuel pellet. Data for 60Co are where they would be expected, at the fuel-perimeter and cladding region. The shape of the cobalt data is an artifact of the scanning method.
[image: Figure 6]FIGURE 6 | For sample BOT217, 137Cs (A), 60Co (B), and 154Eu (C) tomographic maps. The black circle is the circumference of the sample. The y-axis to the right is in counts, where the highest counts are in red.
3.2.3 Gamma spectroscopy
Cross-sections were taken from the left fuel pellet (see Figure 7), and then smaller samples were produced from these cross-sections to confirm the radial burnup profile of the tomographic data compiled from the PGS both chemically and using gamma spectroscopy. Sample IDs are ordered left to right relative to the outside edge of the cross section, moving into the center of the cross section (see Figure 7). Results from gamma spectroscopy are shown in Figure 8 for 137Cs (a) and 154Eu (b), measured in solid form and as measured in solution for Cs and Eu (c and d, respectively). Qualitatively, the four plots illustrate a radial burnup gradient and are consistent with the PGS tomographic scan data.
[image: Figure 7]FIGURE 7 | Chemistry sample-sectioning diagrams from cross-sections taken from Fuel Rod 10,172, fuel cross sections −1 (A) and −2 (B).
[image: Figure 8]FIGURE 8 | Results for 134Cs (A) and 154Eu (B) gamma spectroscopy as measured as a solid, and 134Cs (C) and 154Eu (D) as measured in solution.
3.3 Chemical analysis
Chemical analysis was performed to establish the burnup level and fission-product inventories for the different specimens. These data were coupled with the gamma-scan data to determine the fission-product density, burnup, and fission-product inventories for each specimen. Specimens were cut from each of the fuel-pellet sections to determine the fuel-rod axial burnup levels relative to gamma-scan data. Specimens had the SS cladding removed prior to chemical analysis.
The burnup results are found in Table 1 for the radial specimens that received chemical analysis. The specimen-sectioning diagram (see Figure 7) shows where a cross-section was taken from the left fuel pellet, specimen ID 99659 (a) and the specimens taken frrom a cross-section from the middle fuel pellet, specimen IDs 99660–99665 (b). Data obtained from chemical analysis and inductively coupled mass spectrometry (ICP-MS) are plotted in Figure 9 for the radial mini-sections. These results indicate a radial gradient burnup profile in the 235U, which is consistent with the tomographic gamma-scan data. The burnup value for specimen 99659 of 18% is in reasonable agreement with the results for a physics burnup calculation of 20%.
TABLE 1 | Burnup percent determined from select fission-product inventories.
[image: Table 1][image: Figure 9]FIGURE 9 | Plotted burnup values calculated via fission product measured using chemistry and ICP-MS.
3.4 Optical metallography
NR (see Figure 5A) showed that the middle and right fuel pellets did not have obvious cracks, and the gamma scanning profile for 137Cs showed the middle fuel pellet had received the highest burnup, but the left-side of the right fuel pellet also had received significant burnup. A cross-section from the left-side of the right fuel pellet was selected for microstructural characterization, and this sample was labeled as BOT229.
A montage of ×31.5 magnification optical images of the as-irradiated TRIGA fuel in this sample is shown in Figure 10A and a ×200 magnification image of the fuel and cladding interface in the specimen is presented in Figure 10B. It is not obvious from the image in Figure 10B whether the fuel pellet in this region had locations where the fuel and cladding were in contact with each other, but the gap between the fuel and cladding in this region was relatively small.
[image: Figure 10]FIGURE 10 | OM image montage (A) at ×31.5 magnification of the as-irradiated TRIGA fuel microstructure, and OM image (B) at ×200 magnification, showing a fuel to cladding region with the best signs of potential fuel and cladding contact.
3.5 Scanning electron microscopy
For SEM analysis, samples were produced from a cross-section taken from the left-side of the right fuel pellet in Figure 5A. This cross-section looked like the one shown in Figure 10A. Sample reduction was necessary to keep radiation levels low so that the samples could be handled in the available SEM. The samples contained the cladding, fuel/cladding interface and fuel. BSE images of the as-irradiated fuel, cladding, and fuel/cladding interface microstructures are presented in Figure 11. As depicted in Figure 11A, the as-irradiated TRIGA fuel specimen is a multiphase material that is comprised of a U-rich precipitate phase and a Zr-H matrix phase as the major phases. Figure 11B and Figure 11C show that the specimen exhibited a gap at the fuel and cladding interface, and after careful inspection of the inner surface of the cladding and fuel meat using images and compositional linescans, no evidence of any FCCI zones could be observed that may have suggested there was fuel and cladding contact at some time during irradiation so that interaction between the fuel and cladding could have transpired. This type of information is important because U-ZrH fuel has a thermal expansion coefficient that is larger than that of the Type 304SS cladding (Kim, 1975; Olander et al., 2009), making fuel-cladding contact possible during irradiation even though they are not in contact at room temperature. WDS x-ray maps were produced (see Figure 12) to confirm the partitioning behavior for the U and Zr in the TRIGA fuel. Hydrogen cannot be detected using WDS and so is not shown.
[image: Figure 11]FIGURE 11 | Backscattered electron images (A–C) showing the as-irradiated TRIGA fuel microstructure (A) and a gap (B,C) that was observed at the fuel and cladding interface.
[image: Figure 12]FIGURE 12 | A BSE image (A) of the irradiated fuel specimen microstructure and WDS x-ray maps for (B) U, (C) Zr, and (D) Er. Hydrogen cannot be detected using WDS. Xe and Cs WDS x-ray maps did not show any enriched phases.
Point-to-point and linescan analysis were performed on the sample, but no fission-product enriched phases could be found. Fission products present in the material appeared to be in concentrations below the resolution of the EDS detector that was employed. As shown in Figure 12D, Er-enriched phases could be resolved in the fuel meat. Figure 13 shows BSE images of different locations where such phases were present in the fuel meat.
[image: Figure 13]FIGURE 13 | BSE images (A–D) showing examples of fuel meat phases that contain Er. The image in (B) is from a location where a fracture surface was found in the sample.
The U-rich phase appeared mostly featureless on the as-polished surface of the fuel meat sample. Fission gas porosity could not be readily observed. However, when looking at different locations that had fracture surfaces (see Figures 14A, B) the U-rich phase appeared to be fine-grained and to contain porosity. Porosity could also be found in the Zr-H matrix of the fuel pellet (see Figures 14C, D). The nature of these pores can impact the mechanical propeties, thermal conductivity and fission gas retention in the fuel pellet. Overall, the submicron pores seemed well distributed and did not appear to coalesce into large voids during irradiation.
[image: Figure 14]FIGURE 14 | BSE images (A,B) showing fracture surfaces in the fuel pellet that expose the U-rich fuel phase that appears to be fine-grained with evidence of porosity. Porosity in the ZrH matrix can be seen in the images presented in (C) and (D).
4 DISCUSSION
Based on the results of non-destructive characterization of irradiated U-ZrH fuel for two as-irradiated TRIGA fuel elements (up to around 20% 235U depletion) using NR, only limited cracking and dehydriding of the fuel pellet was observed. The dehydriding occurred in very localized regions of the fuel, where hydrogen may have migrated from these regions to lower temperature regions. The results of gamma scanning tomography and chemical analysis showed that the irradiated TRIGA fuel had a radial burnup gradient. The results of precision gamma scanning (PGS) showed that there was a burnup gradient along the length of the fuel rods, and the center fuel meat achieved the highest burnup. The effect of any diffusion of the measured constituents along any temperature gradients in the fuel must also be considered when interpreting these results and will need some investigation.
The results of OM and SEM analysis showed that a gas gap was present in the irradiated TRIGA fuel at room temperature. A gap was also observed for a sample from an as-fabricated TRIGA fuel element (Keiser et al.). As discussed in (Simand et al., 1976), there are three swelling mechanisms that could have contributed to gap closure during the irradiation of U-ZrH fuel: the accommodation of solid fission products, the agglomeration of fission gases, and a saturable cavity nucleation phenomenon due to the nucleation and growth of irradiation-formed vacancies into voids. Thermal expansion differences between the fuel and the cladding could have also contributed. As-fabricated TRIGA fuel reportedly has a cold gap of around 25 or 50 microns between the fuel and cladding, after slip fitting the fuel into the cladding tube (Simand et al., 1976), and based on the characterization results reported in this paper, this gap did not close completely during irradiation. With respect to the ZrH matrix, the current analysis showed that very small pores/voids were present, and they did not appear to agglomerate to form large voids. This porosity could be as-fabricated porosity and/or pores that developed during irradiation. Similar porosity has been observed in as-fabricated fuel (Keiser et al.). For the Er-containing phases observed in the as-irradiated fuel, they are very similar to what has been observed in as-fabricated fuel, where it was observed that Er2O3 was present (Keiser et al.). Overall, the microstructure of the irradiated U-ZrH fuel was very similar to that of the original as-fabricated fuel (Keiser et al.). This agrees with what has been reported by Simnad (Simnad, 1981).
The presence of fission product-rich phases was not found in this fuel using SEM/EDS/WDS. However, gamma scanning and chemical analysis did confirm some of the fission products that were present in the fuel. Based on the SEM analysis, the concentration of the various constituents appeared to be low and homogeneously distributed in the fuel. Based on calculations using the Thermo-Calc computer code, yttrium, alkaline earth metals, and most lanthanides prefer to form binary hydrides. Oxide phases that can form include Y2O3, Pr2O3, Sm2O3, and Ce2O3. Uranium and noble metals prefer to remain in their elemental state, except for the formation of URu3, URh3, and UPd3. CsI and SmTe can also form. Gaseous phases include H2, Cs, Rb, CsRb and CsI. There is little consumption of hydrogen by fission products. Solid fission products form as a function of burnup, where for 45 wt.% U fuel with ZrH1.6 matrix, it is estimated that the formation of solid fission product phases will be about 0.45% at 10,000 Mega-Watt-days-per-ton U (Huang et al., 2001).
5 CONCLUSION
Based on the non-destructive examination of two irradiated TRIGA fuel elements, using NR and PGS, and the destructive examination of one irradiated TRIGA fuel element, using OM and SEM, combined with EDS and WDS, the following conclusions can be drawn.
1. Some cracking and dehydriding of U-ZrH fuel was observed for a fuel rod irradiated in a TRIGA reactor where a burnup up to 20% 235U depletion was calculated, with limited closure of the original gap between the fuel and the cladding due to fuel swelling.
2. The axial and radial burnup gradient present in a TRIGA fuel element can be identified using gamma scanning and chemical analysis.
3. Negligible microstructural changes can be identified in an irradiated U-ZrH fuel when comparisons are made with as-fabricated fuel.
4. Isolated fission product-rich phases are not prevalent in the microstructure of an irradiated U-ZrH fuel, where a maximum of 20% depletion of 235U was calculated.
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