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Any material used in a nuclear reactor facility must go through an extensive review and qualification, involving many tests and analyses. In late 2019, Alloy 617 was added to the American Society of Mechanical Engineers (ASME) code, representing the first high-temperature material cleared for commercial nuclear reactor use in the United States. since the 1990s. Without new materials, the promise of advanced fission and fusion reactor designs will not be realized (Allen et al., 2010). Similarly, the need to improve current designs and reactor components to extend reactor lifetimes may require deeper understanding of the behavior of nuclear materials under extreme conditions (Was et al., 2019). Advanced reactor concepts will require the materials and components to be resistant to 1) higher temperatures than experienced with current light water reactors, 2) corrosion with liquid salts and liquid metals, and 3) high radiation fields (neutron, ion, and gamma/beta radiation fields). Materials that need to be licensed for use in the nuclear fuel cycle from reactor operation to long-term geologic disposal undergo unparalleled scrutiny. How can this process be sped up without jeopardizing future operational safety? Modern computational predictive tools could help to accelerate development and qualification of advanced materials (Devanathan et al., 2010). However, this may not necessarily negate the requirement for extensive long-term testing of material properties to satisfy regulatory requirements. In this article, as well as discussing the role of ion irradiation studies for nuclear materials research, the potential opportunities for in-situ liquid/gas cell electron microscopy (LC-EM) and Cryo-Electron Microscopy (CryoEM) will be discussed.
Ion irradiation in the transmission electron microscope (TEM) has been an important method for testing radiation damage in materials for nuclear applications, including nuclear waste forms and nuclear reactor components. Two other microscopy-based techniques, in-situ liquid/gas cell electron microscopy (LC-EM) and Cryo-Electron Microscopy (CryoEM) are currently being used in several areas in materials research, including, catalysis research, battery development, and geochemistry.
Nuclear materials, whether in a nuclear reactor or disposed thousands of meters underground in a geologic repository, are subject to internal atomic displacement damage and the interaction of radiolytic species at the material’s interface. Developing the tools to experiment in this area can be a major challenge. Working with fully radioactive materials can also be expensive and hazardous. The radiolytic field can induce very complex chemical reactions in contacting gases or liquids (Kaddissy et al., 2017; Reiff and LaVerne, 2017; Parker-Quaife et al., 2020). However, it is necessary to understand these effects to develop new nuclear fuels, (Aitkaliyeva et al., 2015; Parrish and Aitkaliyeva, 2018), understand the durability fuel cladding, (Une et al., 1995; Tanaka et al., 2006; Mishra et al., 2012), and provide a scientific basis for the long-term disposal of radioactive waste forms (Ewing et al., 2000; Tribet et al., 2021), and spent nuclear fuels (SNF) (Ray et al., 1997; Jégou et al., 2010; Amme et al., 2012; Teague et al., 2014; Liu et al., 2016; Rest et al., 2019).
Tests on nuclear fuels, advanced materials, and cladding for current light water reactors (LWR) can be either performed in high flux Research Reactors (RR) or at Nuclear Power Plants (NPP). However, the materials from such tests do require dedicated shielded hot cells for Post-Irradiation Examination (PIE) that can accept either full-length fuel rods or fuel assemblies, and can perform the needed mechanical, thermal, and microstructural characterizations. Government regulations connected to the final required disposal of these materials after testing may be an additional barrier to performing this type of analysis.
Time on dedicated high flux RRs is also limited, as is the ability to work with irradiated materials in shielded hot cells. Therefore, ion beam facilities continue to be essential for studying radiation damage in new materials (Was et al., 2014; Zinkle and Snead, 2018; Wang et al., 2019). Alternative approaches, however, do exist that enable researchers to work with RR irradiated materials. Schwantes and co-workers (Schwantes et al., 2019) have developed a method for PIE of irradiated materials that may allow a wider group of researchers to study new nuclear materials. In brief, they use a Scanning Electron Microscope (SEM)-Focused Ion Beam (FIB) system to extract representative micrometer-sized samples from the bulk material and then irradiate them in a RR. Because these samples are miniscule, they are able to perform PIE safely and without the need for shielded hot cell facilities. Following this procedure, they documented the formation of fission product noble metal particles in UO2.
Ion irradiation creates damage over short time frames, enabling in-situ analysis of the effects and careful control of experiments (Lewis et al., 1979; Wang et al., 1999; Ewing et al., 2000; Jiang et al., 2017; Sassi et al., 2019; Lang et al., 2022). Both ex-situ and in-situ facilities are available for performing these types of experiments (Wirth, 2007; Li et al., 2015; Taylor et al., 2017b); although, there is a pressing need for these to be improved and equipped with more modern instrumentation. TEM and Scanning TEM (STEM) are ideal tools to image and describe the nature of defect formation and dislocation loop growth, bubble evolution, grain nucleation and growth, as well as phase transformations and segregation. Consequently, in-situ ion irradiation has been used extensively to evaluate potential materials for nuclear applications. For example, in situ TEM studies have shown that dislocation loops that form during ion irradiation of high purity Fe are more mobile than those formed in Fe-8%Cr alloys. In-situ TEM imaging of oxide-dispersion strengthened (ODS) ferritic alloys has been used to characterize damage during high levels of ion irradiation (200dpa) at high temperatures (500°C) (Kirk et al., 2009). The grain morphologies, dislocation networks, and voids that were qualitatively imaged in the TEM, were comparable to similar neutron irradiation experiments that were run at the now shutdown Fast Flux Test Facility (FFTF) on ODS alloys (Gelles, 1996). Indeed, the unique capabilities of TEM can be used to determine the exact nature of any radiation induced defects that affect the macroscopic properties of materials. For instance, weak-beam TEM, where the thin-foil is tilted away from the Bragg position, and image contrast is low, radiation induced defects may create a strain field that bend the reflecting planes back to the Bragg condition, resulting in images with localized high contrast at the defect. Hence, very minor defects can be characterized. TEM thin-foil specimens are not necessarily artifact-free and specimens which are now routinely prepared with SEM-FIB, can possess surface defects and amorphous zones, making the visibility of some characteristic radiation effects features, such as He bubbles, difficult to reveal. Cryo-FIB methods may improve the preservation of features but traditional electropolishing remains a useful method for preparing irradiated steels.
In the last two decades, TEM/STEM has undergone a revolution in resolution that began with the implementation of the aberration corrector, which improved the spatial resolution to below 50 p.m. When combined with direct-detection electron-counting (DDEC) cameras and mono-chromated electron gun sources, aberration-corrected (AC) STEM/TEM with atomic resolution Electron Energy-Loss Spectroscopy (EELS) and X-ray Energy Dispersive Spectroscopy (EDS) has enabled probing amorphization and chemical state changes at unprecedented resolution, sensitivity, and precision. These capabilities are now being used in nuclear materials research (Clark et al., 2020; Popel et al., 2020; Müller et al., 2021). Here we highlight a few examples: AC-STEM-EELS has been used to characterize the ion irradiated LaMnO3/SrTiO3 interface and the oxidation of UO2 at atomic resolution to describe subtle changes in structure over nanometer-sized regions (Spurgeon et al., 2019; Matthews et al., 2021). The process of amorphization in nuclear materials considered for the immobilization of plutonium, such as zirconolite (CaZrTi2O7) and zircon (ZrSiO4), has been monitored through in-situ ion irradiation in the electron microscope (Weber et al., 1994; Wang et al., 2000). A better understanding of these processes will lead to improved performance assessment models of geologic repositories. Experiments with ion beams can induced high dpa within a few minutes to hours and the pathway to amorphization or phase modification can be clearly defined using TEM (Ewing et al., 2000; Hattar et al., 2014; Lu et al., 2014; Li et al., 2017; Sassi et al., 2019), secondary ion mass spectrometry (SIMS) (Jiang et al., 2018), atom probe tomography (APT) (Marquis et al., 2011), or x-ray absorption spectroscopy (XAS) (Cureton et al., 2019). However, as the rate of damage may exceed any self-annealing processes, ion irradiated materials may go amorphous at much lower dpa than natural radioactive mineral counterparts. Although these experimental artifacts need to be considered, ion irradiation can be effective to compare potential radioactive waste forms for immobilization and evaluate materials for their potential response in a nuclear reactor.
By using ion irradiated materials, it is also possible to study the synergistic effects of radiation damage and high temperature reactions. (Taylor et al., 2017a) have developed methods to study the complex microstructural effects due to simultaneous gas accumulation and displacement cascade damage, which occurs in NPP components, such as Zircaloy cladding. The instrumentation includes the ability to heat and irradiate the specimen with multiple ion beam systems resulting in damage from both heavy ions and implantation of hydrogen ions. The formation of hydrides can then be observed with electron energy-loss spectroscopy.
A current grand challenge in materials science, is the role of the interface. This is true also of nuclear materials science. The interface may be defined as the region between two different solid phases but also the region between the solid and any contacting solution or gas. In-situ methods such as liquid cell (LC), gas flow cells, and CryoEM that are effective tools for investigating the solid-solution interface, could also be used to study materials under high temperature conditions relevant to NPPs (de Jonge and Ross, 2011; De Yoreo and Sommerdijk, 2016). When steam at high temperatures reacts with Zircaloy cladding and B4C absorber materials, an exothermic reaction results with the generation of H2 gas. Under severe accident scenarios, high temperature water may also react with UO2 nuclear fuels, resulting in rapid oxidation to UO2+x, and release of fission products possibly into the environment. These interfacial reactions occurred following the magnitude 9.0 Tohoku-oki earthquake and tsunami in March 2011, and subsequent disaster at the Fukushima-Daiichi NPPs, in Japan, (Burns et al., 2012; Kurata et al., 2018). How reactor materials and components react at high temperature can be addressed with in-situ EM and CryoEM and could provide critical information on the operational safety of these materials. When combined ion irradiation, in-situ methods could provide further insight into potential deleterious reactions.
Both solid-solid, solid-gas, and solid-liquid reactions are important interfacial processes that may occur in materials for nuclear applications. Studying these systems with in-situ heating, in-situ LC and gas-flow methods can provide important insights into materials behavior. Khanolkar et al. (2021) used in situ TEM heating to follow the evolution of a series of uranium-zirconium phases, including U20Zr, with increasing temperature. The initial lamellar microstructure consisting of rod-like α-U precipitates embedded in a hexagonal δ-U-Zr matrix underwent spinodal decomposition at 600°C to a body centered cubic form. High temperature gas phase TEM holders are being used to study the reaction of high-entropy alloys with hydrogen (Song et al., 2021). High-entropy alloys are being considered in advanced reactor designs owing to their potential radiation resistance. Song et al. (2021) used an in-situ gas-flow TEM holder to view the formation of a porous structure in a high-entropy alloy as hydrogen penetrated the material. Conroy et al. (2017) used LC TEM to study the t dissolution of boehmite in water, as influenced by the electron beam, a phase found in alkaline nuclear waste sludge from the high temperature reaction of Al in solution. The dissolution of these phases is crucial for effective waste processing (Peterson et al., 2018).
The dose that can be induced by the electron beam can be exceptionally high, easily exceeding that experienced in a reactor environment (Abellan et al., 2014; Moser et al., 2018). Schneider and co-workers have reported doses in the range of 107 Gy/s within an area with a radius of 1 µm in an in-situ liquid cell (Schneider et al., 2014). In contrast, reactor coolant doses range from 10−17 to 10−13 Gy/h•cm2 which calls into question the use of in-situ liquid cell observations on any system, including those that would normally be exposed to radiolytic fields. Consequently, observations made with in-situ LC electron microscopy should be confirmed with CryoEM and other techniques. Furthermore, materials such as hydrated phases that often form on the surfaces of nuclear materials exposed to high temperature steam (Kubatko et al., 2003; Bolling et al., 2019), may also be sensitive to the electron beam. Knock-on damage in materials depends on the beam energy and the displacement energy of atoms in the structure but radiolytic effects can result in rapid decomposition of materials containing structural or interlayer/interstitial water if the beam energy is sufficient to induce radiolytic decomposition of water (Egerton, 2012). Many of the issues associated with radiolytic beam damage can be reduced (but not eliminated) by studying systems at cryogenic temperatures, in combination with higher performance DDEC cameras that enable low dose techniques.
The 2017 Nobel Prize in Chemistry was awarded to Dubochet, Frank, and Henderson for contributions that have enabled the imaging of biological macromolecules down to the atomic level (Callaway, 2015). CryoEM involves the rapid freezing (or vitrification) of solutions in liquid ethane and the imaging of thousands of identical particles, which can then be used to develop a structure of the specific macromolecular crystal. A significant technical advancement that has enabled CryoEM to become a viable competitor to x-ray methods, has been the development of the DDEC camera. The DDEC camera has vastly improved signal capture relative to traditional digital cameras, enabling the observation of beam sensitive materials. New challenges include increasing the speed of the vitrification process to capture chemical processes at earlier stages of reaction and making sample preparation more reliable, routine, and reproducible.
As well as capturing crystal nucleation phenomena, CryoEM may preserve hydrated phases that often form in reactor steam environments or enable observation of beam sensitive materials, such as uranyl oxyhydrates, zeolites, and metal-oxygen framework (MOF) structures. There is continued interest in the sorption or incorporation of radionuclides into secondary phases such as clays, iron oxides (Ilton et al., 2012), zeolites (Maddrell et al., 2015), and MOF structures. MOFs have been engineered to incorporate various radionuclides including americium and plutonium (Ridenour et al., 2019; Surbella et al., 2021). Current vitrification tools typically operate at ambient conditions and use liquid ethane to freeze the specimen to liquid nitrogen temperatures. To study faster chemical processes or reactions, the speed of freezing process may need to be improved. Modern CryoEM techniques can utilize all the normal TEM modes, including scanning TEM (STEM), diffraction, and analytical spectroscopy.
CryoEM provides snapshots in time during a reaction process such as the precipitation of plutonium oxalates, a separation step used in the production of plutonium metal (Meadows et al., 2020). CryoEM can be used to study the effect of the interface on surface reactions. Future advancements that enable atomic resolution of beam sensitive materials, and single atom detection, will be accomplished with a combination of CryoEM and imaging with the more sensitive direct electron detectors, enabling the imaging of sorption process of radioactive waste species in MOF or zeolite structures, for instance. The paragenesis of uranium oxide corrosion is fundamental to understanding the long-term behavior of disposed spent nuclear fuel (Finch and Ewing, 1992; Ewing, 2015), including transport of uranium and plutonium colloids (Novikov et al., 2006; Bots et al., 2014; Zhao et al., 2016). Our understanding of the complexity of mineral precipitation has vastly improved through the application of CryoEM and in-situ liquid cell EM, firmly establishing the importance of non-classical crystal growth mechanisms such as particle attachment and the realization that crystallization can occur over multiple complex pathways. However, it is unclear whether such processes also occur during the corrosion of nuclear waste glass and uranyl oxyhydrate precipitation. Recent work by Whittaker and co-workers has shown that the electrical double layer (EDL) can now be analyzed with CryoEM and Cryo-Electron Tomography (Whittaker et al., 2022). Through careful computational control of the imaging conditions and image reconstruction, the nature of the EDL was revealed. Direct analysis of the EDL in highly alkaline radioactive sludge, could lead to improved understanding of the rheology of the waste. If CryoEM can be used to measure the interaction of radiocolloids, it could provide inputs to atomistic models for predicting the interionic and inter-colloidal forces under specific conditions. As colloids sorb to a surface or diffuse along a pathway, CryoEM could describe the dynamics of these interfaces, improving models for radionuclide transport for nuclear waste repositories.
These new tools from the biological and material sciences, CryoEM and LC TEM, have made significant contributions to our understanding nucleation and growth phenomena, dissolution, and oxidation processes. These processes are important to many nuclear materials and understanding them improves our ability to predict materials properties. Using these new tools with irradiated and radioactive materials could provide new insights into materials properties and enable us to speed up the development of new materials for advanced nuclear reactors as well as improving methods for radioactive waste clean-up and disposal.
The goal of the Nuclear Materials Section of Frontiers in Nuclear Engineering will be to bring together researchers from the global community and associated interdisciplinary materials science fields to foster new collaborative research and accelerate the developments of materials for nuclear applications.
AUTHOR CONTRIBUTIONS
The author confirms being the sole contributor of this work and has approved it for publication.
FUNDING
This work was supported by the DOE-NE (Nuclear Energy) Spent Fuel and Waste Science and Technology (SFWST) Campaign. Pacific Northwest National Laboratory is operated by Battelle under contract DE-AC05-76RL01830.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Abellan, P., Woehl, T. J., Parent, L. R., Browning, N. D., Evans, J. E., Arslan, I., et al. (2014). Factors influencing quantitative liquid (scanning) transmission electron microscopy. Chem. Commun. 50, 4873–4880. doi:10.1039/c3cc48479c
 Aitkaliyeva, A., Madden, J. W., Miller, B. D., Papesch, C. A., and Cole, J. I. (2015). TEM examination of phases formed between U–Pu–Zr fuel and Fe. J. Nucl. Mater. 467 (2), 717–723. doi:10.1016/j.jnucmat.2015.10.043
 Allen, T., Busby, J., Meyer, M., and Petti, D. (2010). Materials challenges for nuclear systems. Mater. Today 13, 14–23. doi:10.1016/s1369-7021(10)70220-0
 Amme, M., Pehrman, R., Deutsch, R., Roth, O., and Jonsson, M. (2012). Combined effects of Fe(II) and oxidizing radiolysis products on UO2 and PuO2 dissolution in a system containing solid UO2 and PuO2. J. Nucl. Mater. 430, 1–5. doi:10.1016/j.jnucmat.2012.06.036
 Bolling, S. D., Reynolds, J. G., Ely, T. M., Lachut, J. S., Lamothe, M. E., Cooke, G. A., et al. (2019). Natrophosphate and kogarkoite precipitated from alkaline nuclear waste at Hanford. J. Radioanal. Nucl. Chem. 323, 329–339. doi:10.1007/s10967-019-06924-9
 Bots, P., Morris, K., Hibberd, R., Law, G. T. W., Mosselmans, J. F. W., Brown, A. P., et al. (2014). formation of stable uranium(VI) colloidal nanoparticles in conditions relevant to radioactive waste disposal. Langmuir 30, 14396–14405. doi:10.1021/la502832j
 Burns, P. C., Ewing, R. C., and Navrotsky, A. (2012). Nuclear fuel in a reactor accident. Science 335, 1184–1188. doi:10.1126/science.1211285
 Callaway, E. (2015). The revolution will not be crystallized: a new method sweeps through structural biology. Nature 525, 172–174. doi:10.1038/525172a
 Clark, R. A., Conroy, M. A., Lach, T. G., Buck, E. C., Pellegrini, K. L., McNamara, B. K., et al. (2020). Distribution of metallic fission-product particles in the cladding liner of spent nuclear fuel. npj Mat. Degrad. 4, 4. doi:10.1038/s41529-019-0107-0
 Conroy, M., Soltis, J. A., Wittman, R. S., Smith, F. N., Chatterjee, S., Zhang, X., et al. (2017). Importance of interlayer H bonding structure to the stability of layered minerals. Sci. Rep. 7, 13274. doi:10.1038/s41598-017-13452-7
 Cureton, W. F., Palomares, R. I., Tracy, C. L., O'Quinn, E. C., Walters, J., Zdorovets, M., et al. (2019). Effects of irradiation temperature on the response of CeO2, ThO2, and UO2 to highly ionizing radiation. J. Nucl. Mater. 525, 83–91. doi:10.1016/j.jnucmat.2019.07.029
 de Jonge, N., and Ross, F. M. (2011). Electron microscopy of specimens in liquid. Nat. Nanotechnol. 6, 695–704. doi:10.1038/nnano.2011.161
 De Yoreo, J. J., and Sommerdijk, N. A. J. M. (2016). Investigating materials formation with liquid-phase and cryogenic TEM. Nat. Rev. Mat. 1, 16035. doi:10.1038/natrevmats.2016.35
 Devanathan, R., Van Brutzel, L., Chartier, A., Gueneau, C., Mattsson, A. E., Tikare, V., et al. (2010). Modeling and simulation of nuclear fuel materials. Energy Environ. Sci. 3, 1406. doi:10.1039/c0ee00028k
 Egerton, R. F. (2012). Mechanisms of radiation damage in beam-sensitive specimens, for TEM accelerating voltages between 10 and 300 kV. Microsc. Res. Tech. 75, 1550–1556. doi:10.1002/jemt.22099
 Ewing, R. C. (2015). Long-term storage of spent nuclear fuel. Nat. Mat. 14, 252–257. doi:10.1038/nmat4226
 Ewing, R. C., Meldrum, A., Wang, L., and Wang, S. (2000). Radiation-induced amorphization. Rev. Mineralogy Geochem. 39, 319–361. doi:10.2138/rmg.2000.39.12
 Finch, R. J., and Ewing, R. C. (1992). The corrosion of uraninite under oxidizing conditions. J. Nucl. Mater. 190, 133–156. doi:10.1016/0022-3115(92)90083-w
 Gelles, D. S. (1996). Microstructural examination of commercial ferritic alloys at 200 dpa. J. Nucl. Mater. 233-237, 293–298. doi:10.1016/s0022-3115(96)00222-x
 Hattar, K., Bufford, D. C., and Buller, D. L. (2014). Concurrent in situ ion irradiation transmission electron microscope. Nucl. Instrum. Methods Phys. Res. Sect. B Beam Interact. Mater. Atoms 338, 56–65. doi:10.1016/j.nimb.2014.08.002
 Ilton, E. S., Pacheco, J. S. L., Bargar, J. R., Shi, Z., Liu, J., Kovarik, L., et al. (2012). Reduction of U(VI) incorporated in the structure of hematite. Environ. Sci. Technol. 46, 9428–9436. doi:10.1021/es3015502
 Jégou, C., Caraballo, R., De Bonfils, J., Broudic, V., Peuget, S., Vercouter, T., et al. (2010). Oxidizing dissolution of spent MOX47 fuel subjected to water radiolysis: Solution chemistry and surface characterization by Raman spectroscopy. J. Nucl. Mater. 399, 68–80. doi:10.1016/j.jnucmat.2010.01.004
 Jiang, W., Zhang, J., Kovarik, L., Zhu, Z., Price, L., Gigax, J., et al. (2017). Irradiation effects and hydrogen behavior in H2+ and He+ implanted γ-LiAlO2 single crystals. J. Nucl. Mater. 484, 374–381. doi:10.1016/j.jnucmat.2016.03.014
 Jiang, W., Spurgeon, S. R., Zhu, Z., Yu, X., Kruska, K., Wang, T., et al. (2018). Chemical imaging and diffusion of hydrogen and lithium in lithium aluminate. J. Nucl. Mater. 511, 1–10. doi:10.1016/j.jnucmat.2018.08.057
 Kaddissy, J. A., Esnouf, S., Durand, D., Saffre, D., Foy, E., Renault, J.-P., et al. (2017). Radiolytic events in nanostructured aluminum hydroxides. J. Phys. Chem. C 121, 6365–6373. doi:10.1021/acs.jpcc.6b13104
 Khanolkar, A., Yao, T., Hua, Z., Dennett, C. A., Reese, S. J., Schley, R. S., et al. (2021). In situ monitoring of microstructure evolution during thermal processing of uranium-zirconium alloys using laser-generated ultrasound. J. Nucl. Mater. 553, 153005. doi:10.1016/j.jnucmat.2021.153005
 Kirk, M. A., Baldo, P. M., Liu, A. C. Y., Ryan, E. A., Birtcher, R. C., Yao, Z., et al. (2009). In situ transmission electron microscopy and ion irradiation of ferritic materials. Microsc. Res. Tech. 72, 182–186. doi:10.1002/jemt.20670
 Kubatko, K. A. H., Helean, K. B., Navrotsky, A., and Burns, P. C. (2003). Stability of peroxide-containing uranyl minerals. Science 302, 1191–1193. doi:10.1126/science.1090259
 Kurata, M., Barrachin, M., Haste, T., and Steinbrueck, M. (2018). Phenomenology of BWR fuel assembly degradation. J. Nucl. Mater. 500, 119–140. doi:10.1016/j.jnucmat.2017.12.004
 Lang, E., Dennett, C. A., Madden, N., and Hattar, K. (2022). The in situ ion irradiation toolbox: Time-resolved structure and property measurements. JOM 74, 126–142. doi:10.1007/s11837-021-04993-4
 Lewis, M. B., Packan, N. H., Wells, G. F., and Buhl, R. A. (1979). Improved techniques for heavy-ion simulation of neutron radiation damage. Nucl. Instrum. Methods 167, 233–247. doi:10.1016/0029-554x(79)90011-9
 Li, M., Kirk, M. A., Baldo, P. M., and Ryan, E. A. (2015). TEM with in situ ion irradiation of nuclear materials: The IVEM-tandem user facility. Microsc. Microanal. 21, 437–438. doi:10.1017/s1431927615002986
 Li, W., Shen, Y., Zhou, Y., Nan, S., Chen, C.-H., Ewing, R. C., et al. (2017). In situ TEM observation of alpha-particle induced annealing of radiation damage in Durango apatite. Sci. Rep. 7, 14108. doi:10.1038/s41598-017-14379-9
 Liu, N., Wu, L., Qin, Z., and Shoesmith, D. W. (2016). Roles of radiolytic and externally generated H2 in the corrosion of fractured spent nuclear fuel. Environ. Sci. Technol. 50, 12348–12355. doi:10.1021/acs.est.6b04167
 Lu, F., Shen, Y., Dong, Z., Wang, G., Zhang, F., Ewing, R. C., et al. (2014). Ion beam irradiation-induced amorphization of nano-sized KxLnyTa2O7-v tantalate pyrochlore. Front. Energy Res. 2. doi:10.3389/fenrg.2014.00048
 Moser, T. H., Mehta, H., Park, C., Kelly, R. T., Shokuhfar, T., and Evans, J. E. (2018) The role of electron irradiation history in liquid cell transmission electron microscopy. Sci. Adv. 4, eaaq1202. doi:10.1126/sciadv.aaq1202
 Maddrell, E. R., Vance, E. R., and Gregg, D. J. (2015). Capture of iodine from the vapour phase and immobilisation as sodalite. J. Nucl. Mater. 467 (1), 271–279. doi:10.1016/j.jnucmat.2015.09.038
 Marquis, E. A., Lozano-Perez, S., and Castro, V. d. (2011). Effects of heavy-ion irradiation on the grain boundary chemistry of an oxide-dispersion strengthened Fe–12wt.% Cr alloy. J. Nucl. Mater. 417, 257–261. doi:10.1016/j.jnucmat.2010.12.251
 Matthews, B. E., Sassi, M., Barr, C., Ophus, C., Kaspar, T. C., Jiang, W., et al. (2021). Percolation of ion-irradiation-induced disorder in complex oxide interfaces. Nano Lett. 21, 5353–5359. doi:10.1021/acs.nanolett.1c01651
 Meadows, T., Kruska, K., Tripathi, S., Hall, G., Carter, J., McNamara, B., et al. (2020). Unveiling the early stages of the F-element oxalate growth evolution with cryo-TEM. Microsc. Microanal. 26, 642–644. doi:10.1017/s143192762001538x
 Mishra, P., Sah, D. N., Kumar, S., and Anantharaman, S. (2012). Microstructural examination of high temperature creep failure of Zircaloy-2 cladding in irradiated PHWR fuel pins. J. Nucl. Mater. 429, 257–262. doi:10.1016/j.jnucmat.2012.06.002
 Müller, A., Deblonde, G. J. P., Ercius, P., Zeltmann, S. E., Abergel, R. J., Minor, A. M., et al. (2021). Probing electronic structure in berkelium and californium via an electron microscopy nanosampling approach. Nat. Commun. 12, 948. doi:10.1038/s41467-021-21189-1
 Novikov, A. P., Kalmykov, S. N., Utsunomiya, S., Ewing, R. C., Horreard, F., Merkulov, A., et al. (2006). Colloid transport of plutonium in the far-field of the mayak production association, Russia. Science 314, 638–641. doi:10.1126/science.1131307
 Parker-Quaife, E. H., Verst, C., Heathman, C. R., Zalupski, P. R., and Horne, G. P. (2020). Radiation-induced molecular hydrogen gas generation in the presence of aluminum alloy 1100. Radiat. Phys. Chem. 177, 109117. doi:10.1016/j.radphyschem.2020.109117
 Parrish, R., and Aitkaliyeva, A. (2018). A review of microstructural features in fast reactor mixed oxide fuels. J. Nucl. Mater. 510, 644–660. doi:10.1016/j.jnucmat.2018.05.076
 Peterson, R. A., Buck, E. C., Chun, J., Daniel, R. C., Herting, D. L., Ilton, E. S., et al. (2018). Review of the scientific understanding of radioactive waste at the U.S. DOE hanford site. Environ. Sci. Technol. 52, 381–396. doi:10.1021/acs.est.7b04077
 Popel, A. J., Spurgeon, S. R., Matthews, B., Olszta, M. J., Tan, B. T., Gouder, T., et al. (2020). An atomic-scale understanding of UO2 surface evolution during anoxic dissolution. ACS Appl. Mat. Interfaces 12, 39781–39786. doi:10.1021/acsami.0c09611
 Ray, I. L. F., Matzke, H., Thiele, H. A., and Kinoshita, M. (1997). An electron microscopy study of the RIM structure of a UO2 fuel with a high burnup of 7.9% FIMA. J. Nucl. Mater. 245, 115–123. doi:10.1016/s0022-3115(97)00015-9
 Reiff, S. C., and LaVerne, J. A. (2017). Radiolysis of water with aluminum oxide surfaces. Radiat. Phys. Chem. 131, 46–50. doi:10.1016/j.radphyschem.2016.10.022
 Rest, J., Cooper, M. W. D., Spino, J., Turnbull, J. A., Van Uffelen, P., Walker, C. T., et al. (2019). Fission gas release from UO2 nuclear fuel: A review. J. Nucl. Mater. 513, 310–345. doi:10.1016/j.jnucmat.2018.08.019
 Ridenour, J. A., Surbella, R. G., Gelis, A. V., Koury, D., Poineau, F., Czerwinski, K. R., et al. (2019). An americium-containing metal–organic framework: A platform for studying transplutonium elements. Angew. Chem. Int. Ed. Engl. 58, 16660–16663. doi:10.1002/ange.201909988
 Sassi, M., Kaspar, T., Rosso, K. M., and Spurgeon, S. R. (2019). Effect of structure and composition on the electronic excitation induced amorphization of La2Ti2−xZrxO7 ceramics. Sci. Rep. 9, 8190. doi:10.1038/s41598-019-44621-5
 Schneider, N. M., Norton, M. M., Mendel, B. J., Grogan, J. M., Ross, F. M., Bau, H. H., et al. (2014). Electron–water interactions and implications for liquid cell electron microscopy. J. Phys. Chem. C 118, 22373–22382. doi:10.1021/jp507400n
 Schwantes, J. M., Conroy, M. A., Lach, T. G., Lonergan, J. M., Pellegrini, K. L., Robertson, D. E., et al. (2019). Changing the rules of the game: Used fuel studies outside of a remote handling facility. J. Radioanalytical Nucl. Chem. 322, 1267–1272. Medium: X; Size.
 Song, B., Yang, Y., Yang, T. T., He, K., Hu, X., Yuan, Y., et al. (2021). Revealing high-temperature reduction dynamics of high-entropy alloy nanoparticles via in situ transmission electron microscopy. Nano Lett. 21, 1742–1748. doi:10.1021/acs.nanolett.0c04572
 Spurgeon, S. R., Sassi, M., Ophus, C., Stubbs, J. E., Ilton, E. S., and Buck, E. C. (2019). “Nanoscale oxygen defect gradients in UO2+x surfaces,” in Proceedings of the national academy of sciences , 201905056. 
 Surbella, R. G., Reilly, D. D., Sinnwell, M. A., McNamara, B. K., Sweet, L. E., Schwantes, J. M., et al. (2021). Multifunctional two-dimensional metal–organic frameworks for radionuclide sequestration and detection. ACS Appl. Mat. Interfaces 13, 45696–45707. doi:10.1021/acsami.1c11018
 Tanaka, K., Maeda, K., Sasaki, S., Ikusawa, Y., and Abe, T. (2006). Fuel – cladding chemical interaction in MOX fuel rods irradiated to high burnup in an advanced thermal reactor. J. Nucl. Mater. 357, 58–68. doi:10.1016/j.jnucmat.2006.05.052
 Taylor, C. A., Bufford, D. C., Muntifering, B. R., Senor, D., Steckbeck, M., Davis, J., et al. (2017a). In situ TEM multi-beam ion irradiation as a technique for elucidating synergistic radiation effects. Mater. (Basel, Switz. 10, 1148. doi:10.3390/ma10101148
 Taylor, C. A., Bufford, D. C., Muntifering, B. R., Senor, D., Steckbeck, M., Davis, J., et al. (2017b). In situ TEM multi-beam ion irradiation as a technique for elucidating synergistic radiation effects. Materials 10, 1148. doi:10.3390/ma10101148
 Teague, M., Gorman, B., Miller, B., and King, J. (2014). EBSD and TEM characterization of high burn-up mixed oxide fuel. J. Nucl. Mater. 444, 475–480. doi:10.1016/j.jnucmat.2013.10.037
 Tribet, M., Marques, C., Mougnaud, S., Broudic, V., Jegou, C., Peuget, S., et al. (2021). Alpha dose rate and decay dose impacts on the long-term alteration of HLW nuclear glasses. npj Mat. Degrad. 5, 36. doi:10.1038/s41529-021-00183-4
 Une, K., Imamura, M., Amaya, M., and Korei, Y. (1995). Fuel oxidation and irradiation behaviors of defective BWR fuel rods. J. Nucl. Mater. 223, 40–50. doi:10.1016/0022-3115(94)00693-8
 Wang, C., Yang, T., Tracy, C. L., Lu, C., Zhang, H., Hu, Y.-J., et al. (2019). Disorder in Mn+1AXn phases at the atomic scale. Nat. Commun. 10, 622. doi:10.1038/s41467-019-08588-1
 Wang, S. X., Lumpkin, G. R., Wang, L. M., and Ewing, R. C. (2000). Ion irradiation-induced amorphization of six zirconolite compositions. Nucl. Instrum. Methods Phys. Res. Sect. B Beam Interact. Mater. Atoms 166-167, 293–298. doi:10.1016/s0168-583x(99)00665-5
 Wang, S. X., Wang, L. M., Ewing, R. C., Was, G. S., and Lumpkin, G. R. (1999). Ion irradiation-induced phase transformation of pyrochlore and zirconolite. Nucl. Instrum. Methods Phys. Res. Sect. B Beam Interact. Mater. Atoms 148, 704–709. doi:10.1016/s0168-583x(98)00847-7
 Was, G. S., Jiao, Z., Getto, E., Sun, K., Monterrosa, A. M., Maloy, S. A., et al. (2014). Emulation of reactor irradiation damage using ion beams. Scr. Mater. 88, 33–36. doi:10.1016/j.scriptamat.2014.06.003
 Was, G. S., Petti, D., Ukai, S., and Zinkle, S. (2019). Materials for future nuclear energy systems. J. Nucl. Mater. 527, 151837. doi:10.1016/j.jnucmat.2019.151837
 Weber, W. J., Ewing, R. C., and Wang, L. M. (1994). The radiation-induced crystalline-to-amorphous transition in zircon. J. Mat. Res. 9, 688–698. doi:10.1557/jmr.1994.0688
 Whittaker, M. L., Ren, D., Ophus, C., Zhang, Y., Waller, L., Gilbert, B., et al. (2022). Ion complexation waves emerge at the curved interfaces of layered minerals. Nat. Commun. 13, 3382. doi:10.1038/s41467-022-31004-0
 Wirth, B. D. (2007). How does radiation damage materials?Science 318, 923–924. doi:10.1126/science.1150394
 Zhao, P., Begg, J. D., Zavarin, M., Tumey, S. J., Williams, R., Dai, Z. R., et al. (2016). Plutonium(IV) and (V) sorption to goethite at sub-femtomolar to micromolar concentrations: Redox transformations and surface precipitation. Environ. Sci. Technol. 50, 6948–6956. doi:10.1021/acs.est.6b00605
 Zinkle, S. J., and Snead, L. L. (2018). Opportunities and limitations for ion beams in radiation effects studies: Bridging critical gaps between charged particle and neutron irradiations. Scr. Mater. 143, 154–160. doi:10.1016/j.scriptamat.2017.06.041
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Buck. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




OPS/images/crossmark.jpg
©

|





OPS/xhtml/nav.xhtml
Contents

		Cover

		Grand challenges in nuclear materials new insights into nuclear materials using ion irradiation, CryoEM, and in-situ liquid cell microscopy		Author contributions

		Funding

		Publisher’s note

		References









OPS/images/cover.jpg
, frontiers ‘ Frontiers in Nuclear Engineering

Grand challenges in nuclear
materials new insights into
nuclear materials using ion
irradiation, CryoEM, and in-situ
liquid cell microscopy





OPS/images/logo.jpg
2 frontiers | Frontiers in Nuclear Engineering





