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The advancement of nuclear energy technology necessitates the development of novel materials and synthesis methods to produce materials which enable new fuel cycles. Alongside the maturation of R&D scale technologies to produce these materials, there is an ongoing effort to develop in situ monitoring capabilities to reduce the time to the discovery and development of these fuels. Monitoring data can be leveraged in artificial intelligence platforms to detect phenomena which lead to varied macro- and microstructural features which impact the application and performance of samples synthesized. The present study presents early-stage findings of the implementation of high-temperature, high-frame-rate infrared thermal imaging to monitor the arc-melt synthesis of novel fuels and compounds relevant to advanced nuclear reactors. The study illustrates both the challenges and opportunities of this methodology, highlighting the importance of internal standards while determining emissivity and transmission values as well as visualizing volatilization during melt synthesis.
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1 INTRODUCTION
Researchers across the globe are advancing clean energy solutions (nuclear energy, renewables, and energy storage materials) with the goal of reducing our carbon footprint. The advancement of nuclear energy technologies, such as the introduction of novel fuels and reactor types, and manufacturing capabilities are at the forefront of these efforts. The present investigation provides early-stage findings in a study to assess the feasibility of high-temperature thermal imaging to inform the melt synthesis of compounds and alloys in situ. The investigators argue that the development of this novel methodology will enable a capability to shorten the time to material discovery by visualizing the melt and solidification phenomena of high-temperature compounds during synthesis. In situ monitoring coupled with computer vision methods (a sub-field of artificial intelligence) will allow researchers to identify melt phenomena and then predict sample homogeneity following fabrication. This effort aims to shortcut the characterization time which traditionally involves labor- and time-intensive sample preparation for diffraction and electron microscopy characterization. Furthermore, the identification of high-temperature phase formation, segregation, solid-state phase transitions, and volatility are critical for thermodynamic modeling of these fuel-cycle material systems, where structure and property data remain scarce. Pairing melting and solidification behavior observations with post-melt characterization will facilitate the discovery of high-temperature crystalline phases not observed in conventional alloy development without extensive post-synthesis microstructural characterization. The methods developed in this study are readily applicable to other melt synthesis methods, including additive manufacturing (AM) techniques used for conventional structural materials.
Research into actinide compound synthesis presents several challenges, including but not limited to safe handling of radiological materials, pyrophoricity, sourcing high-purity precursors, and a general lack of well-defined thermodynamic and thermochemical information. While oxide compounds have seen historic interest due to their application and relevance to civilian nuclear power systems, intermetallic compounds and alloys have been far less investigated. Uranium binary and ternary compounds present a wide range of melt temperatures and thermal properties, and additionally have complex melt and nucleation phenomena, leading to several unexplored material systems for testing the methods developed here (Sooby Wood et al., 2016; Sooby Wood et al., 2017; Lopes et al., 2019; Sooby Wo et al., 2020; Wilson et al., 2020; Gonzales et al., 2021; Watkins et al., 2021; Moczygemba et al., 2022). Furthermore, there are several inconsistencies among experimentally observed phase structures and thermodynamically predicted phase diagrams (Sooby Wood et al., 2017; Moczygemba et al., 2022). These discrepancies provide a material testbed with ample material systems which can meaningfully contribute to the current state of knowledge while concurrently developing a capability applicable to a broader array of material systems.
There does not exist a formal methodology in a research and development (R&D) setting that can collect high-frame-rate thermal images of arc-melt pools during the synthesis of actinide compounds. However, thermal imaging paired with high-speed image capture has been employed to study direct energy deposition (DED) AM melt pool dynamics, as explored in Arrizubieta et al. (2017), Calta et al. (2017), Cheng et al. (2018), Heigel and Lane (2018), Wirth et al. (2018), and Mazzoleni et al. (2019). The challenges of using thermal imaging to resolve microstructural defects originating in melt dynamics include the high-speed dynamics of the melt pool (limitations of the camera frame rate) as well as the spatial resolution required for the imaging technology (Mazzoleni et al., 2019). Cheng et al. (2018) used a near-IR camera to measure melt pool dimensions as a function of build height and found little correlation between the melt pool dimensions (length and width) and the height of the build for nickel-based super alloys. The challenge they encountered was the spatial resolution of the imaging technique, as they were only able to measure the overall dimension of the melt pool rather than the dynamics within the melt pool that would cause microstructural defects. Infrared (IR) camera developers recommend using a 3 × 3 pixel grid to accurately measure the temperature of a spatially resolved feature. While conventionally manufactured materials fabricated through forging, cold-working, and/or sintering produce small crystalline grains (nm to μm sizes), arc-melting is capable of producing materials with tens to hundreds of micrometer size grains. It is argued here that, to resolve microstructural feature formation in the methods presented, each pixel must be in the order of at least 10 μm. Cheng et al. (2018) demonstrated pixel sizes of 47–80 μm, limiting the ability to detect microstructural defect-causing dynamics such as key holing or spatter. A similar pixel size limitation is clear in Wirth et al. (2018), where the melt dynamics, specifically the surface flow field, were studied spatially using a high-speed IR camera.
Mazzoleni et al. (2019) presented the spatial, temporal, and wavelength resolution criteria to observe melt pool dynamics using CMOS imaging techniques. Their analysis settled on a frame acquisition rate of 1,200 frames per second (1.2 kHz), a 4.3 × 4.3 mm field of view, and a 14 μm/pixel spatial resolution. They concluded that the near-IR range was able to provide the most information on melt pool size, and the 1.2 kHz capture frequency proved adequate for resolving the melt pool evolution. However, CMOS detectors cannot be directly calibrated to quantify temperature. At these imaging parameters, microstructural effects were still unobservable using this technology. Instead, a dynamic study of the molten region was presented (Mazzoleni et al., 2019).
These studies investigated bulk (feature size on the order of 100 μm) melt dynamics. To meet the objectives of our broader study, the research team must observe microstructural features during melt and solidification. We recognize a trade-off in the cost of the technology employed to study melt dynamics and the scale of observable phenomena. In situ X-ray imaging, employing a synchrotron X-ray source, was utilized to resolve microstructural features, including features such as depressions and pores. (Martin et al., 2019). From a process monitoring perspective, placing AM equipment (or an arc-melt furnace) in a synchrotron facility is impractical for day-to-day process monitoring, although significant information about laser-metal dynamics can be obtained. Therefore, the present study employed an IR camera capable of resolving microstructural features forming in the melt pool of an arc-melt-synthesized sample. The Broadband InSb, 1.5–5.0 µm detector was used to allow for a 1280 × 1024 pixel resolution with a 181 Hz frequency for the full frame that can be windowed to 6 kHz. The extended 1.5–5.0 µm range is necessary to observe dynamics of the melt through the fused quartz observation tube (furnace tube/window). Thermographic calibration filters included with the IR camera facilitate temperature data to be accurately acquired to 3,000°C. However, the study presented here displays the challenges, specifically emissivity and transmission, to accurate calibration, given the physical barriers necessary for the arc-melting process. Emissivity and transmission relate to the ability of the sample to emit infrared radiation. However, as demonstrated in Figure 1, two lenses are placed between the IR camera and the melted sample. A previous study has highlighted the importance of luminance maps for IR observations of arc-melting materials (Hafid El Mir et al., 2010). The protective quartz glass of the arc furnace and the UV shield are in place to prevent intense UV rays emitted from the arc-melting process—an occupational hazard.
[image: Figure 1]FIGURE 1 | Simplified diagram of arc furnace setup with (A) the quartz glass of the arc furnace and (B) the UV protective film in front of the camera.
Presented here are the findings from three monitored melts, observing the melt behavior of titanium (Ti), palladium silicide (PdSi), and uranium mononitride (UN). These three melts display the challenges as well as the opportunities of this IR observation method. Ti is a pure metal with well-defined and well-behaved melt (minimal to no volatilization). Molten Ti is often used as an internal oxygen “getter” in arc-melt furnaces to scrub ultra-high-purity (UHP) argon (Ar) gas of trace amounts of oxygen (O2). Palladium silicides are observed in post-irradiation examination (PIE) of particle fuel forms (Tiegs, 1982; Wen et al., 2018; Liu et al., 2023) fabricated by collaborating investigators, with the authoring team observing the melt behavior through the thermal imaging camera. Lastly, uranium mononitride (UN) is an advanced reactor fuel form proposed for reactors which require high temperature stability, high uranium density, and improved thermal transport properties compared to conventional uranium dioxide (Matthews, 1993; Rogozkin et al., 2003; Jaques et al., 2008; Arai, 2012; Brown et al., 2014; Nunez et al., 2014; Jaques et al., 2015; Yang et al., 2015; Johnson et al., 2016; Ortega et al., 2016; Uygur, 2016; Wallenius et al., 2020; Sooby et al., 2021; Watkins et al., 2021). UN, unlike Ti and PdSi, has a high vapor pressure at the melt point, exhibiting volatilization during melt (Nunez et al., 2014).
2 METHODS AND MATERIALS
2.1 Methods
A tri-arc-melting furnace (Centorr Vacuum Industries Model 5 TA) capable of achieving temperatures exceeding 3,000°C was used for the present study. The melting of conductive samples is achieved by resistively heating samples to and often beyond the melt point of the sample. Three independent power supplies provided up to 100 amps (A) of current per electrode to the sample at 8.5–12 volts (V). The current was increased until melting was observed. While samples were in the molten state, they typically exhibited a “pinwheeling” phenomenon observed through the UV shield of the melt furnace. The pinwheeling movement was created by molten material convection within a sample. In the setup described above, each electrode was at an angle to sample on the hearth. As voltage was applied, one side of the sample heated before the other, creating a gradient of heat across the surface of the sample. When liquidation occurred, this temperature gradient caused swirling of the sample, creating the illusion of a completely moving molten ingot that appears like a pin wheel. As displayed in Figure 2, the samples were placed within a cavity of the water-cooled copper hearth. The hearth and Ar atmosphere required to maintain the arc of the electrode were encased in a fused quartz (quartz glass) chamber. While an electric arc resistively heated samples to temperatures in excess of 1,000°C, the copper hearth was actively cooled to prevent fusing of the furnace structural materials. The active cooling quenched the bottom of samples once the arc was removed.
[image: Figure 2]FIGURE 2 | Downward angled view into the inside of the arc-melter holding chamber: a dimpled copper hearth can be seen below brass fittings which is incased in the fused quartz glass chamber.
An IR camera (FLIR X8580) was employed to monitor the melt of each sample presented here. Thermal imaging with FLIR X8580 combined a high-definition resolution of 1280 × 1024 pixels with fast frame rates and integration times to allow the recording of fast-moving subjects or, in this case, features such as rapid temperature changes, phase segregation, and cracking. The FLIR X8580 and arc furnace assembly is shown in Figure 3A.
[image: Figure 3]FIGURE 3 | (A) Arc-melt furnace and IR camera assembly without UV shielding. (B1-2) Arc-melt furnace and IR camera assembly with UV shielding for researcher safety only; no IR images were taken looking through UV shielding.
The camera and the data collection were controlled using a desktop PC and commercially available software known as FLIR Research Studio. Multiple parameters were considered when using it: distance from the object of observation (in this case, the wall of the quartz chamber), the atmospheric temperature, emissivity, reflected temperature, and relative humidity. In addition, the setup described above contained a fused quartz chamber acting as an external optical lens (EOL), leading to the inclusion of additional parameters of EOL transmission and EOL temperature. To maintain the consistency of results, each of these parameters was evaluated:
1. Distance from the object of observation. The camera was positioned at a fixed distance of 12 cm (0.12 m) from the wall of the fused quartz chamber to the lens of the camera during Ti and PdSi investigation. Recent techniques were developed to reduce this distance to 7 cm (0.07 m) from the wall of the chamber to the lens, which was employed in dU (depleted uranium) refinement and UN synthesis. This value represented the minimum allowable distance in our IR measurement to minimize potential interference. During refinement and compound synthesis, samples were displaced from their initial position inside the chamber. Future research will include a factor for this change in position during IR data collection. To create a consistent observation methodology, physical lines were placed on the camera tripod to ensure that the setup was assembled so that the camera would be brought to the proper height to ensure a view into the chamber prior to filming. Prior to each filming, the space between the quartz chamber wall and camera was reconfirmed with the values stated above.
2. Atmospheric temperature and relative humidity. The ambient temperature of the system was taken from the room’s temperature using a handheld probe (Omega HH802U). The measured temperature was then compared to the ambient temperature of the quartz glass chamber prior melting to establish temperature equilibrium before inducing temperature change via arc heating. Due to the inability to measure humidity in the room of observation, relative humidity measurements were taken from local weather reports and evaluated for accuracy against the relative standard humidity ranges of 30%–50% for ideal indoor humidity from the United States Environmental Protection Agency (US EPA, 2023). High outdoor humidity rates were then correlated to high indoor humidity rates within this range.
3. Emissivity. The emissivity of an object at room temperature ranges from a reflector, emissivity = 0, to a blackbody or absorber, emissivity = 1 (Claudson, 1958; FPI, 2023). At room temperature, approximately 25°C, most objects have a relative emissivity range of 0.9–1. Thus, an emissivity of 0.95 was employed while positioning the camera and for recordings at room temperature. However, emissivity changes inversely as the temperature of a material increases (Baker et al., 1963). Emissivity data are limited for nuclear materials, like UN, due to the recent development of UN for use as a nuclear fuel in experimental reactors. Therefore, inferred ranges of emissivity were taken from the emissive properties of pure uranium to compare temperature ranges. In addition, oxidation can tarnish a surface, causing the reflectivity to decrease and, in turn, affecting the emissivity of the surface. To prevent oxidation during the melt process, the crystal chamber of the furnace was flushed with high-purity argon gas until the oxygen content of the chamber reached a magnitude of [image: image] ppm. Therefore, during the melt process, all samples were treated as pure/unoxidized. Pure uranium has been found to have an emissivity of approximately 0.3–0.4 at 1,000°C (Baker et al., 1963) and 0.51 below melting temperature (Hole and Wright, 1939). During the refinement process (described in Section 2.2.3), uranium reaches melt temperature multiple times to purify the material. Pure uranium has a melting temperature of 1,132°C (Blumenthal, 1960), while UN has a melting temperature of 2,847°C [image: image] 30°C (Nunez et al., 2014). Therefore, and during the refinement of uranium, the emissivity value was set to 0.3–0.4 for data recording, and during UN synthesis, a range values from 0.2–0.3 was used.
4. Reflected temperature. The metal components which comprise the arc-melting assembly are reflective, polished metals (Figure 2). When ignited with an arc, the IR radiation transmits in an isotropic manner around a sample. These rays reflect off the metallic surface of the chamber, leading to inference by rays encountering the camera lens. This inference can misrepresent the temperature of the sample, leading to a data error. A thermal image of the setup was taken at room temperature using frame image subtraction to prevent reflections caused by lighting and human manipulation of the arc-melting setup. The room temperature reading is discussed further in comparison to molten uranium and UN synthesis in the results. To decrease the number of reflections during refinement, a second thermal image was taken once the sample melted. This subtraction displayed changes to the sample once melt was reached.
5. External optic properties of fused quartz. Research conducted on fused quartz (fused silica and quartz glass) has shown it to have a transmission rate of approximately 0.94 for the IR wavelength range of 700–1,000 nm (Nürnberg et al., 2016). The temperature of the EOL was measured during the refinement of the uranium and UN synthesis process using a handheld thermometer (Omega HH802U) when the sample was observed to have melted and was re-measured for each respective trial.
2.2 Materials
2.2.1 Titanium
Titanium was sourced commercially (Thermo Scientific Chemicals, 99.99% metal basis purity, 12.7 mm rod form), and samples were segmented from this rod stock using electronic discharge machining (EDM). Minimal preparation is required for this type of sample, although EDM residue was removed via grinding with SiC paper and cleaned thoroughly prior to melting using methanol and acetone.
2.2.2 Palladium silicide
Stoichiometric PdSi was of interest due to its stable high-temperature phase between ∼820–890[image: image]C—a relevant temperature for particle fuels. Palladium foil (sourced from Alfa Aesar, LOT Z20E017, 99.99% purity) of 1.0 mm thickness and granular silicon (virgin poly-fines sourced from Alfa Aesar, LOT M23E014, 99.999% purity) were prepared for arc-melt synthesis. Pd foil was segmented using a CBN metal bonded wafering blade on an Allied TechCut 4 low-speed saw (model 5–5,000). The segmented Pd and Si granules were cleaned using two 10 min successive washes of acetone then methanol in a Crest ultra-sonicator (model 175HTA). Masses of both materials were measured using an analytical balance (model VWR-210B2). The three-pocketed Cu hearth was assembled with approximately 1.362 g of Pd and 0.3655 g of Si. Both Pd and Si separately occupied two of the three pockets, while Ti, as previously described, occupied the third pocket as a molten internal getter. Both Pd and Si were consolidated into separate ingots, then combined to form the PdSi compound by allowing both ingots to occupy one pocket during melting. The Ti getter remained molten during the consolidation of the PdSi compound and acted as a calibration tool for comparing the IR temperatures of Ti to PdSi.
2.2.3 Uranium mononitride
UN synthesis was used in this study to highlight an opportunity of this method: observing volatilization during melt synthesis. Synthesis of UN in an arc-melt furnace is novel, as are the resulting microstructures, and the detailed experimental procedure as well as resulting microstructural and compositional analysis will be presented in a subsequent publication by the investigative team. The sample observed in the present study was prepared by segmenting ∼0.25 g of depleted uranium (dU) from metal feedstock received from Idaho National Laboratory. Since the compounding with nitrogen occurred in a liquid–gas phase interaction, the polished, cleaned uranium metal was the only precursor material placed in the furnace. No internal getter was used in the synthesis of UN due to the nitridization of all available common internal, oxygen-gettering metals. The chamber was subsequently purged using UHP Ar, purified by an external getter assembly comprised of a jeweler’s furnace (ProCast, PMC supplies) containing a Zr getter sponge held at 600°C. Once an oxygen level of [image: image] ppm was met, the dU ingot was melted using a controlled current of 30 A within an Ar gas environment (with a flow rate of 2 L per minute—LPM). The initial melt of the uranium aimed to refine the uranium metal, removing volatile impurities, before nitrogen (N2) was introduced to the furnace. The refinement process was repeated four times to ensure the purification of uranium from any impurities.
After precisely 60 s, a calculated introduction of 2 LPM of N2 gas occurred (purified of trace O2 using a separate jeweler’s furnace, SG-RRL, ToAuto, with an internal Cu getter), coinciding with an increase in current to 89 A. This step led to the formation of a distinct solid phase. Subsequently, the flow of N2 was terminated, allowing the metal to undergo a pinwheeling motion. N2 gas was then introduced into the chamber along with argon at a pressure of 2 psi for a duration of 1 min, with an arc of 89 A. Afterward, both the argon and nitrogen were arrested, and the system was allowed to cool to room temperature before removing the sample.
3 RESULTS AND DISCUSSION
3.1 Titanium
The earliest experimental efforts of this work were conducted on Ti. The experiments were conducted on heritage samples used by the investigators, typically as oxygen scrubbing materials commonly referred to as “getters.” Ti is a common getter employed in the arc-melt synthesis of oxygen-sensitive materials, and thereby is often co-located in the furnace chamber with the actinide or nuclear materials of interest and provides an additional thermal signature during fabrication. A Ti getter was placed in the hearth and brought to melt temperature, reportedly at 1,660°C. Since the getter experienced a phase change (solid to liquid), the temperature of the sample plateaued at 1,660°C, allowing a temperature that could be used to calibrate the IR camera. Figure 4A highlights an uncalibrated measurement of temperatures across the getter with a low temperature range between 31°C and 61°C. Although the calibration is inaccurate, the dramatic change in temperature from the top and bottom of the sample aligns with a reading consistent with a cooled hearth and heated electrode.
[image: Figure 4]FIGURE 4 | (A) Uncalibrated radiometric image of a Ti getter at a liquid state inside an arc furnace, taken with an IR camera, with a temperature range of 31.81°C–61.81°C, showcasing a temperature range that is not reflective of the real temperatures of the surfaces depicted. (B) Michels and Wilford’s plot of Ti total emissivity vs. temperature (Michels and Wilford, 1949).
Although the emissivity of Ti at 1,660°C has been thoroughly researched, Michels and Wilford (1949) showed that the total emissivity of Ti increases exponentially as heat is applied (Figure 4B). Therefore, it can be implied that the emissivity of Ti at 1,660°C is 0.35. The transmittance rate of quartz glass is 90%, and the transmittance rate of a standard UV shield is 49.1%. This allows for a total transmittance rate of 44.91%. In Figure 5A, the calibrated image of the calibration run shows the temperature range of the sample as 45°C–89°C, with the highest temperature of the getter measured at 78.7°C. This value is then corrected using an offset of 1,581.3°C applied to the image (Figure 5C).
[image: Figure 5]FIGURE 5 | (A) Calibrated radiometric image of molten Ti getter with a temperature range of 45.56°C–89.55°C taken in the low-range calibration filter: –20°C to 50°C. (B) Calibrated radiometric image of molten Ti with a temperature range of 1,199.75°C–8,021.84°C, taken in the high-range filter: 850°C–3,000°C. A shroud can be seen covering the sample, making it undefinable; therefore, the low range is commonly used to showcase sample position within the chamber during arc-melting. (C) Calibrated radiometric image of melted Ti getter with an offset of 1,604°C and a temperature range of 1,626.86°C–1,670.85°C.
3.2 Palladium silicide
PdSi has a melt temperature of 897°C (Zhenmin Du et al., 2006). When the melt stage of both the Ti getter and PdSi sample was visually checked, the IR camera was set up as in Figure 3B and the UV shield lifted. As shown in Figure 6A, without an offset applied there is an observable difference in temperature between the PdSi sample and the Ti getter. However, the theoretical difference between the two melted materials is greater than the difference between the samples displayed. Therefore, the offset, as shown in Figure 6B, is also inaccurate. Another notable observation for Figure 6A is the increased temperature range of 267°C–328°C. The offset was also recalculated to accommodate the lack of UV shield. With the primary reading of the Ti getter as 300°C, the offset was set to 1,330°C.
[image: Figure 6]FIGURE 6 | (A) Calibrated radiometric image of molten Ti (in the background) and PdSi (in the foreground) ingots inside an arc furnace with a temperature range of 328.07°C–328.07°C, no offset applied. (B) Calibrated radiometric image of Ti getter and PdSi ingots with a temperature range of 1,597°C–1,658°C.
3.3 Uranium mononitride
Unlike in the PdSi experiment, an internal getter cannot be used to synthesize UN as Ti, and several other conventional gettering materials like Zr will nitride and react during the synthesis experiment. Therefore, there is no internal IR standard to be used as a correction factor. The pure metallic uranium sample is melted alone in the furnace, and IR data are collected on the sample, furnace, and electrodes. Stills recorded during the melt process using the IR camera are presented in Figure 8. Figure 8A presents the thermal image of a cooling arc-melt chamber post uranium refinement, allowing a view of the inside of the hearth; an emissivity of 0.3 is employed for the clarity of the reader. Figure 8B provides an image of the observed molten dU during refinement with a thermal range of 1,098.34°C–6,438.61°C. Furthermore, Figure 8C provides a thermal image of observed molten dU during refinement with a data subtraction of the room temperature hearth overlaid; a thermal range of 1,070.34°C–6,439.17°C is displayed. While the lower end of the temperature range displayed some decrease, the upper end remained significantly higher than what was experimentally possible. Finally, Figure 8D presents the thermal image of observed dU in the molten state with a data subtraction of the molten dU— furnace setup to highlight reflections and operator movement—a thermal range of −453.58°C to 1,453.20°C. Although this final high temperature range is more representative of the process, the low temperature range is unphysical, and therefore the true temperature range is not captured, as with the PdSi melt. What is not considered in the approximations of the actual melt temperature are the reaction energies during UN formation, which would result in higher temperatures than what is characteristic of molten U and UN. While the temperature calibration failed to capture the true temperature of the melt, what was observed was a continuous, high temperature phenomenon that extended from the sample to the electrode. The authors argue that this is the visualization of volatilization in the chamber. Volatilization is confirmed in the mass measurement following the experiment where the sample lost approximately half of its mass.
It is important to mention that, due to limited visibility within the furnace chamber during the operation of the heating system, one could only observe a small, confined area measuring just a few square centimeters through a small window (Figure 3B). In addition, it must be noted that UN volatilizes at high temperatures. This volatilization surrounds the sample, depositing material on the hearth as well as the electrode due to the decomposition of UN to U and 1/2N2 (g). In the present study, up to 70% of the original uranium sample was lost in some cases. The decomposition reaction was described in Olson and Mulford (1963). This brilliant light source not only reflects within the metal and gas melt chamber but also off the reflective U/UN sample. As current is increased in the chamber, there is an increase in the intensity of light emitted. Therefore, when melting occurs, reflections form on the hearth’s metallic chamber (Figures 8B–D, highlighted in red). The light and reflections interfere with IR data collection by flooding the chamber with light and a creating false reading on actively cooled surfaces. Future research aims to limit the field of view to decrease emissivity interference caused by the electrode during synthesis and reflections.
X-ray diffraction (XRD) and scanning electron microscopy (SEM) analyses revealed the creation of a UN sample characterized by a dendritic microstructure with islands of α-uranium (Figure 7). The camera successfully captured the entire process of melting uranium and the subsequent diffusion of nitrogen into the sample. The recorded temperature reached approximately 4,000°C, a value significantly distant from the actual melting point of UN. Several factors, including the camera’s distance from the sample inside of the furnace, considerations such as the glass’s transmission rates, and the emissivity properties of UN, should be addressed to enhance temperature accuracy detection. Importantly, as shown in Figures 5, 8, a shroud can be observed forming over a heated sample. This phenomenon is observed in both volatile, UN, and non-volatile samples, PdSi, and Ti. It must also be noted that the shroud can change in size when the temperature range is changed, as demonstrated in Figures 4A, B. To decrease shroud size, further research on volatizing vs. non-volatizing samples must be done in both the low and high temperature range to fully understand the factors affecting shroud size and shape inside the arc furnace environment.
[image: Figure 7]FIGURE 7 | X-ray diffraction pattern and SEM micrograph displaying a largely UN sample with some segregated α-U (lighter phase in SEM micrograph) following the melt synthesis.
[image: Figure 8]FIGURE 8 | (A) Thermal image of a cooling arc-melting chamber post-refinement, allowing a view of the inside of the hearth (emissivity of 0.3 is employed for the clarity of the reader). (B) Thermal image of observed molten dU during refinement with a thermal range of 1,098.34°C–6,438.61°C. (C) Thermal image of observed molten of dU during refinement with a data subtraction of the room temperature hearth overlaid, thermal range of 1,070.34°C–6,439.17°C displayed. (D) Thermal image of observed dU in the molten state with a data subtraction of the molten dU—arc furnace assembly to highlight reflections and operator movement, with a thermal range of −453.58°C to 1,453.20°C.
4 CONCLUSION
The present study demonstrates the challenges and opportunities to thermal imaging during melt synthesis of novel materials of relevance to advanced nuclear reactor fuels. The melt of pure Ti demonstrates that a linear offset can be applied to correct IR readings to produce near-accurate thermal data for molten samples. While both melts of PdSi and UN produced the targeted compounds with some U segregation for UN alongside some U2N3, challenges to determining emissivity and transmission values and the inaccuracy of calibration filters provided by the camera manufacturer produces inaccurate melt readings. Further complications are presented by reflections within the melt furnace. It must be noted that, due to these reflections and continued research into calibration methods, temperature ranges seen in IR images showcase ongoing efforts to increase the accuracy of IR filmography within arc furnace environments in real time. In future research, nonlinear offsets as well as smaller fields of view will be applied to enhance the accuracy and utility of this approach.
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