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Abstract

:

This research article explores the potential of optical fibers as sensors, highlighting their ability to measure various parameters such as temperature, pressure, stress, and radiation dose. The study focuses on investigating the material compatibility of optical fibers in challenging sensing environments like Gen II/II+ and advance nuclear reactors, as well as concentrated solar power (CSP) plants. Material compatibility tests were conducted to determine the feasibility of using fluorine and germanium optical fiber sensors in these environments. The study found that raw fibers were corrosion-resistant to lead bismuth eutectic at 600 °C, regardless of the coating. In molten salt environments, raw fibers were incompatible with FLiNaK but showed corrosion resistance to MgCl₂-NaCl-KCl. However, the survivability of raw fiber optics improved with a gold coating in FLiNaK. Raw fiber optics were found to be incompatible in high-temperature steam at 1200 °C and in a pressurized water reactor (PWR) at 300 °C.
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1. Introduction


Since the discovery of the physical properties of glass in the 1960s and the emergence of fiber optic communication [1], fiber sensing technology has experienced significant growth [2] across various sectors, including medical applications [3,4], communication systems [5], and construction industries [6], etc. Moreover, fiber optic sensing has made its way into the nuclear energy sector, particularly for temperature, pressure, and leak detection purposes [7,8]. Utilizing fiber optics as sensory indicators in nuclear power plants offers numerous advantages. Notably, fiber optics are immune to electromagnetic interference, and their compact size enables multiple sensors to be accommodated through a single reactor vessel feedthrough, allowing for the measurement of multiple environmental parameters through inline sensor multiplexing.



Ensuring the safety and reliability of a power plant requires a comprehensive understanding of the operating environment, and sensors play a crucial role in providing valuable information to operators. However, traditional sensor systems have certain limitations, such as occupying significant space due to the need for multiple sensing locations and various sensors for measuring different parameters, including temperature, pressure, strain, neutron fluence, and more. Typically, this necessitates the installation of instrumentation ports, with the number of ports equal to or greater than the number of sensing points and types of parameters being measured. In most cases, the number of penetrations exceeds the number of sensors, as traditional sensors rely on multiple conductive leads that are susceptible to electromagnetic interference [9]. On the other hand, optical fibers have long been recognized for their use in high-performance, long-distance data transmission through the utilization of light pulses. Interestingly, optical fibers also offer the capability to acquire physical data, such as temperature, pressure, strain, and other measurands, by analyzing the spectral reflection or transmission profile of a light source illuminating the fiber. Unlike traditional sensors, optical fiber sensors do not require an electrically conductive path to and from the sensor. With a typical fiber optic diameter of 125 µm, multiple fibers can be easily accommodated through a single instrumentation port for measuring various parameters simultaneously.



The work presented here is targeted towards optical fibers that use type-II fiber Bragg gratings (FBGs) to measure temperature [10] and Extrinsic Fabry-Perot Interferometer (EFPI) to measure pressure [11]. Temperature measurement using FBGs involves analyzing the shift in reflected peak wavelength, which changes proportionally with temperature. Additionally, Bonopera also discussed recent advancements which have been made in the development of Fiber Bragg Gratings (FBGs) for displacement measurements, opening up the potential for utilizing fiber optics in crack propagation measurements of structural materials [12]. Conversely, EFPI produces an interferometric pattern with constructive and destructive interference, and the period decreases as the EFPI etalon gap increases. More detailed information on measurement techniques can be found in the references [8,13].



Previous studies have successfully demonstrated temperature sensing in irradiated environments using protective packaging [8,11,14,15]. However, there is limited understanding regarding the performance of fiber optics when directly exposed to chemically harsh environments. This includes scenarios where the protective shell material has failed, resulting in exposed fibers, or situations requiring direct contact between the optical fiber glass and the working fluid, such as in glass EFPI pressure transducers [8,13] or potential analytic chemistry probes [16,17,18,19,20,21,22,23]. In a study by Wysokiński et al., they conducted experiments involving metal coating on material to enhance the thermal durability of silica optical fibers. They mainly used copper and some nickel coatings and tested them at temperatures ranging from 450 to 700 °C in air [24]. Their results demonstrated that employing different materials as coatings can substantially improve the fiber’s resistance to higher temperatures.



Additionally, direct contact between the working fluid and the optical fiber offers advantages such as faster thermal response rates and strain monitoring in materials without the interference of protective packaging. Investigating the performance of fiber optics in harsh environments like high-temperature steam, molten salt, and liquid metals has the potential to revolutionize sensor technology and create new possibilities across multiple industries, extending beyond the nuclear energy generation sector.



Optical fibers have emerged as highly promising sensor materials, owing to their exceptional properties. Their inherent immunity to electromagnetic interference allows accurate measurements of temperature, pressure, stress, and various other factors. The numerous advantages offered by optical fiber sensors have stimulated considerable interest in deploying them in a wide range of harsh sensing environments.



In order to evaluate the feasibility of employing optical fiber sensors in these challenging settings, it is imperative to conduct comprehensive material compatibility testing. The presence of fluorine (F) in SiO2 can minimize density fluctuations [25]. In addition, fluorine-doped fibers also have increased radiation resistance [26]. Germanium (Ge) fibers, on the other hand, have demonstrated excellent performance characteristics, particularly in terms of low-noise and high-speed responsivity [27]. However, limited research has been conducted on the behavior of fiber optics in such environments, particularly when SiO2 in the fiber contains Ge or F. The objective of this study is to examine the compatibility of SiO2 optic fibers with F and Ge within the fiber and assess the effectiveness of the fiber coating in protecting against high-temperature steam, molten salt, liquid metal, and high-temperature aqueous environments.




2. Experimental Methodology


2.1. Test Conditions and Materials


A selection of radiation-resistant optical fibers were examined in five different harsh high-temperature environments, specifically steam, FLiNaK (LiF 46.5 mol%–NaF 11.5 mol%–KF 42.0 mol%), MgCl₂-NaCl-KCl (MgCl₂ 44.74 mol%–NaCl 29.43 mol%–KCl 25.83 mol%), lead-bismuth eutectic (LBE) (Pb 44.5 at.% 55.5 at.%), and pressurized water reactor (PWR). The specific experimental conditions for each environment are provided in Table 1.



The tested fibers consisted of uncoated raw fibers primarily composed of SiO2, with the specific compositions of the fibers listed in Table 2. The scanning electron microscopy (SEM) images of the uncoated fibers prior to testing are depicted in Figure 1 and Figure 2. To evaluate the impact of coating on fiber performance, gold-coated SiO2 fibers were also examined, with the fiber compositions provided in Table 3. Figure 3 displays optical images of pre-test gold-coated SiO2 fibers, illustrating variations in the preparation of fiber ends.




2.2. Test Setup and Post-Test Analysis


The steam tests were performed using a horizontal tube furnace with controlled heating and cooling rates set at 5 °C/min. The fibers were placed in rectangular sample holders made of 99.95% pure alumina and inserted into the test region of the tube furnace. Figure 4 illustrates the arrangement of two types of fiber samples that could be tested simultaneously in the tube furnace. The flanges of the tube furnace were sealed, and the system was evacuated and purged with ultra-high-purity (99.999%) argon gas three times to remove air from the environment. Steam was generated in a steam generator using Type I deionized (DI) water, following the ASTM D1193-06 standard [28]. Once the desired temperature was reached, the steam was introduced into the tube furnace, maintaining a steam flow rate between 0.8–1.2 mg/cm2·s.



The fiber optic material compatibly tests in LBE were conducted in an environmentally controlled glovebox using a box furnace, and the experimental setups are depicted in Figure 5a. LBE were purchased from Goodfellow, where the compositions of Pb and Bi were 44.5 mol.% and 55.5 mol.%, respectively. To accommodate the lower density of fibers compared to molten LBE, individual fibers were inserted into alumina channels and secured in place with an alumina lid. The oxygen and moisture in the glovebox were kept at <100 ppm and <10 ppm, respectively.



For the preparation of FLiNaK salts, LiF (46.5 mol%), NaF (11.5 mol%), and KF (42.0 mol%) were placed in pure Ni crucibles (Alfa Aesar (Haverhill, MA, USA) 55 mL Nickel Crucible). The chemicals, sourced from Sigma Aldrich (St. Louis, MO, USA), with purities of LiF (>99%), KF (>99.5%), and NaF (>99%), underwent thermal purification at 400 °C for a minimum of 6 h to remove moisture, and were periodically stirred with a spatula. After thermal purification, the salts were heated to the desired temperature of 750 °C and maintained for 6 h to ensure homogeneity. As optical fibers are denser than molten salts, they could be fully immersed in the salts without the need for additional hold-down structures, as illustrated in Figure 5b. For the preparation of MgCl₂-NaCl-KCl, MgCl₂ (44.74 mol%), NaCl- (29.43 mol%), and KCl (25.83 mol%) were placed in a pure Al2O3 crucible (Advalue Technology, Tucson, AZ, USA). MgCl₂ was sourced from VWR with purity > 98% and both NaCl and KCl from Sigma Aldrich, with purities of >99%. The salt mixture was thermally purified at 117 °C for >24 h, 180 °C for >24 h, 240 °C for >6 h, and 400 °C for >6 h. After thermal purification, the salts were heated to the desired temperature of 700 °C and maintained for 6 h to ensure homogeneity.



The experiments in a PWR-simulant water were conducted under high-temperature (300 °C) and pressure (2200 psig) conditions, utilizing PWR water coolant chemistry. The test setup comprised an autoclave constructed from SS 316, a high-purity argon gas supply with oxygen concentration below 4 ppm, and a heating mantle equipped with a PID temperature controller to maintain the solution temperature. To prevent impurities from the autoclave from contaminating the test environment, the autoclave surface underwent oxidation prior to the experiment. The PWR coolant chemistry was prepared by dissolving 1500 ppm boron using boric acid (Sigma Aldrich > 99.5%) and 3 ppm lithium (Sigma Aldrich > 98%) in Type I DI water. For PWR tests conducted in the autoclave, the fiber was fully inserted into the autoclave.



Following the experiments, a FEI ( Hillsboro, OR, USA) Quanta 600F Field Emission SEM integrated with energy dispersive X-ray spectroscopy (EDS) was utilized to analyze the degradation of the fibers. For the examination of the post-test fiber cross-sections, the fibers were first embedded in epoxy resin and cast-mounted. The surfaces were then ground using SiC with a grit size of 1200, followed by polishing with a 1µm polycrystalline diamond suspension on a Nappad polishing pad. Optical images were captured using a Pace Technologies (Tucson, AZ, USA) 3000 microscope.





3. Results and Discussion


3.1. Uncoated SiO2 Fibers


3.1.1. High-Temperature Steam


The degradation of fiber specimens in high-temperature steam at 1200 °C was observed, with varying degrees of degradation within the same fiber material. The most severe degradation was evident in certain individual specimens, as depicted in Figure 6. Fibers F103, F105-1, F105-2, and F106 exhibited layered ring fractures, as shown in Figure 6c–f. Notably, the F103 specimen displayed severe disintegration in some cases. The brittleness of the fibers after exposure to steam made it extremely challenging to prepare cross-section samples for SEM. In severe cases like F103, the fiber disintegrated into small particles, making it impossible to salvage any long enough for SEM mounting. Consequently, cross-sections of the fiber were obtained from strands that remained intact in the axial direction. The EDS mapping of these samples is presented in Figure 7. The distortion of F102 was caused by the slanting position of the fiber during mounting. It is important to note that no migration of Ge or F was observed in any of the cases. The disintegration of the fiber in high-temperature steam indicates that the fibers would not survive in a beyond design basis accident (BDBA) scenario.




3.1.2. Molten Salt


The experimental results revealed that all fibers underwent complete dissolution within 0.5 h when exposed to the fluoride salt, FLiNaK, at 750 °C. This dissolution occurred due to the incompatibility of SiO2 with molten fluoride salt. However, a different outcome was observed when testing the fibers in chloride salt; specifically, MgCl2-KCl-NaCl at 700 °C. The selection of a lower temperature was based on considering the highest operational temperature typically encountered in MgCl2-KCl-NaCl applications. In this case, the raw fiber F103, which had previously demonstrated good corrosion resistance in LBE (as discussed in Section 3.1.3), was selected for testing. After 24 h of exposure to MgCl2-KCl-NaCl, the salt fully covered the surface of the fiber, as depicted in Figure 8. However, the salt did not penetrate the fiber, and no cracks were detected, as shown in Figure 9. This suggests that raw fibers have the potential to withstand prolonged periods of time and can be utilized in direct contact with MgCl2-KCl-NaCl without experiencing significant degradation.




3.1.3. Lead Bismuth Eutectic


The experimental results provide insights into the behavior of raw fibers when exposed to LBE at 600 °C. The SEM surface analysis depicted in Figure 10 reveals the changes that occurred on the fiber surfaces over a period of time. After 24 h of exposure to LBE, it can be observed that LBE adhered to the surfaces of the raw fibers. The adherence is evident in the form of a layer covering the fibers. However, when the exposure time was extended to 168 h, a more significant observation was made. LBE was found to have penetrated into some of the fibers, indicating a deeper interaction between the fiber material and the LBE.



In the case of F101, the LBE formed a concentric pattern on the fiber surface. A similar pattern was observed in F103, but the spots were relatively small compared to F101. Both F101 and F103 exhibited higher concentrations of F compared to the other raw fibers, suggesting a possible correlation between F content and LBE interaction. Interestingly, the results from F105-2 revealed that the effect of LBE adherence, as indicated by surface tension, did not directly correspond to a higher level of LBE penetration into the fiber. This suggests that factors beyond surface tension may influence the extent of LBE penetration.



Overall, these findings demonstrate the dynamic nature of the interaction between raw fibers and LBE over time. The observations of LBE adherence and penetration provide valuable insights into the behavior and potential degradation mechanisms of fibers exposed to LBE environments.



The experimental results indicate that the behavior of the fibers after 24 h of exposure to LBE is comparable to the results obtained after 168 h. This finding is supported by the cross-section SEM images provided in Figure 11 and Figure 12. In the case of fibers F101, F102, and F106, it can be observed from the SEM images that LBE has fully wetted the surfaces of these fibers after both 24 h (Figure 11) and 168 h (Figure 12) of exposure. It is worth mentioning that, in both cases, the dissolution of Ge and F into LBE was observed. While the fiber structure remained intact, the impact of the migration of certain amounts of F and Ge out of the fiber on the properties of the fiber optic is uncertain. This aspect will be subject to further investigation in future studies.



The observed behavior can be attributed to the corrosion mechanism that occurs in LBE, which relies on the physical dissolution of the material. The penetration of LBE into the fiber surfaces indicates the corrosive nature of the LBE environment and its interaction with the fiber material. The comparable results between the 24 h and 168 h exposure periods suggest that the corrosion process reaches a relatively stable state after 24 h, with no significant changes in the wetting behavior of LBE on the fiber surfaces over the longer exposure period. These findings contribute to a better understanding of the corrosion mechanism of fibers in LBE environments, emphasizing the importance of considering the physical dissolution of the material in such corrosive conditions.




3.1.4. Pressurized Water Reactor (PWR)


The experimental results reveal that fiber F103, which exhibited superior resistance in the LBE environment, did not fare well when exposed to the PWR (pressurized water reactor) primary water at 300 °C and 2200 psig. After 168 h of testing, F103 was found to have fully dissolved in the PWR environment.



The analysis of the PWR primary water using inductively coupled plasma mass spectrometry (ICP-MS) showed an increase in silicon (Si) concentration after the test. However, the measured concentration did not align with the expected value calculated based on the assumption that the entire fiber had completely dissolved (as shown in Table 4). This discrepancy in the results can be attributed to a couple of factors. Firstly, it is possible that there was residual SiO2 that did not fully dissolve into the PWR primary water. This could explain why the measured Si concentration was lower than the expected value. Secondly, the measurement of silicone using ICP-MS can be challenging due to the high ionization potential of silicone and susceptibility to polyatomic interferences. These factors may have contributed to differences in the measurement results obtained.



In conclusion, the experimental findings suggest that fibers alone cannot withstand normal operating conditions in a PWR without additional protective packaging. The complete dissolution of fiber F103 in the PWR primary water indicates the vulnerability of the fiber material to the corrosive environment of a PWR system.





3.2. Coated SiO2 Fibers


3.2.1. Gold-Coated Fibers Exposed to Molten Salt


The experimental results presented in Figure 13 depict a series of images taken periodically from the exterior of a furnace where gold-coated fibers were immersed in FLiNaK at a temperature of 750 °C for a duration of 7 days. The fibers were divided into two main groups: 1 to 10, which had their ends cut with diagonal pliers or a razor blade before being coated with gold via vapor deposition, and 11 to 12, which were stripped and cleaved before receiving a gold coating via vapor deposition.



The qualitative difference between these two sets of samples lies in their construction. The first group retained their original gold coating along their length, but their end faces were crushed and also coated with gold. On the other hand, the second group consisted of fibers with 5–10 mm of exposed bare fiber, with a cleaved end that was gold-coated, albeit to a lesser extent due to “over spray” coating the stripped portion. Prior to the test, the fibers were examined using SEM to confirm their composition, as shown in Figure 14 (an example from one of the stripped and cleaved fiber receiving a gold coating via vapor deposition).



Upon evaluating the post-condition of the fibers, it was observed that they either ended up partially broken or experienced complete failure, rendering them irretrievable. Furthermore, it was observed that the FLiNaK salts were transparent initially, but after the test, the salt exhibited a slight yellow tint. This discoloration indicates the possibility of gold dissolution into the FLiNaK salt at a temperature of 750 °C. However, it is worth noting that the raw fibers without any coating fully dissolved in FLiNaK within the first 0.5 h of the test. In contrast, the gold-coated fibers did not begin deforming until the fourth day of testing, representing a significant improvement in their survivability. Furthermore, a specific experimental setup was designed to investigate the degradation of gold-coated fibers with their mid-section exposed to molten salt, while both ends were kept unexposed. The results from this experiment exhibited a similar pattern, wherein the fiber began to deform after four days of exposure and eventually collapsed after seven days. Notably, the external gold coat shell of the fiber remained intact, giving the appearance of an implosion collapse. This observation suggests that, while the thin gold coating might undergo some degradation, it acts as a protective barrier until later stages, preventing rapid fiber dissolution into the molten salt. However, as time progresses, the dissolution of the fiber into the molten salt surpasses the rate of gold degradation.



Based on these findings, it is evident that a thin coating film on the fibers can significantly enhance their ability to withstand harsh fluoride environments like FLiNaK. The coating serves as an effective protective layer, delaying the onset of fiber degradation and contributing to prolonged durability. Overall, these results provide valuable insights into the importance of coatings in extending fiber performance under challenging conditions.




3.2.2. Gold-Coated Fibers Exposed to LBE


The experimental results presented in this section focused on the evaluation of gold-coated fibers stripped and cleaved, before receiving a gold coating via vapor deposition in LBE environment at 600 °C. Typical images of the fiber surfaces and cross-sections after exposure to LBE were captured using BSE imaging, as illustrated in Figure 15 and Figure 16, respectively. It was observed that the wetting of LBE on some fibers was severe, indicating a significant interaction between the coated fiber and the LBE medium. In certain instances, such as in the case of Figure 16e with specimen 4, the absence of gold coating could be attributed to inadequate vapor deposition, resulting in a suboptimal gold coating. Figure 17 provided a comparison of the 7-day immersion test between raw (uncoated) fibers and gold-coated fibers. The results revealed that the presence of the gold coating had no noticeable effect on fiber degradation in the LBE environment. Furthermore, Figure 18 demonstrated the presence of LBE between the gold coating and the fiber, indicating the non-uniformity and, likely, non-hermetic nature of the gold coating, which allowed LBE to diffuse into the layer. This finding provided additional evidence that the gold coating, as utilized in the salt experiment discussed in Section 3.2.1 significantly slowed down the degradation of the fiber. However, the presence of small voids in the gold coating likely contributed to eventual failure.



Consequently, it is evident that a better and more uniform coating is necessary to enhance the corrosion resistance of the fiber in harsh environments. Although the gold coatings did not improve the already reasonable chemical resistance performance of the fibers in the LBE environment, they did provide a low-profile thermally conductive protective mechanical layer on the fiber. As a result, the gold-coated fiber exhibited greater durability and robustness during general handling compared to bare glass fiber.



In summary, the experimental results showed that the gold coating did not have a significant impact on the degradation of fibers in the LBE environment. The presence of LBE between the gold coating and the fiber indicated the non-uniformity of the coating and the need for a more effective solution to improve the corrosion resistance. While the gold coatings did not enhance the chemical resistance of the fibers, they did provide mechanical protection and improved handling robustness. Therefore, further research and development are required to achieve a better uniform coating that can effectively enhance the corrosion resistance of fibers in harsh environments.






4. Corrosion Mechanism


This section discusses the corrosion mechanism of SiO2 optic fibers in various environments.



High-temperature steam: Corrosion of SiO2 in high-temperature steam is a complex phenomenon. Previous research has provided evidence of SiO2 volatilization in high-temperature steam, especially at temperatures around 1200 °C, similar to those used in this study [29]. The degradation process occurred based on the principal of reaction of SiO2 with high-temperature steam as shown in Reaction (1).



Reaction (1) demonstrates the volatilization of SiO2 when exposed to steam [30]:


  S i   O   2   s     +   2 H   2     O     g     → S i     O H     4   g      



(1)







In addition, the SiO2 solubility in superheated steam for temperatures up to 500 °C has been observed by Morey et al. [31]. However, the temperature from the previous work matches closer to 1200 °C, which is used in this study and conducted in the same facility and parameters. These findings support the disintegration of SiO2 into Si(OH)4 due to its reaction with steam. Although, raw SiO2 were mixed with various amounts of F and Ge in the core in this study, but the presence of these elements has no influence on the degradation of fibers in high-temperature steam. The major degradation is still caused by the reaction of SiO2 with high-temperature steam.



Molten salts: The chemical reaction depicted in Reaction (2) explains that the dissolution of SiO2 into molten salts, where X is F or Cl. This reaction occurs based on the corrosion potential and the concentration of O2− in the molten salt.


  S i   O   2   +   4 X   −   →   S i X   4   +   2 O   2 −    



(2)







Hence, the stability of oxides in molten salt is dependent on the concentration of O2− in molten salt. With higher concentration of O2− ions in the molten salt, oxides are more thermodynamically stable, vice versa. On the other hand, Zhou et al. have indicated that, in chloride salt (MgCl2-NaCl-KCl), the preference of oxides existing in the molten salt ranked from SiO2, MgO, Na2O, and K2O, based on the thermodynamic and decomposition potential of oxide in bulk salt [32]. SiO2 demonstrates thermodynamic stability in the presence of MgCl2, NaCl, and KCl, indicating that it does not undergo a reaction to form SiCl4 [32]. This observation provides additional evidence for the survival of SiO2 in molten chloride salts in MgCl2-NaCl-KCl at 700 °C. However, SiO2 in molten fluoride in FLiNaK at 750 °C was not stable. This indicates that the equilibrium O2− concentration is higher in FLiNaK, in addition SiF4 is in gaseous state at 750 °C, resulting in a continuous Reaction (2) until SiO2 full dissolution.



Lead Bismuth Eutectic: Quartz is commonly used as a containment material in LBE [33,34]. Quartz is primarily composed of bonded silicon and oxygen atoms, with a chemical formula of SiO2. Oxides, which are stable in LBE, are typically utilized as protective barriers [35]. Li et al. have shown that silicon oxide formed on metals exhibits protective properties against corrosion in LBE [36]. While the presence of impurities or foreign elements can lead to various colors and types of quartz in nature, the addition of F and Ge core in this study did not affect the corrosion of raw SiO2 fibers in LBE, although some dissolution of F and Ge were found in LBE. Future studies will be conducted to investigate the effects of F and Ge migration on the optical properties of fibers. The corrosion of non-oxides in LBE can occur through the physical dissolution. However, there have been a limited number of studies conducted on the solubility of gold, fluorine, and germanium in LBE. According to the material compatibility test conducted in this study, the gold coating maintained its integrity and exhibited no indications of embrittlement. Therefore, in this particular case, raw SiO2 maintains stability in this environment, making it a suitable sensor material in LBE at 600 °C.



Pressurized Water Reactor (PWR): PWR is made up of water with boric acid and lithium hydroxide. With water, SiO2 can undergo hydrolysis and turn into H4SiO4 as depicted in Reaction (3). This is supported by the observed increase in Si concentration, as determined through ICP measurements.


  S i   O   2 ( s )   +   2 H   2     O   ( a q )   →   H   4   S i   O   4 ( a q )    



(3)







Fournier and Rowe examined the solubility of amorphous silica and quartz in high-temperature waters and pressures [37]. Their findings revealed that quartz exhibits lower solubility in water compared to amorphous silica. Specifically, the concentration of silica in water derived from amorphous silica was 3–4 times higher than that from quartz at a temperature of 300 °C [37]. This highlights the significance of the SiO2 crystal structure in determining its corrosion resistance in high-temperature water environments and the importance of examining raw SiO2 fibers in PWR in this study. There is also the possibility of lithiation of SiO2 as thermodynamically, SiO2 has a tendency to undergo lithiation, wherein Li-O become more favorable compared to Si-O bonding [38]. Unfortunately, the addition of F and Ge in raw SiO2 did not improve the corrosion resistance in PWR at 300 °C.




5. Material Compatibility


The results and discussion of the study provide valuable insights into the behavior and compatibility of uncoated SiO2 fibers and gold-coated fibers in different harsh environments. The implications of these findings are as listed.



High-temperature steam: The severe degradation of uncoated SiO2 fibers in high-temperature steam indicates that they would not survive in beyond design basis accident scenarios above 1200 °C. This highlights the need for protective coatings or alternative fiber materials to enhance their compatibility in such environments. Further research could explore the performance of coated fibers in high-temperature steam to assess their effectiveness.



Molten salts: Uncoated SiO2 fibers showed complete dissolution when exposed to FLiNaK, a molten fluoride salt at temperatures above 750 °C. However, gold-coated fibers demonstrated improved survivability, with delayed deformation compared to uncoated fibers. This shows promising results, suggesting that thin gold coatings can significantly prolong the fibers’ ability to withstand harsh fluoride environments. Further development of coatings could enhance the corrosion resistance of fibers in molten salt environments. In addition to coatings, uncoated SiO2 fibers also showed no degradation in MgCl2-KCl-NaCl, a molten chloride salt at 700 °C for 24 h. This suggests that uncoated SiO2 fibers could possibly be used as a sensor material in chloride salts.



Lead Bismuth Eutectic: Uncoated SiO2 fibers exhibited minimal interaction with LBE, with some adherence and no significant penetration observed over time at a temperature of 600 °C. Gold coatings did not significantly affect fiber degradation in LBE, indicating the need for better, more uniform coatings to enhance corrosion resistance. The presence of LBE between the gold coating and the fiber suggests non-uniformity and the potential for improved coating solutions. Raw SiO2 fibers can be used as proven in the LBE environment experiment of this work.



Pressurized Water Reactor (PWR): Uncoated SiO2 fibers, including the previously corrosion-resistant F103 in LBE and MgCl2-NaCl-KCl, had fully dissolved in PWR primary water at 300 °C. This indicates the vulnerability of the fiber material to the corrosive environment of a PWR system. Additional protective packaging or alternative fiber materials are necessary to withstand PWR operating conditions.




6. Conclusions


In conclusion, this study investigated the corrosion behavior of fibers in extreme high-temperature environments, including steam, FLiNaK, MgCl₂-NaCl-KCl, LBE, and PWR. The results revealed that fibers exhibited good performance in the LBE environment, followed by molten MgCl₂-NaCl-KCl. However, they were unable to withstand the corrosive effects of FLiNaK, PWR, and high-temperature steam environments.



Nevertheless, the study demonstrated that applying a thin layer of gold coating on the surface of the fiber significantly improved its survivability in these harsh environments. However, it was observed that the failure of the fibers in these environments could be attributed to imperfections in the coating, which allowed direct contact between the fluoride salts and the fiber. Therefore, future investigations should focus on developing a better and more uniform coating to enhance the corrosion resistance and overall survivability of the fibers.



Furthermore, the study found that the addition of a gold coating did not provide any additional protection for fibers in the LBE environment. This suggests that alternative materials and coating techniques need to be explored to identify suitable options for enhancing fiber durability in LBE and similar environments. The uniformity and mechanism of the coating should be considered to ensure effective corrosion resistance. In conclusion, this study highlights the importance of considering material compatibility and coating strategies when utilizing fibers in extreme high-temperature environments. By addressing these challenges, optical fibers could find increased utility in industries such as nuclear power plants, concentrated solar power plants, and other high-temperature and chemically aggressive environments, where their immunity to electromagnetic interference and ability to withstand harsh conditions are advantageous.




7. Future Work


Following the material compatibility testing, future research will be dedicated to utilizing fiber optics for measuring temperature, pressure, and displacement in harsh environments. This will primarily focus on cases where the fibers have shown resilience, such as in the presence of LBE. Furthermore, for environments where optic fibers did not survive, significant attention will be given to developing improved coatings and identifying suitable materials that can enhance the overall performance and longevity of the fibers in these challenging conditions. Optical properties of the fibers will also be taken into consideration, including temperature compensation in Fiber Bragg Gratings (FBGs) for crack propagation measurement [39], as well as the packaging method of prestressed FBGs [12]. Additionally, the long-term utilization of fiber optics in harsh environments, as demonstrated by Lee et al. [40], will also be considered.
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Figure 1. SEM backscatter electron (BSE) image of surface of uncoated fiber before test. 
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Figure 2. Pre-test SEM image and EDS mapping of cross-section of uncoated fibers (a) F101, (b) F102, (c) F103, (d) F105-1, (e) F105-2, (f) F106. 
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Figure 3. Optical microscope image of pre-test gold fibers prepared (a) as-is, (b) cleaved-end, and (c) re-coated ends. 






Figure 3. Optical microscope image of pre-test gold fibers prepared (a) as-is, (b) cleaved-end, and (c) re-coated ends.



[image: Cmd 04 00023 g003]







[image: Cmd 04 00023 g004 550] 





Figure 4. Experimental setup for fibers in steam test. 
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Figure 5. Schematic diagram of fiber corrosion test experimental setup for (a) LBE and (b) molten salt environments. 
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Figure 6. BSE images of fiber exposed to steam at 1200 °C (a) F101, (b) F102, (c) F103, (d) F105-1, (e) F105-2, and (f) F106 after 24 h. 
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Figure 7. EDS cross-section mapping of (a) F101, (b) F102, (c) F103, (d) F105-1, (e) F105-2, and (f) F106 exposed in steam at 1200 °C after 24 h. 
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Figure 8. (a) SE and (b) BSE images showing oxidized salt fully cover fiber optic F103 immersed in MgCl2-KCl-NaCl after 24 h at 700 °C. 
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Figure 9. EDS cross-section mapping showing fiber optic F103 immersed in MgCl2-KCl-NaCl after 24 h at 700 °C. 
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Figure 10. BSE images comparison of fiber exposed to LBE (a) F101, (b) F102, (c) F103, (d) F105-1, (e) F105-2, and (f) F106 for 24 h (top) and 168 h (bottom) at 600 °C. 
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Figure 11. EDS cross-section mapping of (a) F101, (b) F102, (c) F103, (d) F105-1, (e) F105-2, and (f) F106 exposed in LBE after 24 h at 600 °C. 
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Figure 12. EDS cross-section mapping of (a) F101, (b) F102, (c) F103, (d) F105-1, (e) F105-2, and (f) F106 exposed in LBE after 168 h at 600 °C. 
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Figure 13. Images were taken periodically for gold-coated fibers in FLiNaK for a duration of 7 days and post-test fiber condition. 
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Figure 14. Pre-test sample gold-coated fiber for stripped and cleaved before receiving a gold coating via vapor deposition examined under SEM with EDS mapping. 
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Figure 15. BSE images of (a) Specimen 1, (b) Specimen 2, (c) Specimen 3, (d) Specimen 4, (e) Specimen 5, (f) Specimen 6, (g) Specimen 7, (h) Specimen 8, and (i) Specimen 9 exposed to LBE at 600 °C for 7 days. 
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Figure 16. EDS cross-sectional mapping of (a) Specimen 1, (b) Specimen 2, (c) Specimen 3, (d) Specimen 4, and (e) Specimen 5 exposed to LBE at 600 °C for 7 days. 
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Figure 17. A comparison of (a) raw and (b) gold-coated fibers in LBE at 600 °C showing that gold coating has no effect on SiO₂ fibers. 
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Figure 18. BSE image of LBE at 600 °C found in between gold coating and fiber. 
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Table 1. Experiment conditions for fibers.
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	Environment
	Temperature (°C)
	Test Duration (h)





	Steam
	1200
	24



	FLiNaK
	750
	24, 168



	MgCl₂-NaCl-KCl
	700
	24



	LBE
	600
	24, 168



	PWR
	300
	24
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Table 2. Compositions of uncoated raw fibers.
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This Work ID

	
Supplier

	
Weight Percentage (wt%)




	
Name

	
ID

	
SiO2

	
F

	
Ge (Core)






	
F 101

	
Fujikura

	
RRSMFB

	
97.806

	
-

	
2.194

	
-

	
-

	
-




	
F 102

	
Draka

	
BB-elite 150C HTA

	
99.911

	
±0.008

	
0.063

	
±0.001

	
0.026

	
±0.001




	
F 103

	
Fujikura

	
RRSMFA

	
98.606

	
-

	
1.394

	
-

	
-

	
-




	
F 105-1

	
Draka

	
SRH SM DLPC9

	
99.646

	
±0.02

	
0.354

	
±0.02

	
-

	
-




	
F 105-2

	
Draka

	
Super RadHard SM 15PC:12/00

	
99.646

	
±0.02

	
0.354

	
±0.02

	
-

	
-




	
F 106

	
Draka

	
SMF G652 DLPC9 PC:269/00

	
99.974

	
±0.001

	
0.000

	
-

	
0.026

	
±0.001











[image: Table] 





Table 3. Composition and details of gold-coated fibers.
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	Supplier
	AMS Technologies



	Supplier ID
	ASI9.0/125/155G



	Core Material
	GeO2 doped SiO2



	Core Diameter (µm)
	9.0 ± 0.5



	Cladding Material
	SiO2



	Cladding Diameter (µm)
	125 + 1/−3



	Coating Material
	Gold



	With Coating Diameter (µm)
	155 ± 16
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Table 4. ICP-MS results of fiber F103 in PWR primary after 168 h at 300 °C and 2200 psig.






Table 4. ICP-MS results of fiber F103 in PWR primary after 168 h at 300 °C and 2200 psig.





	Description
	Concentration (ppb)





	Pre-test Si
	723.8 ± 36



	Post-test Si
	4301.2 ± 215



	Difference between Post-test and Pre-test
	3577.4 ± 179



	Expected Si concentration if fiber completely dissolved
	6245
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