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Abstract

:

The corrosion-resistant properties of IronChromium–Aluminum (FeCrAl) alloys have been known for nearly a century. Since the 1950s, they have been explored for application in the generation of nuclear power. In the last decade, the focus has been on the use of FeCrAl as cladding for uranium dioxide fuel in light water reactors (LWRs). The corrosion resistance of this alloy depends on the oxide that it can develop on the surface. In LWRs in the vicinity of 300 °C, the external surface oxide of the FeCrAl cladding could be rich in Fe under oxidizing conditions but rich in Cr under reducing conditions. If there is an accident and the cladding is exposed to superheated steam, the cladding will protect itself by developing an alpha aluminum film on the surface.
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1. Introduction


Iron–Chromium–Aluminum (FeCrAl) alloys were first developed almost a century ago. For many decades, FeCrAl alloys were mostly used for heating elements in electric furnaces because of their extraordinary resistance to attack by air and steam at temperatures higher than 1000 °C. Their resistance to further oxidation was due to the development, on the surface of the elements, of a one-micrometer-thick aluminum oxide film, which did not allow for oxygen diffusion to the underlying matrix. Since the 1950s, FeCrAl alloys have been explored for nuclear applications, such as cladding for fuel, mainly because of their resistance to environmental interactions and their superior mechanical properties at temperatures of 600 °C and higher. The fuel rod in a light water reactor (LWR) includes ceramic fuel pellets of uranium dioxide (UO2) encased in a tube or cladding made of a metallic alloy. Since the late 1950s, the cladding in LWRs was mostly based on the element zirconium (Zr) due to its higher transparency to thermal neutrons. Extensive research has been conducted in the last 60+ years on the behavior of Zr alloys in the entire fuel cycle, from cradle to grave. The tsunami-induced accident at the Fukushima Daiichi nuclear power stations in 2011 reminded the international nuclear materials community to reconsider FeCrAl alloys as a more robust cladding alternative for UO2 fuel. In the last decade, there has been an international effort to assess the performance of FeCrAl as cladding in the LWR-like environment fuel cycle. Most of the effort has been spent on showing the superior behavior of FeCrAl to Zr cladding under accident conditions (mainly above 1000 °C in steam). However, the cladding will very rarely experience accident conditions in the reactor; however, the cladding will certainly experience all the temperatures and environments typical of a fuel cycle including tube fabrication, normal operation in the reactor, shutdown conditions (e.g., during refueling), and used fuel management. Figure 1 shows schematically the range of temperatures that the FeCrAl cladding may be exposed to while being used to generate power at LWR plants. Figure 1 shows that the most likely temperatures will range from ambient conditions to approximately 300 °C. Very rarely or never would the temperatures be higher than 400 °C. Like most other corrosion-resistant alloys, FeCrAl relies on the formation of surface oxides to defend itself from the environment. FeCrAl alloys are sometimes called smart alloys since they create, on their surface, different oxides depending on the environment they are experiencing.



The objective of this manuscript was to present a literature review to understand what type of oxides may develop on the surface of FeCrAl cladding tubes, particularly FeCrAl ODS, APMT and C26M, in the simulated LWR conditions outlined in Figure 1, which are the conditions that the cladding may be exposed to during the fuel cycle. The data shown in this review are cited from the currently available literature supplemented by archival data from GEVAR on this specific and narrow topic. This manuscript does not review the oxides that may develop on other nuclear materials such as austenitic stainless steels and nickel-based alloys.




2. Rod and Bundle Fabrication


Table 1 shows some of the most common FeCrAl alloys that are being studied worldwide as part of accident-tolerant fuel (ATF) programs. The most consistent compositions reported in the literature are for PMC26M and APMT2, which are being investigated at General Electric and other research organizations. FeCrAl ODS and variations are being investigated in Japan and have also maintained a consistent composition throughout the last quinquennium. PMC26M and APMT2 alloys are currently made by powder metallurgy through an extrusion process into hollow precursors and then pilgered into thin wall tubes [1]. The current geometry of these FeCrAl tubes is typical of Boiling Water Reactor (BWR) applications, with an approximately 10 mm OD and 0.3 mm wall thickness. Any other geometry can be manufactured as desired. The currently envisioned fuel bundle fabrication process would be similar to that for Zr alloys such as Zircaloy-2, that is, a clean tube of approximately 4 m long is adapted with a welded cap in one end, then filled with the desired UO2 fuel pellets and then a final cap will be welded to hermetically seal the rod at the other end. Many welding processes may work but the one currently preferred by the industry is pressure resistance welding, which does not involve melting. FeCrAl alloys are ferritic stainless-steel-like alloys, that is, they contain sufficient chromium to develop a native Cr-rich oxide film on the surface at ambient temperature in air. No one has been reported to characterize the thickness and composition of the native oxides formed in air at ambient temperature on the surface of the alloys in Table 1. Besides the commercial compositions in Table 1, many other variations of Cr, Al, molybdenum (Mo), and yttrium (Y) have been studied.




3. Oxidation of FeCrAl Cladding under LWR Normal Operation Conditions


Once the fuel bundles are fabricated and delivered to nuclear power stations by fuel vendors, they are kept in nearly pure water pools at near ambient temperature. Once the bundles are arranged into the reactor core, the temperature of the cladding will be raised to the vicinity of 300 °C (or normal operation conditions) to produce steam.



In BWRs, the steam is produced directly above the reactor core, but in pressurized water reactors (PWRs), the steam is produced in a steam generator outside the reactor core. Normally, after two years or so, approximately one-third of the bundles from the core may be discharged and replaced with fresh fuel bundles and the other two-thirds of the bundles may be rearranged into the core. In this process of fueling and refueling, the cladding temperature may experience temperature changes from near ambient to the vicinity of 300 °C (Figure 1) and then back to near ambient during the next refueling. Each bundle may experience at least three such cycles during their useful life producing steam. There are no data on the oxide film thickness or composition that may develop on the surface of the FeCrAl cladding following three cycles in a commercial LWR core under irradiation.



Experiences from out-of-pile autoclave testing (for example, in cycles of three months and then cooling down to ambient temperature and then raising again to near 300 °C for another three months) show that the oxide formed at a high temperature remains stable at near ambient temperature. The initial information available from the literature regarding oxide formation on FeCrAl cladding involves out-of-pile exposure at temperatures near the operation conditions of 300 °C. The structure of the oxides on FeCrAl has been studied to some extent as a function of temperature, exposure time, water composition, and FeCrAl alloy composition [2,3,4,5,6].




4. General Corrosion of FeCrAl Alloys in Out-of-Pile Autoclave Tests at ~300 °C


The structure (thickness and composition) of the oxides will be discussed based on influencing factors such as (a) internal (e.g., the FeCrAl composition) and (b) external or environmental (e.g., if the water is oxidizing or reducing, dissolved species in water, pH, and temperature effects in the vicinity of 300 °C). Several years of testing experience has shown that the most important variables controlling the dissolution of FeCrAl in water at nearly 300 °C are the redox potential (oxygen vs. hydrogen) and the amount of Cr in the alloy [2,7]. When the gas in the ~300 °C water is changed from less than 1 ppm hydrogen to 1 ppm oxygen, the corrosion potential of FeCrAl alloys can change by more than 600 mV [8]. When the corrosion potential is high (oxidizing), the FeCrAl alloys (even the ones with 12–13%Cr) would passivate and offer a low dissolution or recession rate. When the corrosion potential is low (reducing or with hydrogen gas), the mass loss by FeCrAl alloys is higher (and a higher mass loss for the lower Cr alloys) [2,7].



Autoclave exposure tests have been conducted to determine the rate of corrosion, or the dissolution of the FeCrAl material mostly in the ~300 °C range in water (generally between 288 °C and 360 °C). The first and more complete sets of tests were conducted at (a) the General Electric Corrosion and Electrochemistry Laboratory (now GE Vernova Advanced Research or GEVAR) [2], (b) at the Oak Ridge National Laboratory [9,10], and (c) at the Nippon Fuel Development or NFD laboratories [11]. Immersion tests conducted at GE were typically in three autoclave conditions: (a) PWR, high-purity water at 330 °C containing 3.75 ppm of dissolved hydrogen; (b) BWR, hydrogen water chemistry (HWC), high-purity water at 288 °C containing 0.3 ppm of dissolved hydrogen; and (c) BWR, normal water chemistry (NWC), high-purity water at 288 °C containing 1 ppm of dissolved oxygen.



The mass change behavior of FeCrAl coupons in ~300 °C water has a direct relationship with their capacity to passivate [2]. The passivation in ~300 °C water is mostly controlled by the content of Cr in the FeCrAl alloy. The higher the Cr content (e.g., APMT), the better the passivation [2]. For example, Qu et al. [12] tested coupons of five different FeCrAl alloys containing from 7%Cr to 13%Cr for four months under PWR-type conditions at 360 °C in a static autoclave and they reported that the higher the Cr content in the alloy, the lower the mass gain by the coupon, meaning that the higher-Cr alloy passivated more quickly and did not allow for oxide growth. In oxidizing conditions like in BWR normal water chemistry (NWC) at 288 °C, the FeCrAl coupons practically do not undergo a mass change even after immersion for a year [2,11]. In reducing conditions, such as BWR hydrogen water chemistry (HWC) at 288 °C, the FeCrAl coupons tend to gradually suffer a uniform recession in their thickness; the lower the Cr content in the FeCrAl, the higher the recession (dissolution) rate in HWC [2,11,13,14].




5. Composition of the Oxides Developed on FeCrAl in Out-of-Pile Autoclave Tests at ~300 °C


The composition and thickness of the oxide on the surface of the FeCrAl cladding is different depending on if the redox potential is reducing (hydrogen water chemistry HWC) or oxidizing (normal water chemistry NWC [7]). Under reducing conditions, the oxides on the surface would be mainly Cr2O3 and single-layered. Under oxidizing conditions, the surface oxide is a double layer, with a thicker external layer rich in Fe and Cr and a thinner inner layer rich in Cr. After a year of immersion in near 300 °C water under NWC, APMT starts to enrich in Al underneath the Cr oxide film. It is not clear yet how the presence of Mo in the FeCrAl alloys affects their passivation behavior at near 300 °C.



5.1. Oxides under Oxidizing Conditions (BWR NWC)


Figure 2 shows the FIB and TEM cross-section of the oxide films developed on the OD surface of APMT tubing exposed for 12 months to out-of-pile BWR NWC in 288 °C water containing 1 ppm dissolved oxygen (O2). The total thickness of the oxide film is approximately 300 nm and formed mainly by two layers, an external one constituted mostly of Fe and Cr and an internal one which is Cr-rich (Figure 2a). The inner portion of the internal oxide layer rich in Cr also contains some aluminum. Figure 2b shows that underneath the continuous Cr-rich oxide layer, there is a non-continuous enrichment in Al, which seems to be in the non-oxidized matrix, which is sometimes called the transition layer [15]. Figure 3 shows the thickness and composition of the oxide developed on the surface of a C26M tube specimen after one year of immersion in BWR NWC conditions. The oxide film on C26M under BWR NWC is like that developed on AMPT but thinner. Yin et al. [2] reported slightly more mass loss for the C26M coupons than for the APMT coupons in BWR NWC conditions. Figure 3 shows the two-layer oxide on C26M; the external is enriched in Fe and the thinner internal layer contains Cr and Al. Similar findings were reported by Yamashita et al. [16].




5.2. Oxides Developed under Reducing Conditions (BWR HWC and PWR)


Figure 4 and Figure 5 show, respectively, the oxide characteristics developed, respectively, on AMPT and C26M coupons after 12-month immersion in BWR HWC. Figure 4a shows that the oxide film that developed on APMT tube specimen was mostly one layer rich in Cr and containing Al. The Al was mostly enriched at the boundary between the oxide and the matrix. On top of the oxide layer, there were some isolated crystals rich in Fe (which may have developed by reprecipitation from the recirculating autoclave water). Figure 5a shows that the oxide that developed on the C26M tube specimen was mostly one layer rich in Cr. The inner portion of this Cr-rich oxide layer also contained Al (Figure 5a,b). Compared with Figure 4 for APMT, the top of the oxide does not contain crystals rich in Fe, probably because the recession rate of C26M was faster than that of APMT in BWR HWC and would not allow for the crystals to develop, or the developed crystals would fall off [2]. Figure 5 also shows that the oxide on C26M was thicker than the oxide on the APMT (Figure 4), probably because the lower Cr in C26M makes it more difficult to passivate.



Figure 6 and Figure 7 show the oxide films developed, respectively, on the APMT and C26M tubes in PWR environments at 330 °C. In PWR environments both alloys lost some mass, twice as much in C26M than in APMT [2]. Compared with the other reducing environment (BWR HWC), the mass loss in PWR conditions was smaller than in BWR HWC conditions [2]. Figure 6a shows that the oxide developed on APMT in PWR conditions was mostly rich in Cr but also contained Al. Compared to Figure 4a, the oxide on APMT in PWR was thinner than in BWR HWC conditions. As it was argued before, the higher temperature in PWR may have accelerated the passivation for the high Cr APMT [2]. Figure 7 shows that the oxide on top of C26M tubes in PWR environment was thicker than the oxide on APMT (Figure 6). On C26M the oxide was Cr-rich with two distinguishable regions, like the oxide in BWR HWC (Figure 5). The most external region of the Cr rich oxide did not contain Al, while the internal thicker region did contain Al. Comparing Figure 5 and Figure 7, the oxide under BWR HWC on C26M was thicker than in PWR conditions. Again, it is likely that under PWR conditions, C26M was able to offer better passivation and therefore lower corrosion rates [2].



The presence of Al enrichment underneath the Cr-enriched oxide has also been reported by Terrani et al. [13] for one year’s exposure of a model (non-commercial) alloy (Fe-10Cr-5Al) under PWR reducing conditions. Al enrichment under the Cr-rich oxide was also observed for an Fe-10Cr-5Al model alloy tested for one year under BWR NWC conditions but no Al enrichment was detected for the specimens tested under BWR HWC conditions [13]. It is likely that the higher recession rate under BWR HWC would not allow sufficient time for Al to be enriched since the oxide may be dissolving in the reducing water faster as it develops. For a higher-Cr FeCrAl such as APMT, the presence of the Al-enriched zone does not seem to be present for coupons tested for 6 months [17]. It may take longer than 6 months for the enrichment of Al to be established. Raiman et al. [14] reported Al enrichment underneath the Cr-rich oxide after 9 months of immersion of APMT and model alloy C35M3 coupons in BWR NWC, but they did not report Al enrichment underneath the Cr-rich oxide for APMT and C35M3 coupons immersed for 9 months under BWR HWC. This again could be related to the less protective oxide film that develops in BWR HWC. It has also been observed that when the Cr content is in the lower range (e.g., 12–13%), the aluminum does not enrich in the transition layer between the Cr oxide and the matrix, but the Al enrichment is in the Cr oxide itself [12]. An illustrative summary of oxide formation after 12-month exposure to simulated LWR water conditions is shown in Figure 8.



Besides the work conducted at GE, ORNL, and at NFD, the FeCrAl alloys have also been tested in China and other countries but not in a highly systematic manner. A review article by Jiang et al. [18] listed the double layer oxides formed under BWR NWC (with dissolved oxygen) on FeCrAl coupons. They reported that the external layer was an Fe-rich spinel sometimes containing nickel (Ni) (Ni is not present in FeCrAl alloys but may still be present in the test water because of minor dissolution from the stainless steel piping and autoclave body). The presence of Al in the transition region between the Cr-rich oxide and the base metal was also reported by Was et al. [19] and Ning et al. [15] at higher tested temperatures of 320 °C and 360 °C, respectively. After testing tubes of Fe-13Cr-5Al for 100 days under PWR conditions, Ning et al. [15] reported Al enrichment in the Cr-rich oxide. The findings by Ning et al. [15] were also corroborated by Qu et al. [12] after testing 7–13% Cr FeCrAl for 4 months at 360 °C.





6. Oxide Film Development during Accident Conditions


6.1. Design-Basis Accident Conditions (DBA)


The NRC defines DBA as a postulated accident that a nuclear facility must be designed and built to withstand without loss to the systems, structures, and components necessary to ensure public health and safety. That is, this is a recoverable accident condition. It is not clear in an LWR what the temperature of the fuel bundles during a DBA would be, but the environment could probably be steam at a temperature below 800 °C. Roy et al. [6] studied the oxide film developed on model alloys when they were exposed to steam at 400 °C for 100 h. They reported that when Fe-17Cr-4Al was exposed to steam at 400 °C for 100 h, the total surface oxide was approximately 200 nm thick with an external layer rich in Fe and an internal layer approximately 20 nm thick rich in Cr towards the outside and enriched in Al towards the matrix. These results in steam at 400 °C closely follow the behavior of the oxide structures reported in condensed water at about 100 °C lower temperatures [6]. The main difference is that, in steam, the external mostly Fe-rich oxide cannot disperse or dissolve in condensed water like in the tests at the lower temperatures of ~300 °C. Qu et al. [20] tested the model alloy Fe-21Cr-5.5Al-3Mo in steam at 400 °C for 100 h. The analysis of the surface showed an oxide approximately 1 µm thick, containing two layers. The external thicker layer contained Fe and Mo and the internal thinner layer was Cr-rich and enriched in Al [20]. The presence of Mo in the alloy showed a detrimental effect on the protectiveness of the oxide film that developed in steam at the lower temperature of 400 °C. The presence of Mo in the alloy does not seem to affect the oxidation resistance of FeCrAl in steam at temperatures higher than 1000 °C. Moreover, Mo may provide a beneficial effect on strengthening the mechanical properties of FeCrAl.




6.2. Beyond Design-Basis Accidents (BDBA)


The NRC defines BDBA as a technical way to discuss accident sequences that are possible but were not fully considered in the design process because they were judged to be too unlikely. (In that sense, they are considered beyond the scope of design-basis accidents that a nuclear facility must be designed and built to withstand.) As the regulatory process strives to be as thorough as possible, “beyond design-basis” accident sequences are analyzed to fully understand the capability of a design. It is assumed that a reactor core damage is unrecoverable from a BDBA. Examples of these BDB accidents include Fukushima in 2011 and Chernobyl in 1986. FeCrAl alloys were initially selected as candidates for the cladding of the uranium-based fuel because of their extraordinary resistance to attack by steam at temperatures higher than 1000 °C [9]. FeCrAl alloys made by traditional metallurgy (melting and forging) and by powder metallurgy showed extraordinary resistance to attack by steam if the amount of Cr and Al in the alloy met some minimum values [21,22]. Most of the >1000 °C tests were performed for a few hours. Recently, it was demonstrated that neutron-irradiated defueled FeCrAl cladding was also resistant to attack by steam at 1200 °C [23].



It has been shown repeatedly in the last decade that FeCrAl alloys, with enough Cr and Al, develop a 1 µm thick layer of columnar alpha alumina on the surface when exposed to steam at temperatures higher than 1000 °C [9,24]. If the oxidation is performed in plain air (see next section), the oxide may not be a single layer of columnar alpha alumina. Rebak et al. [25] did a systematic study of the effect of the temperature on the oxidation characteristics of APMT and C26M in air and in steam between 800 °C and 1300 °C. The behavior of C26M was like the behavior of APMT both in air and in steam [25]. Lipkina et al. [26] studied the oxidation behavior of FeCrAl ODS (12Cr-6Al) in air and steam up to 1400 °C, and they reported a thicker alumina oxide on the surface in the presence of air than in steam. It is likely that in steam, the alumina oxide develops faster and then the matrix does not suffer further oxidation due to the protectiveness of the alumina film. In air, the oxide may seem less protective (more defective), allowing for oxygen to diffuse through the oxide and allowing it to grow thicker.



Figure 9 shows the oxide characteristics developed on APMT after 4 h of exposure at 1200° to laboratory air [25]. The oxide layer on the surface was basically two layers of pure alumina 1 to 2 µm thick. The external alumina layer was less than 10% of the total thickness and contained mostly smaller grains, while the internal thicker layer was columnar alpha alumina. Between the two alumina layers, there was some residual trapped Cr. It is likely that when the coupon was being heated in air, first, a Cr-rich oxide developed and then as the temperature increased, the alumina that developed underneath the Cr oxide pushed through, trapping some of the Cr before the Cr would be consumed by reaction with the steam contained in the air. The white dots in the oxide show porosity, probably because of the removal of trapped Cr. This surface oxide does not contain either Fe or Mo.



Figure 10 shows the oxide that developed on the surface of APMT when exposed for 4 h to pure steam at 1200 °C [25]. The oxide is a single layer of columnar alumina less than 1 µm thick. In pure steam, there is a large availability of water gas in the chamber which can quickly remove the initial Cr oxide from the surface, allowing for the growth of a pure protective (no porosity) alumina layer. This surface oxide does not contain either Fe or Mo.





7. FeCrAl Alloy Oxidation Behavior in Other Environments


7.1. Industrially Pre-Oxidized APMT in Air


Some FeCrAl alloys can be purchased commercially in the pre-oxidized condition. Industrially, pre-oxidation is conducted in air at 1050 °C for 8 h. It has been shown before that when the oxidation of APMT is conducted in pure steam at 1200 °C, the surface oxide is a single layer approximately 1 µm thick of columnar pure alpha alumina. However, when the oxidation is performed in air for 8 h at the slightly lower temperature of 1050 °C, there are two distinctive layers of oxide. Figure 11a,b show the total oxide thickness is between 500 nm and 1 µm and is practically pure alumina (Figure 11c,d). The distinctive external layer is approximately one-fourth of the total oxide thickness and it is less structurally defined than the internal layer approximately three-fourths of the oxide thickness. There is no iron in the oxide developed in air at 1050 °C. Figure 11f shows that a small amount of Cr is retained between the two layers of alumina rich oxide. It is likely that at the lower temperatures (during heating up in the furnace in air), the surface of the APMT was covered by Cr oxide, and as the temperature increased, alumina started to develop and pushed through the Cr oxide. As the temperature progressed above 1000 °C, and for the next 8 h, another alumina layer grew underneath the first layer (the larger columnar oxide of the inner layer in Figure 11a,b). Since the heating was performed in air and not in steam, the air does not contain sufficient water molecules to react with the Cr oxide and evaporate it as a hydroxide. This is the reason why the remnants of Cr oxide are trapped between the two layers of alumina in Figure 11.




7.2. Passive Behavior of FeCrAl in Cooling Pools


Spent fuel pools or cooling pools are methods used in nuclear power stations to decrease the radioactivity of used fuel rods by storing them under approximately 6 m of well-controlled chemistry water. The water acts as an agent to remove the heat from the radioactive rods and provides radiation shielding for anyone near the pool. Used rods generally may spend up to 20 years in cooling pools before being transported to dry cask storage. The temperature of the water in the pool could be in the range of 60 °C and has a strictly regulated pH and chloride concentration. The water conditions may change depending on if the cladding is Zr-based or FeCrAl. The conditions of the water in the pools are benign for stainless materials such as FeCrAl, which have sufficient Cr (≥12%) to render them stainless or passive. Electrochemical tests were performed using APMT, C26M, FeCrAl ODS and type 304SS tubes at ambient, 45 °C and 60 °C in 3.5% NaCl environments [17]. Electrochemical impedance spectroscopy testing showed that all the tested materials remained passive. The highest polarization resistance (Rp) values in 3.5% NaCl at 60 °C corresponded to APMT and type 304SS since they have the highest Cr content. The phase angle measurements in Bode plots showed that all the alloys were protected by a passive film, which was probably a surface Cr-rich oxide [17]. No studies were conducted to determine the thickness and composition of the passive film developed on APMT and C26M in near-neutral pH NaCl solutions. It is assumed that this film would have the characteristics of any other stainless steel with the equivalent amount of Cr.




7.3. Passive Behavior in Air under Dry Cask Storage


Dry cask storage is the next storage step in the fuel cycle after the used fuel bundles have been cooled (their radioactivity has been reduced) in cooling pools. The dried-up used fuel bundles would be placed in stainless steel cylinders and hermetically sealed. The steel cylinders with the used fuel would later be placed in vertical or horizontal concrete casks with proper openings for ventilation and air cooling by natural convection. During cask storage, the fuel bundles would be dry at temperatures normally not much higher than 100 °C. It is expected that due to this relatively low exposure temperature, all diffusion processes contributing to surface oxidation would be kinetically slow and non-threatening to the integrity of the cladding for up to 100 years. Surface films on the surface would likely be thin Cr-rich oxides typical of stainless steels.




7.4. Effect of FeCrAl Alloy Composition on Dissolution in Mineral Acids


After extended dry cask storage, the used fuel management policy of each country determines if some of the fuel can be reprocessed or go directly to a geologic repository. In fuel reprocessing or recycling, the fuel pellets themselves need to be separated from the cladding and then the unused fissionable material can be extracted from the dissolved fuel pellets. The way the cladding is separated from the fuel pellets will depend on the nature of the cladding. There is an established reprocessing protocol for claddings based on the element Zr, but recycling process methods still need to be formalized for future FeCrAl claddings. It was shown that C26M dissolves at corrosion rates higher than 100 mpy when exposed to 1 M hydrochloric acid and 0.5 M sulfuric acid at 30 °C. If the temperature is raised to 90 °C, the corrosion (dissolution) rate may increase by more than 100 times [27]. The dissolution rate for APMT is lower than for C26M probably because of its higher Cr content. In 1 M nitric acid solutions, the dissolution rates for both alloys are much lower, probably because nitric acid promotes the passivation of these stainless Cr-containing alloys. Electrochemical impedance spectroscopy tests of APMT and C26M in the three studied acids corroborated the immersion test studies. The most aggressive acid was HCl, followed by H2SO4, and the least aggressive was HNO3. Bode plots of the phase angle showed that both APMT and C26M as well as type 304SS did not have a passivating film on the surface when in the presence of 1 M HCl at 30 °C. In the presence of 1 M HNO3 at 30 °C, the strongest passivation was for APMT. The composition and thickness of the passive film on APMT was never analyzed.





8. Conclusions


FeCrAl alloys are being considered for nuclear applications due to their unique characteristics of good mechanical properties and their environmental resistance in a large range of temperatures from ambient temperature to 1000 °C or higher.



The unique corrosion degradation resistance is that FeCrAl alloys can develop the right type of surface oxide to resist the environmental conditions to which it is exposed.



Under light water reactor conditions at near 300 °C, for example, the FeCrAl can have a micrometer-range-thick surface oxide rich in Fe under oxidizing conditions or a nanometer-range-thick oxide rich in Cr under reducing conditions.



In air or steam at temperatures higher than 1000 °C, the protective surface oxide is a one-micrometer-thick layer of alpha alumina. The alumina formed on the FeCrAl cladding surface can protect the component from catastrophic oxidation and failure under loss of coolant accident (LOCA) conditions.



The combination of the good mechanical properties and oxidation resistance of FeCrAl alloys would also make them candidates for future reactors which operate at temperatures higher than 650 °C.
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Figure 1. Temperatures that a fuel cladding may experience. At each temperature, the environment may be different. 
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Figure 2. Oxide films developed on the surface of APMT cladding tube after 12-month exposure to BWR NWC water at 288 °C containing 1 ppm O2. (a) Fe and Cr EDS composite map; (b) Fe, Cr and Al EDS composite map. 
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Figure 3. Oxide films developed on the surface of C26M cladding tube after 12-month exposure to BWR NWC water at 288 °C containing 1 ppm O2. (a) Fe and Cr EDS composite map; (b) Fe and Al EDS composite map. 
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Figure 4. Oxide films developed on the surface of APMT cladding tube after 12 months’ exposure to BWR HWC water at 288 °C containing 0.3 ppm H2. (a) Fe, Cr, Al and Pt EDS composite map; (b) Fe, Al and Pt EDS composite map. 
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Figure 5. Oxide films developed on the surface of C26M cladding tube after 12 months’ exposure to BWR HWC water at 288 °C containing 0.3 ppm H2. (a) Fe, Cr, Al and Pt EDS composite map; (b) Fe, Al and Pt EDS composite map. 
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Figure 6. Oxide films developed on the surface of APMT cladding tube after 12 months’ exposure to PWR water at 330 °C containing 3.75 ppm H2. (a) Fe, Cr and Pt EDS composite map; (b) Fe, Cr, Al and Pt EDS composite map. 
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Figure 7. Oxide films developed on the surface of C26M cladding tube after 12 months’ exposure to PWR water at 330 °C containing 3.75 ppm H2. (a) Fe, Cr and Pt EDS composite map; (b) Fe, Cr, Al and Pt EDS composite map. 






Figure 7. Oxide films developed on the surface of C26M cladding tube after 12 months’ exposure to PWR water at 330 °C containing 3.75 ppm H2. (a) Fe, Cr and Pt EDS composite map; (b) Fe, Cr, Al and Pt EDS composite map.



[image: Cmd 05 00006 g007]







[image: Cmd 05 00006 g008] 





Figure 8. Oxide films developed on the surface of APMT and C26M cladding tubes after 12 months’ exposure to three LWR conditions. 






Figure 8. Oxide films developed on the surface of APMT and C26M cladding tubes after 12 months’ exposure to three LWR conditions.



[image: Cmd 05 00006 g008]







[image: Cmd 05 00006 g009a][image: Cmd 05 00006 g009b] 





Figure 9. Oxide film developed on the surface of APMT after 4-h exposure to air at 1200 °C. Adapted from ref. [25]. (a) BF-TEM image; (b,c) Al and O EDS maps; (d) Cr and Al EDS composite map. 
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Figure 10. Oxide film developed on the surface of APMT after 4-h exposure to air at 1200 °C. Adapted from ref. [25]. (a) BF-TEM image; (b–d) Al, O and Cr EDS maps 
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