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    Abstract


    A mechanically alloyed austenitic stainless steel (MA304LZ) was produced from pre-alloyed SUS304L powder with a small amount of zirconium addition. Coupon-type specimens of MA304LZ and SUS304L steels were subjected to hot water at 300 ℃/25 MPa and supercritical pressurized water (SCW) at 500 ℃/25 MPa for 1000 hr. MA304LZ is significantly less susceptible to corrosion weight gain in SCW than SUS304L which follows the parabolic rule between weight gain and elapsing time. The reduction of weight gain in MA304LZ can be attributed to much smaller grains which enhance chromium diffusion through grain boundaries and consequently accelerate the formation of a protective chromium oxide layer. Nickel oxides were observed in SUS304L but not in MA304LZ after the test at 500 ℃. It is considered that zirconium addition suppresses nickel diffusion as well as oxygen diffusion because of the strong interaction of zirconium/nickel and zirconium/oxygen. Electrochemical potentiodynamic reactivation (EPR) measurement of the degree of sensitization (DOS) of annealed and non-annealed samples indicates that both steels were resistant to sensitization of grain boundary corrosion. However, the annealing of MA304LZ at 1050 ℃ diminishes the beneficial grain size effect of MA304LZ.
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    Introduction


    Enhancing the safe operation of nuclear reactors with use of advanced materials is of upmost importance for meeting future energy demands including a reduction of carbon dioxide while keeping a steady generation of electricity [1]. In current light water reactors, zircaloys have been used as a fuel cladding material mostly because of its low nuclear reaction cross section. However, the strong exothermic reaction of zircaloys with hot water and/or steam generates hydrogen while further increasing water temperature, creating a large amount of highly flammable hydrogen gas. This generation of hydrogen gas exacerbated the Fukushima incident in Japan and drove a greater interest in the research on alternative cladding materials [2]. Iron-based stainless steels have been proposed as one alternative cladding material due to having several desirable characteristics: 1) High corrosion resistance, 2) Phase stability at high temperatures, 3) No α' embrittlement that can plague ferritic/martensitic (F/M) steels under radiation [3]. A second alternative for protecting cladding materials is to add a thin barrier coating to protect direct corrosion reaction with zirconium. However, the coating has the issue of small cracks leading to a significant corrosion of the zirconium substrate. Austenitic stainless steels carry with them their own set of issues, ie. the well-known critical issues of stress corrosion cracking (SCC) and void swelling at relatively low dpa [4-6].


    The materials for use in advanced nuclear system applications would need to have sufficiently high strength at high temperatures, high corrosion resistance, and a high degree of radiation tolerance. Currently much research has been completed on F/M steels with the addition of nano-sized oxides, which have been shown to improve several characteristics of F/M steels such as radiation tolerances and yield strength through several mechanisms [7-9]. Especially, one of the authors of this work developed 15Cr-5Al-oxide dispersion strengthened (ODS) ferritic steels added with small amount of zirconium which showed a significant strengthening of Al-added ODS steels, which was due to the alteration of the lower number density of coarse (Y, Al) oxides with a higher number density of fine (Y, Zr) oxides [10-16].


    In our previous work, we reported the improvements in mechanical properties of 304L stainless steel by the addition of a small amount of high purity zirconium, as an oversized element, where a rather high yield strength of 767 MPa and a significantly reduced grain size of 0.42 µm were achieved [17]. This very fine grain size is attributed with being the primary factor for the high yield strength. Additionally, the high purity zirconium resulted in the formation of thermodynamically stable ZrO2 particles further enhancing the mechanical properties and reducing the possibility of ZrO2 forming upon exposure to high temperature steam [18]. It should be noticed that a small amount of zirconium addition less than 1 at. % can be neglected as an accelerator for oxidizing corrosion reaction heat with steam.


    Improving the corrosion resistance of structural materials is one of the most studied areas of nuclear materials engineering. As such, there have been many reports on the corrosion behavior of various types of stainless steels and other alloys in a wide variety of corrosive environments. Grain size was typically found to have an impact on corrosion behavior. Li, et al. performed corrosion testing of ODS 304 steel with a reported grain size around 500 nm in supercritical water at 600 ℃/25 MPa for 1000 hours [19]. They reported an improved corrosion resistance in the ODS austenitic steel compared to non-ODS austenitic steels and attributed this improvement to a combination of reduced grain size and the presence of nano-sized oxide particles hindering cation diffusion [19]. A grain size effect on corrosion properties in other alloys and corrosive environments has also been reported. Wang, et al. reported on the effects of grain refinement in Ni-Cr alloys in molten salt (Li, Na, K)F and found that a fine-grained alloy resulted in greater weight loss that also increased with increasing chromium content, meaning a reduced corrosion resistance [20]. Conversely, J. Lv, et al. reported on the effects of grain size on the corrosion resistance of Ni-based alloy 690 in a borate buffer solution at 300 ℃ that grain refinement enhanced the formation of a Cr2O3 layer and improved corrosion resistance properties [21]. It would seem then that the grain size effects on corrosion behavior can vary between alloys and corrosive environments. In addition to the grain size, S. Gollapudi reported that nanocrystalline materials exhibited faster passivation kinetics and an increase the formation of a passive layer to improve corrosion resistance [22].


    The corrosion resistance of stainless steels have been widely studied in water under widely varying conditions. Gui, et al. studied the temperature dependence of corrosion resistance in SUS304 in a range of temperatures from 25 ℃ to 450 ℃ with both coarse grains and nanocrystalline grains [23]. They concluded that above 300 ℃ the chromium oxide passivation layer becomes comparatively thin due to an enhancement of chromium diffusion along grain boundaries [23]. Several researchers have investigated corrosion properties of SUS304 in supercritical water (SCW) and reported that the SUS304 exhibited no significant susceptibility to corrosion or stress corrosion cracking (SCC) in SCW when the average grain size was small and/or when nanoparticles existed [19,24,25].


    As for the effects of zirconium addition on the corrosion properties in austenitic stainless steels, it was reported that a small addition of zirconium suppresses the formation of a Cr-depleted zone along grain boundaries under ion irradiation [26]. In this study, we compare corrosion behavior between mechanically alloyed MA304LZ, which has a small amount of zirconium addition with an average grain size of 0.42 µm, and conventional SUS304L to understand the effects of zirconium addition and grain size on the corrosion behavior of SUS304L austenitic stainless steel.


    Experimental


    Materials


    The tested austenitic stainless steel (MA304LZ) was produced from pre-alloyed SUS304L powder and high purity (99.9%) zirconium powder (suspended in water) at 0.7 wt.%. The mixed powder was obtained by milling in a P-5 Fritsch planetary ball mill at 200 rpm for 48 hours in an argon environment with a ball-to-powder ratio of 9:10 in weight. Both the milling balls and milling chamber were composed of SUS304 stainless steel. A rather low ball-to-powder ratio along with low rotation speed was used to alleviate the affixing issue of the resulting powder to the mixing pot which has been encountered by previous researchers [3,27]. The milled powder was encapsulated in a steel tube and evacuated to 1 × 10-3 Pa for degassing. Then consolidated through hot isostatic pressing (HIP) at 140 MPa after heating to 950 ℃ at a heating rate of 300 ℃/h. The consolidated bulk material was annealed in argon gas at 1000 ℃ for 30 min followed by quenching into water at ambient temperature. The chemical compositions are the same as our previous work and are listed in Table 1 [17].


    
      Table 1: Chemical compositions of MA304LZ and SUS304L. View Table 1

    


    Corrosion tests


    Coupon-type specimens of MA304LZ and SUS304L were cut from bulk materials and polished from 200 grit SiC polishing foil up to 0.25 µm diamond spray. Two samples of each material were placed in two separate autoclaves at 300 ℃ and 500 ℃, respectively, within the same supercritical water loop at 25 MPa and 8 ppm dissolved oxygen, as depicted in Figure 1. A high-pressure pump drove water into a pre-heater, two autoclaves, heat-exchanger, and ion-exchanger and back to a water tank. A condenser dumped residual heat to an external chiller. High purity oxygen and nitrogen were injected into the water tank to control dissolved-oxygen. The samples were removed and replaced at 100, 300, 600 and 1000 hr for weight gain measurements.


    
      Figure 1: Corrosion test loop in high temperature water (300 ℃/25 MPa) and supercritical water (500 ℃/25 MPa). View Figure 1

    


    Chemical analysis of corrosion layer


    For the observation of corrosion layer, cross sectional areas of MA304LZ and SUS304L were mechanically polished up to 0.25 µm diamond powder spray for analysis using electron probe microanalysis (EPMA) and election dispersion spectroscopy (EDS). EPMA was conducted utilizing a JEOL JXA-8500F EPMA scanning electron microscope (SEM) and EDS was conducted using a ZEISS ultra 55 Field Emission (FE)-SEM.


    Electrochemical Potentiodynamic Reactivation (EPR)


    Three samples each of MA304LZ and SUS304L were prepared for electrochemical potentiokinetic reactivation (EPR) testing [28]. The degree of sensitization (DOS) was calculated as the ratio of ir, the peak reactivation intensity to ia, the peak activation current density. Three heating conditions were chosen, AR: As-received condition, SEN: Sensitized at 600 ℃ for 24 hr, AN + SEN: Solution annealed at 1050 ℃ for 1 hr followed by water quenching and sensitized at 600 ℃ for 24 hr. Each specimen was polished with SiC foils in increasing grit from 120 grit to 2000 grit followed by diamond powder spray polishing from 6 µm to 1/4 µm. Samples were mounted in an EPR testing chamber with a surface testing area of roughly 1 cm2. The used electrolyte was 0.5M - H2SO4 + 0.01M - KSCN in a chamber that was submersed in a water bath kept at 30 ℃. The electrodes used were an Ag/AgCl reference electrode and a Pt working electrode. A voltage was applied starting at roughly - 300 mV up to + 300 mV and back down to - 300 mV at a scan rate of 100 mV/min.


    Results and Discussion


    Weight gain measurement


    Figure 2 shows the weight gains of a) MA304LZ and b) SUS304L after corrosion tests up to 1000 hr in high temperature hot water (300 ℃, 25 MPa) and SCW (500 ℃, 25 MPa). The weight gain of SUS304L significantly depends on test temperature, that is, it significantly increases with increasing temperature from 300 ℃ to 500 ℃. In contrast, almost no change is observed in MA304LZ, suggesting that MA304LZ is more resistant to corrosion in SCW than SUS304L irrespective of the similar alloy compositions of chromium and nickel. It is well known that the corrosion reaction rate is controlled by diffusivity of alloy elements involved in the corrosion reactions and the corrosion rate is often expressed by the equation showing a linear relationship between the weight gain, ΔW, and the square root of test period, t1/2. Figure 3 shows the ΔW - t1/2 relationship of SUS304L with a linear equation. A least squares method gives the equation, ΔW = a t1/2 for the test in supercritical pressurized water at 500 ℃ and 25 MPa, where a = 1.463 × 10-3 [µg/mm2 · s1/2].


    
      Figure 2: Weight gains of a) MA304LZ; and b) SUS304L after corrosion tests up to 1000 hr in high temperature hot water (300 ℃, 25 MPa) and SCW (500 ℃, 25 MPa). View Figure 2

    


    
      Figure 3: The ΔW - t1/2 relation of SUS304L at 500 ℃ and 25 MPA (SCW). The least squares fit equation, ΔW = at1/2 where a = 1.463 × 10-3[µg/mm2 · s1/2]. View Figure 3

    


    Chemical analysis of corrosion layer


    Figure 4 shows the EPMA mapping of chemical compositions on the cross section of the tested materials at 500 ℃. It is clear that chromium and oxygen coexist on the specimen surface forming chromia during corrosion tests. In contrast, no chromium carbides appear to form during the tests. At 300 ℃, a similar trend was observed in both steels with that observed in MA304LZ at 500 ℃. As shown in Figure 2, the weight gain results at 500 ℃ indicated a significant difference in corrosion behavior between the two steels, and the oxide layer on the surface of MA304LZ is much thinner than SUS304L as expected. It is noticed that the nickel content in the oxidation layer of MA304LZ is reduced, while that of SUS304L is increased in comparison to the composition in the matrix. In water with dissolved oxygen, nickel is more noble than iron or chromium according to potential-pH diagrams and the disappearance of the metastable NiO and the formation of a thinner Cr2O3 agrees with the potential-pH diagrams [29,30]. Meanwhile, the corrosion rate is well known to be related to the atomic diffusion process as shown in Figure 3 where the weight gain is proportional to the root of the corrosion period. As for the diffusivity in a 17Cr - 12Ni austenitic stainless steel, nickel has much larger diffusivity than chromium and iron as shown in Table 2 in both the cases of lattice diffusion and grain boundary diffusion [30,31]. As for the diffusion of zirconium in austenitic stainless steels, Patil, et al. preformed tracer diffusion tests and found that zirconium should be considered a fast diffusor in 316 stainless steel with a much higher diffusivity than chromium, nickel, or iron [32].


    
      Figure 4: EPMA element mapping of chemical compositions on the cross section of MA304LZ and SUS304L at 500 ℃ (note the change in scale for both the materials). View Figure 4

    


    
      Table 2: Calculated diffusion distances after 1000 hours for Cr, Ni, and Fe in 17Cr-12Ni austenitic steel and the average oxide layer thickness obtained from EPMA line profiles of MA304LZ and SUS304L at 300 ℃ and 500 ℃.View Table 2

    


    There might be two mechanisms for the interpretation of the absence of nickel oxide in MA304LZ after the test at 500 ℃: 1) The grain size effect and 2) The zirconium effect. As for the grain size effect, grain boundaries often provide a diffusion path with large diffusivity. It is expected that MA304LZ with smaller grain size and increased grain boundary area enhances grain boundary diffusion of chromium to form a protective oxide layer. At 300 ℃ the diffusivities of the alloy elements are very low, but a thin chromium oxide layer was formed through the grain boundary diffusion of chromium to protect further corrosion of the steel. At 500 ℃, however, in SUS304L a sufficient amount of iron can now diffuse to enhance corrosion and the corrosion proceeds following the parabolic rule as shown in Figure 3. The grain boundary diffusivity ratio of Fe/Cr is 0.57 at 500 ℃ and 0.29 at 300 ℃, indicating that iron diffusivity becomes larger with increasing temperature in comparison to chromium. In MA304LZ with much smaller grains, however, the weight gain was actually significantly suppressed, which indicates that the formation of protective chromium oxide layer is still maintained even at 500 ℃ by supplying enough chromium to the surface.


    As for the effect of zirconium addition, the absence of nickel oxides in MA304LZ can be also attributed to the retardation of diffusion of nickel to the surface caused by the presence of zirconium probably because the Ni-Zr bonding is much stronger than Cr-Zr and Fe-Zr bonding and may reduce the interaction with vacancies to increase the barrier to outward cationic diffusion [24]. Zirconium also has a strong affinity for oxygen and will quickly form ZrO2. The greater affinity of zirconium for oxygen and the large diffusivity of oxygen in austenitic steels suggests that zirconium will quickly encounter oxygen and quickly be bound thereby zirconium traps oxygen and halts the diffusion of both Zr and oxygen suppressing the corrosion of iron.


    Figure 5 shows the SEM cross sectional views of both steels and line profiles of each element after corrosion tests at 500 ℃, showing that a much thicker (~2 µm) Cr-oxide layer was formed in SUS304L than in MA304LZ. The average oxide layer thicknesses were calculated and shown in Table 2, indicating that the oxide film thickness of MA304LZ at 500 ℃ is about 0.4 µm, which is comparable with those of both steels tested at 300 ℃. The line profiles of chromium and oxygen are very similar, which indicates a protective chromium oxide layer is formed.


    
      Figure 5: EDX line profiles of MA304LZ and SUS304L. Scan starting from polyfast carbon based mount across metal surface (dashed line) into metal interior. View Figure 5

    


    Degree of sensitization


    Figure 6 shows characteristic loops of EPR curves and the estimated DOS values are shown in Table 3 for both steels, indicating that the DOS of the sensitized specimen (SEN) of each steel is not significantly increased in comparison to that of the as-received condition. It can be said that both steels are not so sensitized by the present sensitization treatment because of the low carbon stainless steel as also reported by other researchers [33,34]. The photos of specimen surfaces after the test are shown in Figure 7. The SEN specimen of SUS304L indicates that the sensitization results in a small amount of grain boundary corrosion, while a number of small etch pits are observed in MA304LZ. An interesting feature was observed for the AN + SEN specimens after solution annealing at 1050 ℃ for 1 hr followed by water quenching and sensitized at 600 ℃ for 24 hr. The DOS of MA304LZ increased drastically from ~0 to 26.7%, while in SUS304L the DOS only increased to 8.3% under the same conditions. It is evident that the dissolution mainly occurred not along grain boundaries but at etch pits, which become much larger after this treatment. Thus, heating of MA304LZ up to 1050 ℃ not only coarsened the grain structure but changed the features of the carbide distribution morphology. Thus, recrystallization by the annealing process diminished the grain size effect that improved corrosion resistance of MA304LZ in SCW.


    
      Figure 6: EPR results of a/c) MA304LZ; and b/d) SUS304L after various heat treatments: AR: As-received condition, SEN: Sensitized at 600 ℃ for 24 hr, AN + SEN: Solution annealed at 1050 ℃ for 1 hr followed by water quenching and sensitization at 600 ℃ for 24 hr. a/b) linear scale; and c/d) log scale of current density. View Figure 6

    


    
      Figure 7: Surface conditions after EPR testing a) SUS304L - AR; b) SUS304L - SEN; c) SUS304L - AN + SEN; d) MA304LZ - AR; e) MA304LZ - SEN; f) MA304LZ - AN + SEN. View Figure 7

    


    
      Table 3: EPR peak current densities and degree of sensitization (DOS) for MA304LZ and SUS304L under three conditions, AR: As received condition, SEN: Sensitized at 600 ℃ for 24 hr, AN-SEN: Annealed at 1000 ℃ and sensitized at 600 ℃ for 24 hr. View Table 3

    


    Conclusions


    A mechanically alloyed austenitic stainless steel (MA304LZ) was produced from pre-alloyed SUS304L powder with a small amount of zirconium addition. The MA304LZ exhibited reduced grain size and increased tensile strength, as previously reported. In this study we examined the corrosion characteristics of MA304LZ in hot water at 300 ℃/25 MPa and supercritical water at 500 ℃/25 MPa. The obtained main results are as follows:


    1) MA304LZ is significantly less susceptible to corrosion weight gain in SCW (500 ℃ and 25 MPa) than SUS304L which follows the parabolic rule between the weight gain and elapsing time.


    2) The reduction of weight gain in MA304LZ can be attributed to much smaller grains which enhance the chromium diffusion through grain boundaries and consequently accelerate the formation of a protective chromium oxide layer.


    3) Nickel oxides were observed in SUS304L but not in MA304LZ after the test at 500 ℃. It is considered that zirconium addition suppresses nickel diffusion as well as oxygen diffusion because of the strong interaction of zirconium/nickel and zirconium/oxygen.


    4) EPR measurements of DOS of annealed and non-annealed samples indicates that both steels were resistant to being sensitized to grain boundary corrosion. However, the annealing of MA304LZ at 1050 ℃ diminishes the beneficial grain size effect of MA304LZ.
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