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Abstract:



It is expected that low-Sn Zr alloys are a good candidate to improve the corrosion resistance of Zr cladding alloys in nuclear reactors, presenting excellent corrosion resistance and high strength. The present work developed a new alloy series of Zr-0.25Sn-0.36Fe-0.11Cr-xNb (x = 0.4~1.2 wt %) to investigate the effect of Nb on autoclave corrosion resistance. Alloy ingots were prepared by non-consumable arc-melting, solid-solutioned, and then rolled into thin plates with a thickness of 0.7 mm. It was found that the designed low-Sn Zr alloys exhibit excellent corrosion resistances in three out of pile autoclave environments (distilled water at 633 K/18.6 MPa, 70 ppm LiOH solution at 633 K/18.6 MPa, and superheated water steam at 673 K/10.3 MPa), as demonstrated by the fact of the Zr-0.25Sn-0.36Fe-0.11Cr-0.6Nb alloy shows a corrosion weight gain ΔG = 46.3 mg/dm2 and a tensile strength of σUTS = 461 MPa following 100 days of exposure in water steam. The strength of the low-Sn Zr alloy with a higher Nb content (x = 1.2 wt %) is enhanced up to 499 MPa, comparable to that of the reference high-Sn N36 alloy (Zr-1.0Sn-1.0Nb-0.25Fe, wt %). Although the strength improvement is at a slight expense of corrosion resistance with the increase of Nb, the corrosion resistance of the high-Nb alloy with x = 1.2 (ΔG = 90.4 mg/dm2 for 100-day exposure in the water steam) is still better than that of N36 (ΔG = 103.4 mg/dm2).
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1. Introduction


As fuel cladding and structural materials for commercial nuclear reactors, Zr alloys exhibit excellent radiation-resistance and good corrosion-resistance and mechanical properties in a neutron reactor environment lower than 623 K [1,2,3]. Such alloys with high performance were the main focus in Zr-Sn and Zr-Nb series [4,5,6,7,8,9,10], e.g., Zr-1.0Sn-1.0Nb-0.1Fe (ZIRLO alloy, the number before each element represents the weight percent, wt %), Zr-1.0Nb-O (M5), Zr-1.2Sn-1.0Nb-0.35Fe (E635), and Zr-1.0Sn-1.0Nb-0.25Fe (N36). They were generally minor-alloyed with multiple solute elements to achieve the optimum comprehensive properties. In order to further improve the waterside corrosion resistance, several Zr alloys with a much lower content of Sn were expected to be developed, such as Zr-0.4Sn-0.2Fe-0.1Cr-1.5Nb (HANA-4) [1] and Zr-0.66Sn-1.0Nb-0.1Fe, modified from ZIRLO alloy [11].



It is emphasized that the mechanical strength and the corrosion resistance of Zr alloys are closely related to the types and amounts of alloying elements [12,13,14,15,16,17]. It is difficult to achieve high strength and excellent corrosion resistance simultaneously through adding one or two elements since these two requirements are incompatible. For instance, the element Sn promotes the solid-solution strengthening, while its excessive content could deteriorate the corrosion resistance [3,11]. Fe, Cr, and Nb elements are always precipitated from the α-Zr matrix to form the second phases, such as Zr(Fe,Cr)2 and β-Nb, which can enhance the mechanical properties of alloys at the expense of the corrosion resistance [4,5,6,7,8,9,10,18,19,20,21,22,23]. Actually, different Fe/Cr ratios in the Zr(Fe,Cr)2 phase can also induce different corrosion resistance in the Fe/Cr-containing Zr alloys [5]. Thus, for low-Sn Zr alloys, the contents of other alloying elements should be adjusted to ensure the mechanical properties, as demonstrated by the fact that increasing the Fe content indeed enhances the strengths of Zr-1.0Nb-xFe alloy series [24].



By far, the mechanical and autoclave corrosion-resistant properties of Zr alloys with a much lower Sn content have been seldom reported. Therefore, the present work will aim at developing a new low-Sn Zr alloy series of Zr-0.25Sn-0.36Fe-0.11Cr-xNb, in which the Nb content is varied and the Fe and Cr contents are fixed and referred from the present in-pile N18 alloy (Zr-1.0Sn-0.35Fe-0.11Cr-0.35Nb) due to the suitable Fe/Cr ratio [5]. The microstructural characterization, tensile mechanical property, and autoclave corrosion resistances in three corrosive mediums of the designed alloy series will be performed comprehensively to evaluate the effect of Nb element on the properties. The high-Sn N36 alloy (Zr-1.0Sn-0.25Fe-1.0Nb) with a higher strength and good corrosion resistance is taken here as the reference alloy. It would be verified that this series of new low-Sn Zr alloys will possess prominent autoclave corrosion resistances and high strengths.




2. Experimental Section


The alloy ingots of the designed low-Sn alloy series of Zr-0.25Sn-0.36Fe-0.11Cr-xNb (x = 0.4, 0.6, 0.8, and 1.2, called Z-xNb hereafter), as well as the reference N36, were prepared by non-consumably arc-melting the mixtures of Zr, Fe, Cr, Sn, and Nb with a purity of 99.99% in the Ti-gettered high-purity argon atmosphere. These ingots with a weight of about 50 g were flipped and remelted at least five times to ensure chemical homogeneity. They were then solid-solutioned at 1323 K for 0.5 h under a vacuum condition plus water-quenching. In the following, all the ingots were hot rolled into plates a thickness of 2 mm at 873 K eight times, in which the surface of the plates was cut mechanically for the deletion of the oxidation layer. Alloy plates were resealed into a vacuum quartz cube for further heat-treatment at 853 K for 1 h and then cold-rolled into thin plates with a thickness of 0.7 mm three times. Finally, these thin plates were heat-treated at 833 K for 2 h under a vacuum condition. All the heat treatments and rolling processing were taken from those for the reference N36 alloy.



Structural identification was performed by the Bruker D8 Focus X-ray diffraction (XRD, Ettlingen, Germany) using the Cu Kα radiation (λ = 0.15406 nm), in which the Jade software was used to fit the diffraction peaks [25]. The microstructure morphology and phase verification were carried on with the Philips Tecnai G2 transmission electron microscopy (TEM, Amsterdam, the Netherlands) with the selected-area electron diffraction (SAED) analysis, where the TEM samples were prepared by twin-jet electro-polishing in a solution of 12% HClO4 + 88% C2H5OH (volume fraction) at 243 K. Tensile tests were performed at room temperature with a strain rate of 3.5 × 10−4 s−1 by using a MTS-810 tensile testing machine (MTS, Cary, NC, USA). The tensile specimens were machined along the rolling direction with a gauge size of 24 × 4 mm (length × width), in which four tensile specimens were prepared for each composition alloy. The autoclave corrosion tests were conducted under three out-of-pile conditions, i.e., distilled water at 633 K with a pressure of 18.6 MPa, 70 ppm LiOH aqueous solution at 633 K with a pressure of 18.6 MPa, and superheated water steam at 673 K with a pressure of 10.3 MPa, respectively. The specimens for corrosion testing are rectangular with a size of 20 × 30 mm and three specimens for each alloy under each condition were prepared, in which the sample surfaces were ground to 1200-grit SiC paper. The corrosion resistance of the specimens was evaluated by measuring the weight gain per unit surface area in relation to the exposure time.




3. Results and Discussion


3.1. Microstructure Characterization


The XRD results (Figure 1) show that all the designed Zr-0.25Sn-0.36Fe-0.11Cr-xNb (Z-xNb) alloys, as well as the reference N36 alloy, exhibit a single hexagonal α-Zr structure. The lattice constants were calculated by single-peak fitting the (002), (101), and (102) peaks respectively with the Pearson VII function in Jade, and the average values with errors were listed in Table 1. For further identification of the second precipitated phases, the TEM observations were executed, as shown in Figure 2. It could be found that these precipitated particles are distributed uniformly on the α-Zr matrix, and the amount of precipitates increases with the Nb content from x = 0.4 to x = 1.2 (Figure 2a–d). The particle sizes in all these alloys are almost constant, being about 50–100 nm. In the Z-0.4Nb alloy (Figure 2a), the precipitates are scarce, indicating that the alloying elements are almost soluble in the α-Zr matrix. While in the other Zr-xNb alloys with x = 0.8~1.2, the amounts of the precipitates are relatively higher, more than that in the N36 alloy (Zr-1.0Sn-1.0Nb-0.25Fe) with a high Sn content (Figure 2b–e).


Figure 1. XRD patterns of the designed low-Sn Zr-0.25Sn-0.36Fe-0.11Cr-xNb (Z-xNb) alloys and the reference N36.
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Figure 2. TEM bright field images of the designed Zr-0.25Sn-0.36Fe-0.11Cr-xNb alloys, (a) x = 0.4; (b) x = 0.6; (c) x = 0.8; (d) x = 1.2; and (e) N36.
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Table 1. Compositions of the designed low-Sn Z-xNb alloy series and the lattice constants of the hexagonal HCP α-Zr matrix, as well as their mechanical tensile properties (σYS: yield strength, σUTS: ultimate tensile strength, δ: elongation to fracture).







	
Compositions

	
Lattice Constants

	
σYS (MPa)

	
σUTS (MPa)

	
δ (%)




	
(wt %)

	
(at %)

	
a (nm)

	
c (nm)






	
Zr-0.25Sn-0.36Fe-0.11Cr-0.40Nb (Z-0.4Nb)

	
Zr98.63Sn0.20Nb0.39Fe0.59Cr0.20

	
0.3228 ± 0.0001

	
0.5137 ± 0.0001

	
365

	
458

	
26.5




	
Zr-0.25Sn-0.36Fe-0.11Cr-0.60Nb (Z-0.6Nb)

	
Zr98.44Sn0.20Nb0.59Fe0.59Cr0.20

	
0.3229 ± 0.0003

	
0.5137 ± 0.0001

	
380

	
461

	
18.6




	
Zr-0.25Sn-0.36Fe-0.11Cr-0.80Nb (Z-0.8Nb)

	
Zr98.24Sn0.20Nb0.78Fe0.59Cr0.20

	
0.3229 ± 0.0002

	
0.5146 ± 0.0001

	
373

	
456

	
20.2




	
Zr-0.25Sn-0.36Fe-0.11Cr-1.20Nb (Z-1.2Nb)

	
Zr97.85Sn0.20Nb1.17Fe0.59Cr0.20

	
0.3229 ± 0.0003

	
0.5146 ± 0.0001

	
425

	
499

	
18.4




	
Zr-1.0Sn-0.25Fe-1.0Nb (N36 (Ref.))

	
Zr97.85Sn0.78Nb0.98Fe0.39

	
0.3226 ± 0.0003

	
0.5137 ± 0.0001

	
422

	
489

	
22.3










The selected-area electron diffraction (SAED) analysis of TEM indicates that on the α-Zr matrix, the second precipitates are identified as a Laves phase Zr(Fe,Cr,Nb)2 with a hexagonal structure. Specifically, Figure 3a gives the TEM results of the Z-0.4Nb alloy with a minor amount of second particles, showing the matrix with a hexagonal structure in [111]α direction (Figure 3b). The spherical particles in the Z-1.2Nb alloy also exhibit a hexagonal structure, identified as the Laves Zr(Fe,Cr,Nb)2 phase by the SAED pattern with the [341] direction (Figure 3c,d). The lattice constants of the precipitates in the Z-1.2Nb are a = 0.502 nm and c = 0.818 nm, respectively, close to those reported values of Laves phases of Zr(Fe,Cr,Nb)2 (a = 0.54 nm, c = 0.87 nm) in the Zr-1.6Sn-0.6Nb-0.2Fe-0.1Cr alloy [18].


Figure 3. TEM bright field images and SAED patterns of typical serial alloys. (a,b) Zr-0.25Sn-0.36Fe-0.11Cr-0.4Nb; and (c,d) Zr-0.25Sn-0.36Fe-0.11Cr-1.2Nb.
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According to the lattice constants of the α-Zr matrix in this Z-xNb alloy series listed in Table 1, it could be found that the lattice constants (a and c) increase gradually with the Nb content from x = 0.4 to x = 1.2. It results from the precipitation of the solutes in the form of intermetallic compound since the atomic radii of all the solutes are smaller than that of Zr, being RSn = 0.140 nm, RNb = 0.147 nm, RFe = 0.127 nm, RCr = 0.128 nm, and RZr = 0.160 nm [26], respectively. Among them, the atomic radii of Nb, Fe, Cr, and Zr are Goldschmidt radii, while that of Sn is a covalent radius due to the strong interaction between Sn and Zr (larger negative enthalpy of mixing ΔH = −43 kJ/mol [26]). It was also confirmed by the TEM results that the amount of the second particles in this alloy series increases with Nb (Figure 2a–d). However, the largest lattice constants (a = 0.3229 nm and c = 0.5146 nm) of the Z-0.8Nb and Z-1.2Nb alloys are slightly lower than that of pure Zr (a = 0.3232 nm and c = 0.5148 nm [27]), implying that a certain amount of solute elements (Sn and Nb) is still solid-solutioned into the matrix. In comparison, the lattice constants (a = 0.3226 nm and c = 0.5137 nm) of the reference N36 alloy with a high Sn is the smallest, smaller than that of the Z-0.4Nb alloy, which because a much higher content of Sn could be soluble in the matrix due to large solubility (about 1.2 wt %) of Sn in α-Zr [18,19,20].




3.2. Mechanical Tensile Properties


The engineering tensile stress-strain curves of the designed Z-xNb alloys and the reference N36 alloy are shown in Figure 4, from which the mechanical property parameters, including the yield strength σYS, the ultimate tensile strength σUTS, and the elongation to fracture δ, could be obtained. All these values are listed in Table 1. Figure 5 gives the variation tendencies of σYS, σUTS, and δ of these alloys with the Nb content, in which the strengths of Zr alloys keep at a relatively lower level (σUTS ~ 460 MPa) when the Nb content is not more than 0.80 wt %. The Z-0.4Nb alloy with the lowest Nb content in this series has the best tensile ductility with δ = 26.5%. When Nb increases to x = 1.2 wt %, the alloy strength is enhanced obviously by precipitation strengthening, as demonstrated by the fact that the Z-1.2Nb alloy shows the highest strength with σYS = 425 MPa and σUTS = 499 MPa, comparable to that of the reference N36 alloy (σYS = 422 MPa and σUTS = 489 MPa) measured under the same condition. It indicates that the increase of Nb in low-Sn Zr alloys can also achieve a relatively higher strength. In addition, all of these alloys possess good ductility with the δ = 18~27%.


Figure 4. Engineering tensile stress-strain curves of the designed serial Zr-0.25Sn-0.36Fe-0.11Cr-xNb alloys.
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Figure 5. Variations of mechanical properties vs. the Nb content in the designed low-Sn Zr-0.25Sn-0.36Fe-0.11Cr-xNb alloy series.
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3.3. Autoclave Corrosion Resistances


In order to investigate the general autoclave corrosion behaviors of the designed low-Sn Z-xNb alloys, the corrosion weight gains of these alloys and N36 were measured in the distilled water at 633 K/18.6 MPa, as shown in Figure 6a. It can be seen that the corrosion behaviors of this low-Sn Zr alloy series change with increasing Nb content. For the reference N36 alloy with a high content of Sn, the corrosion weight gain ΔG increases slowly before the 150-day exposure and is then enhanced sharply, as evidenced by the ΔG = 86.8 mg/dm2 after exposure for 324 days. The corrosion gains of all the designed low-Sn Z-xNb alloys are lower than that of N36. Specially, the Z-xNb alloys with a low Nb content (x ≤ 0.6) exhibit the excellent corrosion resistance, in which the ΔGs are about 44 mg/dm2 after the 324-day exposure, only half of that of N36. With increasing the Nb content (0.8~1.2 wt %), the corrosion weight gains of alloys are increased, being 63 mg/dm2 (Z-0.8Nb) and 80 mg/dm2 (Z-1.2Nb), respectively.


Figure 6. Corrosion behavior of the designed low-Sn Zr-0.25Sn-0.36Fe-0.11Cr-xNb alloys in different out of pile autoclave environments. (a) distilled water at 633 K/18.6 MPa; (b) 70 ppm LiOH solution at 633 K/18.6 MPa; and (c) superheated water steam at 673 K/10.3 MPa.
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The corrosion behaviors of this low-Sn Zr alloy series in the 70 ppm LiOH aqueous solution at 633 K/18.6 MPa (the simulated in-pile hydrochemical condition) follow a similar variation tendency with the Nb content to that in the distilled water, as shown in Figure 6b. The reference alloy N36 undergoes a corrosion transition at about 125 days of exposure, and then the corrosion gain increases significantly, with a ΔG of 93.1 mg/dm2 after tested for 283 days. The low-Sn and low-Nb alloys (Z-0.4Nb and Z-0.6Nb) still possess the excellent corrosion resistance with a ΔG of about 63.5 mg/dm2 for 283-day exposure, which is about 70% of the N36. The corrosion resistances of the high-Nb alloys (Z-0.8Nb and Z-1.2Nb) are inferior to those of the low-Nb alloys, but still better than that of N36, in which the corrosion weight gains are within the range of 72.4~86.2 mg/dm2 for the 283-day exposure.



In order to further study the uniform corrosion behavior of these designed alloys, the 100-day corrosion tests were carried out in superheated water steam at 673 K/10.3 MPa, and the corrosion weight gain curves are shown in Figure 6c. The corrosion rate of the reference N36 was accelerated after the 40-day exposure, and the ΔG reached 103.4 mg/dm2 for the 100-day exposure. In comparison, the corrosion resistances of the low-Sn Zr alloys are obviously better than that of the N36. Similarly, the low-Sn and low-Nb alloys (Z-0.4Nb and Z-0.6Nb) have excellent corrosion resistance with ΔGs of only about 47.0 mg/dm2 after the 100-day exposure, less than half of that of the N36. Increasing Nb would reduce the corrosion resistances, as demonstrated by the fact that the ΔG of the Z-1.2Nb alloy increases up to 90.4 mg/dm2.



Since the variation tendencies of corrosion weight gains ΔG of the designed low-Sn Z-xNb alloys in the present three corrosion environments with the Nb content are similar, the variation of the ΔG vs. the Nb content in the superheated water steam at 673 K/10.3 MPa for 100-day exposure is specially shown in Figure 7a. It could be found that the ΔG values of these designed alloys increase with the Nb, indicating that the corrosion resistance of these low-Sn alloys would be reduced with the amount of precipitates increasing. Among them, the corrosion gains ΔG of the Z-(0.4~0.6)Nb alloys are the minimum, about 47.0 mg/dm2 for 100-day exposure. Although the ΔG of the Z-1.2Nb alloy with a higher Nb is the maximum (ΔG = 103.4 mg/dm2) in this designed series, it exhibits a better corrosion resistance than the reference N36 alloy (ΔG = 103.4 mg/dm2).


Figure 7. Variation of the corrosion weight gain ΔG in the superheated water steam at 673 K/10.3 MPa for 100-day exposure vs. the Nb content (a) and ultimate tensile strength σUTS; (b) of the designed low-Sn Zr-0.25Sn-0.36Fe-0.11Cr-xNb alloys.
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Moreover, Table 1 also gives the atomic percent expression of the designed alloys and the reference N36. It is found that the Z-1.2Nb alloy contains the same content of solute elements (2.15 at %) as the N36, as a result that the tensile strengths of these two alloys are comparable strengthened by both solid solution and precipitation [28]. While the better corrosion resistance of the Z-1.2Nb alloy in above three autoclave corrosion environments is due to a much smaller amount of Sn (0.20 at %) soluble in the α-Zr matrix, in comparison to that of the N36 alloy containing a high soluble Sn content of 0.78 at % [18,19,20].



According to the strength and corrosion resistance of the designed low-Sn Z-xNb alloys, as shown in Figure 7b—being the relationship of the σUTS with the ΔG (in the superheated water steam at 673 K/10.3 MPa for 100-day exposure)—these alloys could be classified into two groups. One group (Nb ≤ 0.8 wt %) exhibits the excellent corrosion resistance with a strength level of σUTS = 460 MPa, and the other shows a higher strength (σUTS = 499 MPa) and better corrosion resistance than the reference high-Sn N36 alloy (Zr-1.0Sn-1.0Nb-0.25Fe, σUTS = 489 MPa). Furthermore, the corrosion resistances under various environments of these low-Sn alloys are all better than that of the N36.





4. Conclusions


A new low-Sn Zr cladding alloy series of Zr-0.25Sn-0.36Fe-0.11Cr-xNb with high strength and excellent corrosion resistance were developed by changing Nb content (x = 0.4, 0.6, 0.8, 1.2). The designed low-Sn alloys exhibit excellent corrosion resistances in three out-of-pile autoclave environments (distilled water at 633 K/18.6 MPa, 70 ppm LiOH solution at 633 K/18.6 MPa, and superheated water steam at 673 K/10.3 MPa), as exampled by the Zr-0.25Sn-0.36Fe-0.11Cr-0.6Nb alloy (wt %) with the corrosion weight gain ΔG = 46.3 mg/dm2 for 100-day exposure in the superheated water steam environment and with a tensile strength of σUTS = 460 MPa. A large amount of precipitates on the α-Zr matrix with an increase of Nb can enhance the strength of these low-Sn alloys up to σUTS = 499 MPa, comparable to that of the reference high-Sn N36 alloy (Zr-1.0Sn-1.0Nb-0.25Fe wt %, σUTS = 489 MPa). More importantly, all the corrosion resistance of these high-strength and low-Sn alloys (e.g., Zr-0.25Sn-0.36Fe-0.06Cr-1.2Nb with ΔG = 90.4 mg/dm2 for 100-day exposure in the water steam at 674 K/10.3 MPa) is still better than that of N36 (ΔG = 103.4 mg/dm2 under the same condition).
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