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Corrosion behaviors, microstructures of oxide films, and hydrogen absorptions of a Chinese domestic Zr alloy in 6.7 × 10−3 mol/L ammonia solution and 2.9 × 10−4 mol/L LiOH+9.3 × 10−2 mol/L H3BO3 solution at 360 °C, 18.6 MPa were studied. Weight gains, oxide film thicknesses, and hydrogen absorptions showed that the corrosion rate in the ammonia solution is a little higher than that in the boron–lithium solution. There is no significant difference in the microstructure and crystalline structure between the oxide films formed in the two types of solutions. The element distributions along the depth direction of the oxide films showed the existence of nitrogen in the oxide film formed in ammonia solution. Moreover, nitrogen was found to be segregated in local areas in a range of about 2 μm from the oxide/metal interface. The corrosion behavior of the Chinese domestic Zr alloy in 360 °C aqueous solution shows no difference with other Zr alloys.
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INTRODUCTION
Zirconium alloys are the main fuel cladding materials in nuclear power stations (NPPs) as they have low thermal neutron absorption cross section, good corrosion resistance, and mechanical properties (Cox, 2005; Yilmazbayhan et al., 2006; Ni et al., 2012; Motta et al., 2015; Duan et al., 2017). Among the zirconium alloys, Zr–Sn alloys such as zircaloy-2 and zircaloy-4 are widely used in water reactors from the 1950s to the 1990s (Motta et al., 2015). Zr–Nb alloys, such as Zr–2.5Nb and M5 have both good protections against hydrogen ingress and corrosion properties. With the increasing demand for higher burn-up of nuclear fuel, the need for higher waterside corrosion resistance of fuel cladding materials is proposed. Thereupon, Zr–Sn–Nb alloys with better corrosion resistance are developed.
In China, although most of the primary coolant of NPPs is boron–lithium type, there are still several VVER units whose primary coolant is boron–potassium–ammonia type. In the primary coolant, ammonia can not only act as a pH-controlling agent but also can adjust hydrogen concentration by its radiolysis decomposition (Kysela et al., 1996; Kim et al., 2007). However, the corrosion behavior of the Zr alloys especially Zr–Sn–Nb alloy is rarely considered in the boron–potassium–ammonia water chemistry environment. Garzarolli et al. found a large increase in the corrosion rate of zirconium alloy when tested in 20% NH4OH in 400 °C steam, but only in nickel autoclave (Garzarolli et al., 1993). Titanium, which belongs to the same elemental group as zirconium, also shows acceleration in corrosion and hydrogen absorption when tested in 360°C ammonia aqueous solution (Kim et al., 2002; Kim et al., 2007).
Therefore, it is necessary to study the influence of ammonia on the corrosion behavior of zirconium alloy in 360°C ammonia solution. In this work, the corrosion behavior of a Chinese domestic Zr–Sn–Nb alloy is studied.
EXPERIMENTAL
The chemical composition of the Zr–Sn–Nb alloy is listed in Table 1. The dimensions of the specimens are 30 mm × 20 mm × 2 mm, and a Φ2-mm hole was drilled on each specimen. All specimens were hung with Zr wires through those Φ2 mm holes during the test. Before the autoclave test, all specimens are grinded by an SiC paper (up to 800#), and pickled in a solution of 10% HF, 45% HNO3, and 45% H2O (volume percent) to remove surface oxide formed during manufacturing. In order to show the influence of ammonia, two types of aqueous solutions with close pH300 °C were compared as shown in Table.2. The B–Li solution is a common simulated primary loop coolant in pressurized water reactor NPPs. The autoclave tests lasted for 300 days at 360°C and 18.6 MPa. The weight gain of all specimens was measured every 30 days during the whole test. In general, the corrosion test followed the ASTM G2/G2M-19 Standard.
TABLE 1 | Chemical composition of the Zr–Sn–Nb alloy (wt%).
[image: Table 1]TABLE 2 | Aqueous solutions compared in this study.
[image: Table 2]The crystalline structures of the oxide films were analyzed using Bruker D8 Discovery X-ray diffraction (XRD) in the scanning range of 10–80° (2θ). A JSM-7500F field emission scanning electron microscope (FESEM) attached with an energy dispersive spectroscopy (EDS) was used to observe the surface, the cross-sectional morphology of oxidation films, and chemical compositions of the specimens. Thin foils of cross sections of the oxide films were prepared using a Helios Nanolab 600i focused ion beam (FIB) with an initial milling current of 7,000–300 pA at 30kV. The morphologies and microstructures of the cross section of oxide films were observed by an FEI Themis Z transmission electron microscope. The distributions of elements in oxide films along the depth direction were measured by performing glow discharge optical emission spectrometry (GDOES) analyses. The hydrogen contents of the corroded specimens were analyzed by using a HORIBA EMGA-800 oxygen/nitrogen/hydrogen determinator, and the hydrides were observed in the cross sections of the matrix of the corroded specimens using an optical microscope.
RESULTS
Figure 1 shows the weight gain curves of the Zr–Sn–Nb alloy in the two types of aqueous solutions for 300 days. The fitted weight gain–corrosion time relationships are listed in Table 3.
[image: Figure 1]FIGURE 1 | Weight gain curves of the Zr–Sn–Nb alloy in the two types of aqueous solutions.
TABLE 3 | Fitted weight gain–corrosion time relationships of the Zr–Sn–Nb alloys.
[image: Table 3]As shown in Figure 1, the corrosion behavior of the Zr–Sn–Nb alloy in two types of aqueous solutions seems to follow the same law. Both transitions occur after about 180 days. The oxidation kinetics follow a parabolic trend during post-transition, as fitted in Table 3. The corrosion rate of the Zr–Sn–Nb alloy in the B–Li solution is a little lower than that in the NH4OH solution. After the 300-day tests, the weight gains of the Zr–Sn–Nb alloy in B–Li solution and in NH4OH solution are about 67.15 mg/dm2 and 75.44 mg/dm2, respectively.
Figure 2 shows the surface morphologies of the oxidation films on the specimens after 30, 90, 150, 240, and 300 days of tests in the two types of solutions. After first 30 days of test, compact oxide films can already be seen on the specimens in both two types of solutions. Wave terrains which may be related to inhomogeneous oxidation can be found on all specimens. No cracks but a few microspores and oxide particles were found on the surfaces of the specimens. No apparent changes in the oxidation morphology were found as the tests went on. The EDS results show that the chemical compositions of all specimens after different days of test in the two types of solutions were nearly the same as shown in Table 4. All of them are oxides with about 70 wt% Zr.
[image: Figure 2]FIGURE 2 | SEM images of the surface morphologies of the oxidation films.
TABLE 4 | EDS results of the chemical compositions of the surface oxide films (wt%).
[image: Table 4]The cross-sectional morphologies of the oxide films on the specimens after 30, 90, 150, 240, and 300 days of test in the two types of solutions are shown in Figure 3 (the white dotted lines in the images are the oxide/metal interface marked by the authors). The cross-sectional morphologies show that the oxide films are compact and uniform in thickness. Preferential oxidation can be found in some local areas. In the oxide films on specimens tested in NH4OH solution, a few short cracks which are parallel to the surface can be found after 150 days of the test. In the specimens tested in B–Li solution, a few cracks can also be found in oxide files near oxide/metal interfaces. These cracks are usually formed due to inhomogeneous oxidation in local areas which leads to tensile stress perpendicular to the surface and compressive stress parallel to the surface (Polatidis et al., 2013). As the cracks appeared earlier in the specimens tested in NH4OH solution than those tested in B–Li solution, it can be concluded that the corrosion rate of the specimens tested in NH4OH solution is faster.
[image: Figure 3]FIGURE 3 | SEM images of the cross-sectional morphologies of the oxidation films.
The thickness of the oxide films is the average value of ten sites which were randomly selected on each specimen. The results are shown in Figure 4. The oxide films on the specimens tested in the NH4OH solution are a little thicker than those tested in the B–Li solution. It is consistent with the weight gain results shown in Figure 1. Moreover, the error bars shown in Figure 4 also reveal the inhomogeneous oxidation of the Zr–Sn–Nb alloy, which is commonly found in Zr alloys (Liu et al., 2019).
[image: Figure 4]FIGURE 4 | Thickness change of the oxide films tested in two types of solutions.
Figure 5 shows the XRD results of the specimens tested in the two types of solutions after 30, 150, and 300 days. After 30 days of the test, most of the strong diffraction peaks are Zr matrix and a few of them are tetragonal-ZrO2 (t-ZrO2) on the specimens tested in both types of solutions. This is because the oxide films are rather thin and the X-ray diffraction results show information of Zr-matrix under the oxide films. The other reason is that there may still be some unoxidized Zr-matrix among the oxide films. After 150 days of the test, a lot of weak monoclinic-ZrO2 (m-ZrO2) peaks appeared, which means that lots of m-ZrO2 oxides nucleated. But strong peaks show that there are still a lot of t-ZrO2 and Zr matrices on the surface. It is consistent with the results of Kritskii et al. (Kritskii et al., 2013). After 300 days of the test, strong m-ZrO2 peaks can be found in both XRD spectrums. Moreover, the m-ZrO2 peaks from the surface of the specimens tested in NH4OH solution are even stronger, which means that there may be more m-ZrO2 on the specimens tested in solution than those tested in B–Li solution (Gravie and Nicholson, 1972; Garzarolli et al., 1991; Gravie and Nicholson, 2006). The oxidation process of Zr is often as follows: t-ZrO2 first formed, and as the process went on, t-ZrO2 transformed into m-ZrO2 (Malinovschi et al., 2017; Balakrishnan et al., 2018); it can be concluded that the t- ZrO2 to m-ZrO2 transformation is faster in the specimen tested in NH4OH solution.
[image: Figure 5]FIGURE 5 | XRD results of the specimens tested in two solutions after 30, 150, and 300 days.
Figures 6A,C show the cross-sectional morphologies of oxide films on the specimen tested in B–Li solution and NH4OH solution after 300 days, respectively. It can be found that both the two oxide films are formed by a layer of equiaxed crystal with a thickness of 300–500 nm and a columnar crystal layer beneath it. Figures 6B,D are the high-resolution TEM (HRTEM) images taken from the equiaxed layers of Figures 6A,C, respectively. It is obvious that the grain size of both the equiaxed crystals ranges from 5 to 30 nm. Fast Fourier transformations (FFT) were carried out according to the images marked by white squares in Figures 6B,D. The results show that these equiaxed crystals are m-ZrO2 oxides which are consistent with XRD results. In general, there is no difference in oxide morphology, crystalline structure, and grain size between the oxide films on the specimens after 300 days of the test in both B–Li and NH4OH solutions.
[image: Figure 6]FIGURE 6 | TEM images and HRTEM images of oxide films on the specimen tested in (A,B) B–Li and (C,D) NH4OH solutions after 300 days.
Figure 7 shows the hydrides precipitated in the matrix of the specimens after 30, 90, 150, 240, and 300 days of the test in the two types of solutions. Vermicular hydrides can be found randomly distributed in the matrix. The lengths of the hydrides increase with the experiment going on in both types of solutions. In the first 90 days of the experiment, the lengths of the hydrides are almost the same. After 150 days of the experiment, the hydrides in the specimens tested in NH4OH solution are much longer than those tested in B–Li solution. Especially in the specimens after 300 days tested in NH4OH solution, some of the hydrides seem interconnected.
[image: Figure 7]FIGURE 7 | Hydrides in the matrix of the specimens after 30, 90, 150, 240, and 300 days of the test in the two types of solutions.
An oxygen/nitrogen/hydrogen determinator was used to measure the hydrogen absorption concentration in the specimens after the experiment, and the results are shown in Table.5. The hydrogen absorption concentrations in the specimens tested in both the two solutions increase as the experiments go on. After 150 days of the test, the hydrogen absorption concentration in specimens tested in NH4OH solution is relatively higher than that tested in B–Li solution.
TABLE 5 | Hydrogen absorption in the specimens in the two solutions after 30, 150, and 300 days of the test.
[image: Table 5]The distributions of B, Li, N, H, and O in oxide films along the depth direction on the specimens after 300 days test are shown in Figure 8. Taking elements’ diffusion into account, the middle points in the last segments of oxygen content trend curves are considered oxide/metal interfaces as marked in Figure 8. The thicknesses of the oxide films got through this method are very close to the results shown in Figure 4. It also can be found that the oxide film formed in NH4OH solution is a little thicker than that formed in B–Li solution which is consistent with Figure 4. It is apparent that nitrogen existed in the oxide film formed in the NH4OH solution, while there is no nitrogen in the oxide film formed in the B–Li solution. In the range where the depth is from 2 to 4μm, local enrichment of nitrogen can be found. In the matrix near the oxide/metal interface, a very small amount of nitrogen can also be found.
[image: Figure 8]FIGURE 8 | Distributions of elements in oxide films tested in (A) B–Li solution and (B) NH4OH solution along the depth direction.
DISCUSSION
The weight gain of the Zr–Sn–Nb alloy tested in NH4OH solution is higher than that tested in B–Li solution throughout the whole 300 days of the experiment. It is consistent with the results of the thickness of the film, lengths of hydrides in the matrix, and hydrogen absorption. As the pH of the NH4OH solution is quite close to the pH of the B–Li solution at a high temperature, it can be inferred that the addition of ammonia leads to an increase in weight gain. Moreover, the XRD and TEM results showed that there were no differences in the morphologies, phases, and crystalline structures of the oxides on the specimens tested in the two types of solutions. It means that the addition of ammonia only increases the corrosion rate of the Zr–Sn–Nb alloy to some extent, but did not change the corrosion mechanism. In general, the corrosion behavior of the Zr–Sn–Nb alloy in 360°C aqueous solution shows no apparent difference with other Zr alloys (Han and Rheem, 1994; Dong et al., 2013; Lai et al., 2020).
However, the GDOES results showed the existence of nitrogen in the oxide film on the specimen tested in the NH4OH solution. As former studies show that when the concentration of nitrogen in the Zr alloy exceeds 0.004%, the corrosion rate will significantly increase (Lustman and Kerze, 1955). In this study, the nitrogen concentration of the oxide/metal interface is much higher than 0.004%, as shown in Figure 8.
The influence of traces of nitrogen on the corrosion rate of the Zr alloy can be explained as follows (Macdonald, 2012; Motta et al., 2015): oxygen in the water molecule first dissociates and is absorbed onto the oxide film surface. Then the oxygen ions move in the oxide film through oxygen vacancies of the oxide film and finally reach the oxide/metal interface. When they reach the oxide/metal interface, they react with zirconium cations to form new oxide. Meanwhile, electrons in the metal matrix move from the metal surface toward the oxide film, and finally, they were taken away by an oxidizing agent in the environment. The control mechanism of the corrosion rate is the movement velocity of oxygen, oxygen vacancies, and electrons. Therefore, the oxygen vacancy amount is one of the key factors that affect the corrosion rate of Zr alloys. In the ZrO2 oxide film, the chemical valences of oxygen ion, oxygen vacancy, and Zr are -2, +2, and +4, respectively. As interstitial cations in the environment move into the ZrO2 film, oxygen vacancy amount will decrease to maintain electric neutrality (Krausová et al., 2015; Wei et al., 2020a). However, when substantial cations whose chemical valence is lower than +4 or anions whose chemical valence is higher than -2 (-3, -4, etc.) move into the ZrO2 oxide film, oxygen vacancies amount will increase. N3- can easily substitute O2- in the ZrO2 film as their radiuses are very close (N3- 146p m and O2- is 132p m); therefore, the corrosion rate of Zr will increase when N3- moves into the ZrO2 oxide film.
The corrosion process of the Zr alloy briefly contains the following reactions:
1. The Zr atoms in the Zr alloy matrix lose electrons and become Zr cations at the oxide/metal interface. The electrons move toward the oxide/solution interface, that is, Zr→Zr4++4e−.
2. The Zr cations react with free oxygen to form ZrO2 oxides at the oxide/metal interface which leads to oxide front advance into metal. In the meantime, oxygen vacancies form, that is, Zr4++2O→ZrO2+2Vo2+(Vo oxygen vacancy).
3. The oxygen vacancies move to the oxide/solution interface and capture oxygen ions in the environment, and then oxygen atoms move toward the oxide/metal interface, that is, Vo2++O2-→O.
4. A total of four protons at the oxide/solution interface get electrons in the oxides and are reduced into hydrogen, that is 2H++2e−→H2.
It must be mentioned that the reactions above only generalize a simplified corrosion process. The actual corrosion process that may contain other reactions is more complicated.
The mechanism of NH3 accelerating the corrosion rate of the Zr alloy is shown in Figure 9. In an environment without NH3, the schematic of the ZrO2 lattice which contains Zr4+, O2-, and oxygen vacancies is shown in Figure 9A. The number ratio of Zr4+ to O2- is 1:2 in a perfect ZrO2. Considering the existence of a few O vacancies, the number ratio will be a little lower than 1:2. When NH4OH is present in the environment, N3- can easily occupy O vacancy in the ZrO2 lattice by the third reaction mentioned above. As N3- has one more negative charge than O2-, one oxygen vacancy will form to maintain electrical neutrality when two N3- get into the ZrO2 lattice, as shown in Figure 9B. Therefore, the more N3- gets into the ZrO2 lattice, the more O2- vacancies form, and the corrosion rate increases.
[image: Figure 9]FIGURE 9 | Schematic of mechanism of the NH3 accelerating corrosion rate of the Zr alloy. (A) in the environment without NH3 (B) in the environment with NH3.
One interesting result is that boron and lithium were also found in the oxide film on specimens tested in the B–Li solution as shown in Figure 8. According to the discussion above, the presence of Li+ and B3+ in the ZrO2 film will also increase the corrosion rate if they act as substantial ions. Actually high concentration of Li+ will significantly increase the corrosion rate of the Zr alloy as the ion radiuses of Li+ and Zr4+ are very close (Li+ is 76p m and Zr4+ is 72p m) (Cox and Wu, 1995; Wei et al., 2020b). It was found that lithium will segregate at grain boundaries of ZrO2 (Xie et al., 2020). However, lithium concentration in B–Li solution in this study is only 2.9 × 10−4 mol/L (2ppm), which is too low to result in acceleration of corrosion. For boron, maybe it is too difficult to substitute Zr4+ as its ion radius is only 23p m. In Figure 8A, it is found that the boron concentration is very low to cause an effect.
CONCLUSION
The corrosion behaviors of a Chinese domestic Zr–Sn–Nb alloy in ammonia solution and boron–lithium solution at 360 °C, 18.6 MPa are studied in this work. The weight gains, oxide morphologies, crystalline structures of oxide, hydrogen absorptions, hydride morphologies, and element distributions of oxide are compared. The conclusions are as follows:
1. There is no difference in microstructures and crystalline structures between oxide films formed in 6.7 × 10−3 mol/L ammonia solution and 2.9 × 10−4 mol/L LiOH+9.3 × 10−2 mol/L H3BO3 solution after exposure for 300 days at 360°C, 18.6 MPa. The microstructures of both oxides consist of an equiaxed crystal layer with a thickness of 300–500 nm and a columnar crystal layer beneath it. The crystalline structures of both oxides consist of most monoclinic-ZrO2 and a few tetragonal-ZrO2.
2. The corrosion behavior of the Zr–Sn–Nb alloy in 360 °C aqueous solution shows no difference with other Zr alloys.
3. Based on the results of weight gains, oxide thickness, and hydrogen absorptions, the presence of ammonia will not significantly change the corrosion rate of the Zr–Sn–Nb alloy, but only cause a little bit increase in the corrosion rate. During pre-transition, the weight gain of the Zr–Sn–Nb alloy in the B–Li solution is only about 2 mg/dm2 than that in the NH4OH solution. During post-transition, the weight gain in the B–Li solution is about 8 mg/dm2 than that in the NH4OH solution.
4. Nitrogen in ammonia can move into ZrO2 oxide and segregate at local areas in a range of about 2 μm from the oxide/metal interface, which may be the reason for the acceleration of the corrosion rate.
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