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In pressurized water reactors, the existence of lead contamination can promote the corrosion of Alloy 690TT. During the manufacturing, transportation, and assembly processes, Alloy 690TT surface is easily scratched and it is easily ignored. The effect of added lead on the scratched surface is different from that on the unscratched surface. In the present study, Alloy 690TT was treated with mechanical polishing (MP) and electrochemical polishing (EP) to generate scratched and unscratched surfaces. With the addition of lead, the thickness of passive film on the MP sample increases by eight times, while that on the EP sample only slightly increases. These chemical composition changes of passive films induced by lead result in the drop of their electrical resistivity, and the electrical resistivity of passive film on the MP sample is reduced by two orders of magnitude, while that on the EP sample decreases only three times. Nevertheless, the thickness and electrical resistivity of passive film on the MP sample are always greater than those of the EP sample. The toxic effect of lead on the MP sample is more severe than that of the EP sample, which may be closely related to their subsurface microstructure. Therefore, Alloy 690TT should better avoid being scratched in the secondary circuit system of pressurized water reactors, as scratched behavior will result in a faster corrosion rate of Alloy 690TT with the presence of lead.
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INTRODUCTION

Heat transfer tubes, made of nickel-based alloy, are a key component in pressurized water reactors (PWRs), which are used to transfer heat from primary to secondary circuit water system. However, the heat transfer tubes are usually vulnerable to extreme operating environment, for instance, high temperature and high pressure, irradiation, and various harmful elements. Studies suggest that there are many ways to damage the heat transfer tubes, such as primary side stress corrosion cracking (PWSCC), secondary side stress corrosion cracking (SCC), and intergranular corrosion (IGA) (Staehle and Gorman, 2003). These types of corrosions are usually closely related to abnormal surface conditions such as scratches produced during manufacturing, transportation, or assembly process. Meng et al. (2011) points out that the scratches increase the anodic current density of Alloy 690TT compared with electro-polished Alloy 690TT. The electrochemical reactivity of nano-grained scratch grooves is higher than that of scratch banks, so the scratch grooves are oxidized preferentially. The cracks initiate at the lip bands, scratch-banks, or scratch-bed in alkaline water containing lead at 330°C (Meng et al., 2009). Zhang proposes that MP treatment can accelerate the SCC initiation and propagation of Alloy 690TT in wt.% NaOH solution (containing 100 mg/L litharge) compared with the electrochemical polishing (EP) treatment (Zhang et al., 2012). During the EP process, the surface mechanical stress layer is removed, and thus EP metal has a less defective and strain-free subsurface microstructure (Wang et al., 2017). The scratching, mechanical polishing (MP) and grinding treatments cause metal to have a high-stress layer with many sub-grains and dislocations on the surface (Meng et al., 2011; Zhang et al., 2011; Wang et al., 2017). Thus, subsurface microstructures with higher grain boundary and dislocation densities will result in higher corrosion rates.

In the secondary circuit system, lead is always inevitably introduced. The study shows that lead is the most harmful element for secondary side SCC (Staehle and Gorman, 2003). The fracture mode of lead-induced stress corrosion cracking (PbSCC) of 690TT alloy can be both transgranular and intergranular, which is closely related to the microstructures of 690TT alloy (Hwang et al., 2007, 2008). It has been found that lead-induced decrease of spinel oxide content in the passive film results in a lower film rupture ductility (Lu et al., 2008). After the passive film is ruptured, pitting corrosion initiates easily and SCC occurs in the Alloy 690 with the presence of stress (Hou et al., 2017b). Therefore, lead-induced degradation of the passive film on nickel-based alloy is the key to PbSCC. In lead-containing solutions, lead blocks the dehydration process of hydroxides in the passive film and prevents oxygen from coming into the passive film, resulting in the decrease of the protective spinel oxides (Peng et al., 2008; Li et al., 2018). Thus, the passive film on nickel-based alloy in lead-containing solution becomes less protective due to the presence of lead. Moreover, lead not only penetrates into the passive film, but is also found in the crack paths (Persaud et al., 2018). In other words, lead not only causes the changes of passive film's chemical structure and an increased SCC susceptibility, but also participates in the growth of passive film and facilitates the propagation of cracks. However, it is still unclear whether lead has different effects on the growth of passive films formed on the Alloy 690TT surface with MP and EP treatments.

In the present study, Alloy 690TT samples with MP and EP treatments are pre-passivated at 270°C and 5.2–5.7 MPa for 24 h at open circuit potential in the pure water without and with 1 ppm PbO. The electrical behavior and chemical composition of passive films formed on both the mechanically polished and electrochemically polished Alloy 690TT samples are examined by using current sensing atomic force microscopy (CS-AFM) and auger electron spectroscopy (AES), respectively. The mechanism of lead-induced changes of passive films formed on the Alloy 690TT with MP and EP treatments is revealed and discussed.



EXPERIMENTS


Material Sample Preparation

Tubes made of Alloy 690 were used in the present work, and its chemical composition is shown in Table 1. The alloy was solution annealed at 1,100°C for 5 min and then aged at 750°C for 10 h. Then, continuous and semi-continuous intergranular carbides were obtained, which can enhance the SCC resistance of Alloy 600 and Alloy 690 in some environments (Airey, 1979; Kuang and Was, 2015). The treated 690 alloy was named Alloy 690TT. Alloy 690TT is an austenitic structure with a high density of annealing twins and a low amount of randomly distributed TiN inclusions (Hou et al., 2017a). The tube was 5 mm long and 19 mm in outer diameter with a wall thickness of 1.08 mm. The samples were divided into two groups. One group of samples was wet ground with SiC paper up to #5,000, and then mechanically polished using 1 μm diamond paste. After the other one was mechanically polished firstly, it was electrochemically polished in a mixed solution of HNO3 and CH3OH (the ratio of HNO3 and CH3OH is 3:7 in the solution) for 30 s at an applied voltage of 1.5 V. All samples were cleaned in ethanol and de-ionized water and dried with air sequentially. The mechanically polished sample has a high-stress layer with many sub-grains and dislocations on the surface (Wang et al., 2017). During the EP process, the surface mechanical stress layer is removed, and the electrochemically polished sample has a less defective and strain-free subsurface microstructure (Wang et al., 2017).


Table 1. The chemical compositions of Alloy 690 used in the present work (wt.%).
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For most PWR nuclear power plants, the heat transfer tube operates at 230–290°C and 5–7 MPa in a secondary circuit system. Therefore, two groups of samples were pre-passivated at 270°C and 5.2–5.7 MPa for 24 h at open circuit potential in pure water without and with 1 ppm PbO. The autoclave made of 316 stainless steel was used in the present work. The pH values of solution without and with 1 ppm PbO at 270°C were 6.27 and 6.54, respectively. Before passivation, the solution was deaerated using 4–5 MPa high-purity argon for 1 h at room temperature. After passivation, the specimens were cleaned in ethanol and de-ionized water, and dried with air.



Passive Film Characterization

The chemical composition of the prepared passive film was evaluated by AES using a PHI-700 produced by ULVAC-PHI Inc. Electron beam was emitted from a coaxial electron gun with an incident angle of 30° relative to the sample surface. The high pressure of the electron gun was 5 KV. CMA energy analyzer was used, and the energy resolution was 1%¸. Analysis chamber vacuum was controlled below 3.9 × 10−9 Torr. Depth profiling was conducted over electron beam spot with a diameter of 100 μm under Ar-ion sputtering, and the sputter rate was 3 nm/min based on calibration using a thermal oxidation SiO2.

The localized electrical behaviors of the prepared passive film were characterized by CSAFM using an Agilent 5500 system (Agilent Technologies, USA). All measurements were conducted in air at room temperature. The copper wires were attached to the side of the sample as the bottom electrode, and then they were connected to the system. The scanning probes acted as a top electrode over the sample. System parameters were kept the same for all measurements. The probe was conductive Pt-coated silicon tip with elastic constant 5 N/m. Deflection was set to 1.75 V, tip bias was 3 V, and the scanning area was all 20 × 20 μm.




RESULTS AND DISCUSSION


AES Analysis

The chemical composition of passive film grown on Alloy 690TT with different conditions is evaluated by AES, and the results are plotted in Figure 1. It can be found that the outer layer of passive film is always a chromium-rich layer, except for the passive film grown on the MP sample in lead-containing solution. With the addition of lead, the outer layer of the passive film on the MP sample changes from chromium-rich to nickel-rich. The inner layer of the passive film is nickel-rich regardless of the presence of lead and the surface treatment of samples. With the help of lead, the oxygen content of the passive film on the MP sample greatly increases, while there is only a small increase in the passive film on the EP sample (Figure 2). As shown in Figure 3, lead has little effect on the atomic concentration of chromium in the passive film on the EP sample, while lead decreases the chromium content in the passive film on the MP sample. The nickel depth profiles are plotted in Figure 4. It is obvious that lead results in the decrease of the atomic concentrations of nickel inside the passive film on MP and EP samples. However, there is a slight increase for the atomic concentration of nickel in the skin layer of the passive film on the MP sample, which is attributed to the change of the chemical composition of outer layer particles (Figures 5a,e) induced by lead.


[image: Figure 1]
FIGURE 1. The estimated depth profiles of the passive film passivated in high-temperature and high-pressure water for 24 h: (A) the MP sample without lead, (B) the MP sample with lead, (C) the EP sample without lead, (D) the EP sample with lead.
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FIGURE 2. Comparison of oxygen depth profiles in the passive film grown on different samples without and with lead: (A) MP sample, (B) EP sample.
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FIGURE 3. Comparison of chromium depth profiles in the passive film grown on different samples without and with lead: (A) MP sample, (B) EP sample.
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FIGURE 4. Comparison of nickel depth profiles in the passive film grown on different samples without and with lead: (A) MP sample, (B) EP sample.
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FIGURE 5. AFM topography images and corresponding current images of the passive film on Alloy 690TT after EP and MP treatments passivated in high-temperature water for 24 h with and without 1 ppm lead: (a) a topography image of MP sample without lead; (b) a current image of MP sample without lead; (c) a topography image of EP sample without lead; (d) a current image of EP sample without lead; (e) a topography image of MP sample with 1 ppm lead; (f) a current image of MP sample with 1 ppm lead; (g) a topography image of EP sample with 1 ppm lead; (h) a current image of EP sample with 1 ppm lead.


Lead is detected in the passive film (Figures 1B,D); however, the content of lead is not high in the passive film because the concentration of lead in the solution is low (only 1 ppm). It suggests that lead not only changes the chemical composition of the passive film, but also participates in the growth of the passive film. The relative thickness of the passive film is obtained on the basis of the standard SiO2 sputtering rate, and the thickness corresponding to half of the surface oxygen concentration is defined as the relative thickness of the passive film (Mischler et al., 2010). The relative thickness of the passive film on different samples without and with lead are obtained and shown in Table 2. When there is no lead in the passive film, the relative thickness of the passive film on MP sample is thicker than that on the EP sample. With the addition of lead, the relative thickness of passive film on the MP sample increases by eight times, whereas the relative thickness of the passive film on the EP sample only slightly increases. Thus, there is not much difference between the relative thickness of passive film on the EP sample with and without lead. This phenomenon may be related to the short passivation time of the EP sample and the small effect of lead on the relative thickness of the passive film on the EP sample. When the EP samples are pre-passivated for 168 h in high-temperature and high-pressure water, lead reduces the relative thickness of the passive film by half (Li et al., 2018).


Table 2. The relative thickness of the passive film on MP and EP samples with and without lead.
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Localized Electrical Behaviors of the Passive Film

The effect of lead on the surface topography and electric characteristics of the passive film for MP and EP samples is determined by CSAFM measurements, as shown in Figure 5. When lead is added to pure water at 270°C and 5.2–5.7 MPa, the surface topography of the passive films on MP and EP samples and their corresponding current characteristics are significantly different. As shown in Figure 5, the number of outer layer particles on the passive film on the MP sample is more than that on the EP sample. With the addition of lead, the amount of outer layer particles for both MP and EP samples decreases compared with lead-free samples, and the outer particles for EP samples nearly disappear. The lead-induced change of the passive film structures is similar to Kim's work using sodium hydroxide solutions (Kim et al., 2011). Although the amount of outer layer particles decreases for MP samples, the size of the particles is getting larger. With the presence of lead, the outer layer particles for the MP sample appear to contain more nickel atoms and less chromium atoms induced by lead.

In the lead-free passive films, the current signal is found only around the outer layer particles. In the lead-containing passive film, current peaks are detected on both sides of grain boundary for the EP sample. The regions of α and β marked in the EP samples are selected, as shown in Figures 5d,h, and then the average current values in grain interior are calculated by Agilent processing software, as shown in Table 3. It can be seen that the introduction of lead clearly results in an increase of the current value in the matrix of the passive film. It means that the introduction of lead increases the defect in the matrix of the passive film according to Souier's work (Souier et al., 2010), including both sides of grain boundaries of the passive film grown on the EP sample.


Table 3. The average currents of the passive film on MP and EP samples with and without lead calculated by Agilent processing software.
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The passive film grown on the metal can be considered as semiconductor film (Sikora et al., 1996; Schultze and Lohrengel, 2000), and its electrical properties can be characterized by electrical resistivity ρ:

[image: image]

where V is tip bias, and the unit of V is volts. d is the relative thickness of the passive film, and the unit of d is meter. I is average current over a certain area, and the unit of I is nanoampere. A is the contact area between tip and sample, and the unit of A is square meters. The value of A refers to our previous work (Li et al., 2018), and 3.0262 × 10−17 m2 is taken. The electrical resistivity of the passive film on MP and EP samples with and without lead is shown in Table 4. Considering only the surface condition, the electrical resistivity of the passive film on the MP sample is much higher than that of the EP sample. Although the relative thickness of the passive film on the MP sample becomes thicker with the addition of lead, its electrical resistivity drastically decreases about 103 times. Due to the toxic effect of lead, the electrical resistivity of the passive films on the EP sample also decreases about three times.


Table 4. The electrical resistivity (ρ) of the passive film on MP and EP samples with and without lead.
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Effect of Lead and Surface Conditions on the Passive Film

Many studies have shown that the growth of the inner layer and outer layer of the passive film is controlled by the inward diffusion of anion and outward diffusion of cation, respectively (Macdonald, 2011; Zhang et al., 2011; Payet et al., 2015). As the subsurface microstructure of metal can affect the internal diffusion of the anion, the growth of the passive film is closely related to the subsurface microstructure. The EP metal has a less defective and strain-free subsurface microstructure, and the MP metal has a high stress layer with many sub-grains and dislocations on the top of surface (Meng et al., 2011; Zhang et al., 2011; Wang et al., 2017). Therefore, the subsurface microstructures of the MP metal have a higher grain boundary and dislocation densities. Essentially no research has been conducted on the diffusion coefficient of oxygen along the grain boundaries in Alloy 690TT. Alloy 690TT is nickel-based, and thus it may be referred to the data of Ni proposed by Rebak and Szklarska-Smialowska (1996). The diffusion coefficient of oxygen along the grain boundaries is about 8.25 × 10−11 cm2/s at 330°C, which is very fast (Rebak and Szklarska-Smialowska, 1996). Marchetti et al. (2008) found that the diffusion coefficient of oxygen along the grain boundaries in the chromate-like oxide is much faster than the overall diffusion coefficient of the passive film on Alloy 690 at high temperature. Due to the high grain boundary densities, the diffusion of oxygen for the MP sample is faster and deeper, resulting in a faster growing and thicker passive film.

Although lead is dissolved in solution, lead can enter the passive film in two ways (Lu et al., 2012). One way is to combine with cation vacancies at the interface between the solution and barrier layer of the passive film. The other one is the deposition of lead hydroxide, which may then dehydrate into oxyhydrogen compounds or oxides in the passive film. Many researches have shown that lead hinders the dehydration of hydroxides in the passive film, resulting in a decrease of oxide content (Lu et al., 2008, 2012; Li et al., 2018). Therefore, the lead-containing passive film is less protective and is more prone to the inward diffusion of oxygen and the outward diffusion of chromium and nickel. Finally, lead results in an increase in oxygen concentration and a decrease in chromium and nickel concentrations in the passive film, but there is almost no change in the chromium content of the passive film on the EP sample.

Corrosion is an electrochemical process that is usually associated with electron transfer. Thus, the lower the electrical resistivity, the faster the corrosion process. As the electrical resistivity of the passive film on the MP sample without lead is much higher than that of the EP sample (Table 4), the passive film on the MP sample has a higher resistance to corrosion. With the addition of lead, the electrical resistivity of the passive film on the MP sample drops sharply, and the resistivity of the EP sample also decreases. Then, the protective properties of these passive films are getting worse, thus aggravating the corrosion of Alloy 690TT in high-temperature and high-pressure environments. For EP sample with the presence of lead, current peaks are detected on both sides of grain boundary carbides as shown in Figures 5d,h. That is to say, the introduction of lead increases the defect on both sides of grain boundary carbides of the passive film grown on the EP sample according to Souier's work (Souier et al., 2010). Thus, Alloy 690TT is more susceptible to IGA due to the toxic effect of lead on both sides of grain boundary carbides for the EP sample. When there is stress or residual stress, Alloy 690TT may naturally undergo SCC. In the secondary circuit water system, the presence of lead can cause the failure of the heat transfer tube, which can result in safety accidents and huge economic losses. To protect the heat transfer tubes from the toxic effect of lead, lead should not be introduced into the secondary circuit water system of PWR.




CONCLUSIONS

The effect of lead on the passive film of Inconel 690TT alloy with MP and EP treatments in high-temperature and high-pressure water has been investigated by AES and CS-AFM. The detrimental effect of lead on the composition structure and the electrical property of the passive film on Inconel 690TT alloy with MP and EP treatments has been analyzed and discussed. The following points can be drawn from the analyses:


(1) In lead-free environment, the relative thickness of the passive film on the mechanically polished sample is thicker than that of the electrochemically polished sample, and the electrical resistivity of the passive film on the MP sample is much higher than that of the EP sample. Therefore, the passive film on the MP sample is more resistant to corrosion than that on the EP sample in the lead-free environment.

(2) Compared with the lead-free passive film, the introduction of lead results in a more severe dissolution of chromium and nickel in the passive film on the MP sample, whereas lead only causes a slight decrease in the nickel content in the passive film on EP the sample.

(3) Lead increases the oxygen content in the passive film on MP and EP samples. The relative thickness of the passive film on the MP sample increases by eight times, while that on the EP sample only slightly increases.

(4) Lead reduces the electrical resistivity of the passive film of MP and EP samples. The MP sample shows the most severe decrease of electrical resistivity, while the electrical resistivity of the passive film on the EP sample decreases only about three times. Therefore, the toxic effect of lead on the MP sample is more severe than that of the EP sample.
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