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Abstract

:

Passive films were formed on A508-3 steel (A508-3), 304L stainless steel (304L) and Incoloy 800 (In800) with blank/zinc/zinc–aluminum treatments in air at 300 °C. The electrochemical corrosion behaviors of different metals were investigated through potentiodynamic polarization, electrochemical impedance spectroscopy and the Mott–Schottky technique. The morphology and composition of passive films were analyzed using scanning electron microscopy (SEM) and energy dispersive spectrometry (EDS). The zinc–aluminum treatment effectively reduced the corrosion current and increased the impedance of A508-3 and 304L, but had a weak effect on In800. The zinc–aluminum treatment reduced the carrier concentration of A508-3 and changed the semiconductor property of 304L and In800. The order of zinc–aluminum treatment for improving the corrosion resistance of three metals was: A508-3 > 304L > In800. In addition, the zinc–aluminum treatment enhanced the density and smoothness of passive films. According to the composition analysis, spinel ZnAl2O4 was formed on three metals; however, the amount of spinel varied with the content of nickel and chromium in different metals, which affected the results of using this technology.
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1. Introduction


The main structural materials in the primary circuit of pressurized water reactor (PWR) nuclear power plants are composed of stainless steel, nickel alloy and low alloy ferritic steel [1,2,3,4,5]. In the primary water chemical control technology, boric acid is often used as a neutron absorber to absorb soluble neutrons, and lithium hydroxide is used as an alkaline regulator to reduce the corrosion of materials [6]. In recent years, to improve the safety and economy of reactor operation, zinc injection technology, which was previously widely used in boiling water reactors (BWR), has been applied to the primary circuit water of most PWRs to mitigate stress corrosion cracking, intergranular corrosion and excessive radiation doses [7,8]. Zinc was used to participate in the formation of the passive film on the surface of the material, to replace the original radionuclide (such as 58Co and 60Co) and to change the composition and structure of the passive film [9,10,11,12].



In actual operation, 64Zn in natural zinc will be activated and converted to 65Zn with strong radioactivity. The injection of expensive depleted zinc will increase the operating costs [13,14,15,16]. The half-life periods of the radioactive isotopes of aluminum are all quite short, which will have no effect on the radiation dose in the PWR primary loop [17], and using aluminum to replace a part of the zinc was expected to improve the safety of the primary circuit and minimize costs. In previous research [18], simultaneous zinc and aluminum injection was shown effectively improve the corrosion resistance of 316L stainless steel. Researchers proposed that aluminum could combine with zinc to participate in the formation of the passive film to make the morphology of the passive film denser, and to generate a ZnAl2O4 phase with extremely low solubility and high stability, which enhances the corrosion resistance of the passive film.



This technology was used to conduct pre-experiments on different metals in laboratory conditions. The preliminary electrochemical experiment results showed interesting phenomena: for relatively corrosive metals (such as carbon steel), this technology greatly improved the corrosion resistance, even more so than the effect of zinc injection technology. For nickel alloys and other metals with excellent corrosion resistance, this technology did not show the effect of improving corrosion resistance. However, it was not possible to rely on simple polarization curves and visual observations to determine whether the simultaneous injection of zinc and aluminum could generate key substances (ZnAl2O4) in passive films on different metals. If this technology could indeed generate ZnAl2O4 on the surface of highly corrosion-resistant metals and form a dense passive film, it would have a certain protective effect for the equipment in long-term service, and also have a guiding significance for subsequent research and applications. In addition, due to the different element distributions, the structure and composition of the passive films formed on different metals in a corrosive environment are also different, which indicates that the elemental composition of the material will prevent zinc and aluminum from effectively participating in the film formation reaction. However, the specific influence of material composition on the corrosion resistance has not yet been studied.



In this paper, the passive films were modified on different materials (A508-3 steel, 304L stainless steel and Incoloy 800 alloy) with a zinc treatment and a zinc–aluminum simultaneous treatment, both at 300 °C. Salt bath oxidation in air at a high temperature effectively accelerated the formation of the passive film and presented a clear morphology. The corrosion behaviors of passive films on different metals were comparatively studied using electrochemical polarization, electrochemical impedance spectroscopy (EIS) and the Mott–Schottky technique. In addition, the morphology and composition of passive films on different metal surfaces were comparatively analyzed using scanning electron microscopy (SEM) and energy dispersive spectrometry (EDS).




2. Materials and Methods


2.1. Samples Preparation


A508-3 steel (A508-3), 304L stainless steel (304L) and Incoloy 800 alloy (In800), which are often used as primary circuit structural materials, were selected as the experimental materials. The elemental compositions of these materials are shown in Table 1.



All materials were processed into a sample size of 10 mm × 10 mm × 2 mm, polished sequentially with wet silicon carbide metallographic sandpaper from 400 grit to 2000 grit, and burnished with Al2O3 polishing powder (granularity 0.3 μm). Then they were cleaned with ethanol absolute (analytical reagent) and deionized water in an ultrasonic environment. After drying with air, the samples were stored in a dryer until use.




2.2. Solutions Preparation


In order to simulate the actual corrosion of the material in the water containing B3+ and Li+ in the primary circuit of the PWRs, a solution containing boric acid and lithium hydroxide was prepared and used as a blank group (G(blank)) [6,19]. On this basis, 0.24 mol/L ZnSO4 and 0.12 mol/L ZnSO4 + 0.12 mol/L Al2(SO4)3 were additionally added as a zinc treatment group (G(Zn)) and a zinc–aluminum treatment group (G(Zn + Al)), respectively. The compositions of the solutions are shown in Table 2.




2.3. High Temperature Treatment


The samples were put in a crucible and then a few drops of different solutions were added onto the samples until the majority of the area was covered with salt solution. Then, the crucible was put in a muffle and kept at 300 °C for 90 min. The same salt solution was used to quench the salt bath every 30 min to accelerate the formation of the passive film, and finally the samples were cooled naturally.




2.4. Electrochemical Measurements


The electrochemical measurements included electrochemical polarization, EIS and the Mott–Schottky technique, all of which were conducted with a PARSTAT2273 potentiostat (Princeton, NJ, USA) in a three-electrode system. The reference electrode was a saturated calomel electrode, and the counter electrode was a platinum electrode with the dimension of 10 mm × 5 mm × 0.2 mm. The working electrode was made by tying the oxidized sample to the electrode holder using PTFE tape with an exposed area of 0.2826 cm2. The electrolyte solution was a 0.15 mol/L H₃BO₃ + 0.0375 mol/L Na2B4O7·10H2O buffered solution (pH = 8.4), which provided a stable weak alkali environment. Pure N2 was aerated into the system for 30 min to ensure test stability before all experiments. Each experiment was performed in triplicate.



The electrochemical potentiodynamic polarization curves were recorded on a potential range between −0.5 V and 1.0 V against the open circuit potential at a scan rate of 0.001 V/s. The corrosion current and corrosion potential were determined using the three-point method proposed by S. Barnartt [20,21]. The EIS spectra were recorded at open circuit potential with a frequency range between 106 Hz and 10−2 Hz and an amplitude of 0.005 V, and each frequency decade contained 12 points. The equivalent circuit diagram and fitting parameters were simulated by ZSimpwin software (V3.21, EChem Software). The Mott–Schottky curve test was conducted by gradually increasing the polarization potential from −1.0 V to 1.2 V with a potential step of 0.01 V and a frequency of 1 kHz to measure the capacitance.




2.5. Morphology and Composition Analysis


The oxidized samples of the three materials generated under different conditions were observed using SEM (S4800, Hitachi, Japan) for the morphology of the passive film with an accelerating voltage of 15.0 kV. EDS (EMAX-350, Horiba, Japan) was used to detect the elemental composition of the observed specific areas.





3. Results


3.1. Potentiodynamic Polarization


The potentiodynamic polarization curves of the passive films formed on A508-3, 304L and In800 with different treatment methods are shown in Figure 1a–c, respectively. Due to the anodic polarization curves of certain groups that did not exhibit the Tafel regions, the corrosion current (Icorr) and corrosion potential (Ecorr) were calculated using the weakly polarized three-point method proposed by Barnartt [21,22,23], and polarization data in the overpotential range of 10–70 mV were selected to calculated the corrosion current and corrosion potential. The corrosion current density (Icorr) and corrosion potential (Ecorr) data, which were the average values from three repeated experiments, are shown in Table 3.



Due to the different properties of the materials, clear differences could be seen in the corrosion currents under a blank condition. In800 had the best corrosion resistance, followed by 304L, and A508-3 had the worst. After zinc treatment, the corrosion current density of all three metals was reduced. After zinc–aluminum treatment, the corrosion current densities of A508-3 and 304L continued to decrease slightly, while the corrosion current density of In800 increased. This behavior suggested that the zinc treatment could effectively improve the corrosion performance of the three investigated alloys. The most significant effect was noticed in the case of A508-3. In contrast, the zinc–aluminum treatment further improved the corrosion resistance in the case of A508-3 and 304L alloys, while for In800, the zinc–aluminum treatment did not. The corrosion current of In800 treated with zinc–aluminum was slightly higher than that of the untreated sample.



In addition, compared to the untreated sample, the corrosion potential of A508-3 and 304L with the zinc treatment or zinc–aluminum treatment decreased. However, the corrosion potential of In800 did not change significantly under these treatment methods. According to the mixed potential theory, an increase in anodic current density or a decrease in cathodic current density can result in a decrease in corrosion potential. The decreases in corrosion potential of A508-3 and 304L with the zinc or zinc–aluminum treatment could be attributed to the reduction in the sum of all cathodic reaction rates, and the corrosion current also decreased. The corrosion potential changes of In800, resulting from different treatments, could also be attributed to the changes in the corrosion current densities.




3.2. EIS


The recorded EIS spectra of the passive films formed on A508-3, 304L and In800 with different treatment methods are shown in Figure 2. ZSimpwin software was used to fit the experimental EIS data.



It is generally assumed that passive films formed on materials (commonly used in the primary circuits of PWRs) under high temperatures have a double-layer structure [9,24,25]. The inner layer is a dense protective oxide film with high chromium content, which is formed by the solid growth of the substrate, and the outer layer is a loose protective film with high iron content, which is formed by metal dissolution and oxide precipitation [26,27]. Several equivalent circuits were selected to fit the EIS data. The most fitted equivalent circuit diagrams for A508-3, 304L and In800 were selected to calculate the electronic component parameters based on the mechanism of electrochemical process, and these are shown in Figure 3a,b, respectively [28,29]. In these circuit diagrams, Rs represents the solution and wire resistance in a three-electrode system. The film is composed of two parts in series, and each part is connected by a constant phase element (CPE, Qin/out) and a resistance (Rin/out) in parallel. Qout and Rout can be regarded together as the impedance of the outer layer of the passive film. Qin and Rin can be regarded together as the impedance of the inner layer of the passive film. Q, which can be expressed as Q = (jw)−n/Y, has two parameters: n is the dispersion index, which can evaluate the dispersion effect of the passive film. When n = 1, Y is equal to the capacitance, and when n = 0.5, Y represents the Warburg impedance. The effective capacitance (   C  eff    ) could be calculated according to the following Brug’s Equation (1) [29,30,31,32,33]. In addition, on this basis, an inductive component (L) appears in the circuit diagram of A508-3. The appearance of inductance is usually considered to result from the instability of the film leading to surface changes during the measurement due to surface adsorption–desorption and dissolution [34].The fitting parameters of each component are listed in Table 4.


   C  eff   =  Y  1 / n   ·  R   (  1 − n  )  / n    



(1)







It could be seen from the n value of Qout (close to 0.5) in the G(blank) and G(40Zn) of A508-3 that the outer layers of the passive films formed on A508-3 with the blank treatment and zinc treatment were close to the Warburg impedance caused by semi-infinite diffusion, which indicates that concentration polarization occured on the surface of passive films fomed on A508-3. The values of Rin for all specimens were much larger than those of Rout and Rs, which implied that the corrosion processes were primarily controlled by the charge transfer process at the outlayer/inner interface within the passive films, and the inner layer of the passive film formed on A508-3 was less protective than that of 304L and In800. Moreover, the Rin value of A508-3 was smaller than that of 304L, and that of 304L was smaller than that of In800. The phenomenon wherein all materials’ Qin values were larger than their Qout values might result from the fact that the inner layer was much thinner than the outer layer, and the effective area of the outer layer was also much smaller than that of inner layer.



Compared to the blank group, zinc treatment effectively increased the resistance of the passive films formed on all three materials, and the corrosion resistance of the films was clearly enhanced, which was consistent with the results in the potentiodynamic polarization curves. In addition, the zinc–aluminum treatment also significantly increased the resistance of passive films formed on A508-3 and 304L, compared to the blank group, but the increases were less than those derived from the zinc treatment. For In800, the zinc–aluminum treatment only slightly increased the resistance of the passive film. Considering the results in the polarization curves, it could not be effectively judged whether this treatment method would improve the corrosion resistance of In800.




3.3. Mott–Schottky Curve


When analyzing the capacitance of a semiconductive oxide film, usually the space charge layer’s capacitance alone is considered, and the relationship between the space charge layer’s capacitance and the potential can be studied through the Mott–Schottky theory in order to analyze the semiconductor properties of the passive film. The semiconductor type of the passive film can be judged by the positive (n-type) or negative (p-type) slope of a specific segment on the Mott–Schottky curve. At the same time, the carrier concentration ( N ) and flat band potential (   E  f b    ) of the passive film can be calculated by the Mott–Schottky equation as follows (which is essentially a linear regression equation) [35,36,37]:


   1   C 2    = ±  2  ε  ε 0  e N    (  E −  E  f b   −   K T  e   )    ( + :   n - type ; − :   p - type )  



(2)




where    E  f b     is the flat band potential;  N  is the carrier concentration and the surface area is 0.2826 cm2 when calculating;  ε  is the relative dielectric constant and its value is generally assumed to be 12 for a passive film formed on a metal surface [38,39];    ε 0    is the vacuum dielectric constant (8.85 × 10−14 F/cm);  e  is the electron charge (1.602 × 10−19 C);  K  is the Boltzmann constant (1.38 × 10−23 J/K); and  T  is the absolute temperature.



It can be seen from this equation that the greater the absolute value of the slope of the straight-line segment, the smaller the carrier concentration in the film, thus, the change in the corrosion behaviors of the metals can be inferred through the semiconductor type and the carrier concentration. The Mott–Schottky curves of the passive films formed on A508-3, 304L and In800 with different treatment methods are shown in Figure 4a–c, respectively. The corresponding n-type semiconductor parameters ( N  and    E  f b    ) of the passive films, which were the average values from parallel experiments, are listed in Table 5.



The passive films formed on A508-3 with three treatment methods all exhibited the same n-type semiconductor properties in the passivation potential range, but under the conditions of zinc treatment and zinc–aluminum treatment the carrier concentration was reduced by an order of magnitude. The effect of the zinc–aluminum treatment was more distinct than that of the zinc treatment. An inflection point at −0.04 V appeared in both treatment methods, making the linear slope of the voltage range above −0.04 V smaller. This was likely the result of the presence of the second donor energy level in the passive film, which corresponded to the ionization of the donor in the passive film.



In the blank group, 304L and In800 reflected the transition from n-type to p-type semiconductor in the passivation potential range, with the n-type semiconductor being dominant. Both the zinc treatment and zinc–aluminum treatment changed the semiconductor properties of these two materials to n-p-n type, with the p-type semiconductor dominant. This indicated that new substances were formed on the surfaces of the passive films after zinc treatment and zinc–aluminum treatment, and the crystal types of these new substances may be the same under these two treatment methods [40]. The zinc–aluminum treatment slightly reduced the carrier concentration of the passive film formed on 304L. Neither the zinc treatment nor the zinc–aluminum treatment reduced the carrier concentration of the passive films formed on In800. However, the flat band potential of 304L and In800 underwent a significant negative shift with the zinc–aluminum treatment. These phenomena indicated that the zinc–aluminum treatment affected the film formation of different materials in different ways.




3.4. Morphology and Composition Analysis


The passive films formed on A508-3, 304L and In800 reflected different morphologies and composition characteristics under different treatment methods, which directly resulted in the different effects of the zinc–aluminum treatment in improving the corrosion resistances of the different metals. S4800 and EMAX-350 were used to perform SEM and EDS with an accelerating voltage of 15.0 kV, and EDS point scanning was performed on specific areas, which are marked in figures with dotted lines. The composition analysis results (atomic percent, At%, and Error, %) were normalized and are listed on the side of the corresponding scan position.



3.4.1. A508-3


The SEM images and corresponding composition analyses of the passive films formed on A508-3 with blank treatment, zinc treatment and zinc–aluminum treatment are shown in Figure 5, Figure 6 and Figure 7, respectively.



The loose surface morphology could be observed on the passive film formed on A508-3 with the blank treatment (as shown in Figure 5), and the appearance of pitting corrosion pits could be easily observed, accompanied by the accumulation of a large number of corrosion products, indicating that the content of the oxygen element was high in the places where pitting occured. Furthermore, it could be seen form the composition that most of the products were iron oxides. After using the zinc treatment or the zinc–aluminum treatment, the surfaces of the passive films showed different morphologies, but all became denser, and many regular hexahedron and regular octahedral crystals were observed. The presence of zinc and zinc–aluminum could be detected separately in the composition analysis. The total ratios of zinc or zinc–aluminum were all approximately 11 At% under these two treatment methods, indicating that aluminum could replace a part of the zinc so as to participate in the formation of passive films. At the same time, the content ratio of zinc and aluminum was approximately 1:2. These results showed that the zinc–aluminum treatment as well as the zinc treatment could improve the stability of the passive film, and enhance the corrosion resistance of A508-3.




3.4.2. 304L


The SEM images and corresponding composition analyses of the passive films formed on 304L with the blank treatment, the zinc treatment and the zinc–aluminum treatment are shown in Figure 8, Figure 9 and Figure 10, respectively.



Many corrosion pits were observed on the surface of the passive film formed on 304L with the blank treatment, as shown in Figure 8. However, the corrosion products were less in quantity than those of A508-3. The correct nickel and chromium contents could be seen from the composition analysis, and the corrosion products in the corrosion pits were mainly oxides of iron, chromium and nickel, thus the oxygen element content significantly increased in the corrosion areas. Typical spinel substances were observed on the surface of the passive film after zinc treatment. According to previous research [18], it could be speculated that this substance might be ZnFe2O4, which has a high stability and enhances corrosion resistance. In addition, the zinc content was approximately 5.5 At% with the zinc treatment. After the zinc–aluminum treatment, a dense sheet-like passive film was formed on the surface of 304L, which could well protect the material from corrosion. The composition analysis showed that both zinc and aluminum were detected and the total amount was approximately 5.2 At%, which was similar to that for the zinc treatment. The content ratio of zinc and aluminum was approximately 1:2, but the total amount was not as high as in A508-3. This demonstrated that aluminum could replace a part of the zinc so as to participate in the film-forming reaction on the 304L‘s surface, however the degree of participation here was weaker than that for A508-3.




3.4.3. In800


SEM images and the corresponding composition analyses of the passive films formed on In800 with the blank treatment, zinc treatment and zinc–aluminum treatment are shown in Figure 11, Figure 12 and Figure 13, respectively.



The passive film formed on In800 with the blank treatment was smoother and denser than that of the other two materials. However, a few corrosion cracks were also observed. From the composition analysis, it could be found that, due to the characteristics of this material, the contents of nickel and chromium continued to increase compared to those of 304L. After the zinc treatment and zinc–aluminum treatment, the surfaces of the passive films were extremely smooth, and some salt crystals were occasionally observed. The presence of zinc and aluminum was also seen in the composition analysis, but in lesser quantities than in the other two metals. The zinc content of the passive film with the zinc treatment was only about 1.7 At%, however the contents of both elements were more than 2 At% with the zinc–aluminum treatment.



In addition, some typical spinel crystals were observed in the passive films formed on A508-3, 304L and In800 with the zinc–aluminum treatment, as shown in Figure 7, Figure 10 and Figure 13. The crystal observed in Figure 13 was used as an example to perform EDS mapping scanning, and the surface morphology, element distribution and composition analysis are shown in Figure 14.



As shown in Figure 14, the outline of the displayed spinel crystal could be clearly observed in the elemental distribution diagram for oxygen, zinc and aluminum. The majority of the iron, chromium and nickel were distributed on the substrate outside the spinel crystal, which indicated that this spinel crystal was primarily composed of oxygen, zinc and aluminum. In addition, in the composition results, the zinc and aluminum contents were 4.88 At% and 9.43 At%, respectively, which were greatly increased compared to the contents displayed in Figure 13. The content ratio of zinc and aluminum was about 1:2, which was similar to the results for A508-3 and 304L with the zinc–aluminum treatment. These results showed that zinc and aluminum could also undergo compound reactions on the surface of In800, and the reaction products were similar to those of the other two materials; however, the reaction degree here was not as high as it was in the other two materials.






4. Discussion


In the results of the potentiodynamic polarization curves, the corrosion current densities of all three metals with the zinc treatment were greatly reduced. The corrosion current densities of A508-3 and 304L were further reduced after treatment with zinc- aluminum, but this had no clear effect on the In800. In terms of reducing the corrosion current with the zinc–aluminum treatment, A508-3 > 304L > In800. However, due to the high corrosion resistance of In800, its corrosion current density was less than that of the other two metals under any conditions.



The results of the EIS test showed that after treatment with zinc or zinc–aluminum, the impedances of the passive films formed on the three materials were improved to varying degrees. Due to the characteristics of the double-layer structure, the outer film is much less resistant than the inner film. The improvement of the resistance of the passive film with a zinc–aluminum treatment was generally inferior to that achieved with the zinc treatment; however, a significant improvement could still be observed compared to the blank treatment. From the perspective of impedance improvement with the zinc–aluminum treatment, A508-3 > 304L > In800.



The results of the Mott–Schottky curves showed that the zinc treatment and the zinc–aluminum treatment could change the semiconductor properties of the passive films formed on 304L and In800, as clear p-type semiconductor properties appeared in the passivation interval. However, the semiconductor properties of the passive film formed on A508-3 were not changed due to the similar structures of the inner layer and outer layer. Both the zinc treatment and zinc–aluminum treatment decreased the carrier concentration in the passive film formed on A508-3, and negatively shifted the flat band potentials of the passive films formed on 304L and In800. The zinc–aluminum treatment affected the semiconductor properties of the passive films formed on different metals in different ways.



The results of the electrochemical experiments showed that the zinc–aluminum treatment had a significant corrosion-inhibitory effect on A508-3, which was better than that of the zinc treatment. For 304L, the corrosion-inhibition effect of the zinc–aluminum treatment was almost the same as that of the zinc treatment. For In800, the corrosion-inhibition effect of the zinc–aluminum treatment was not as apparent as that of the zinc treatment. In general, the potency of the corrosion-resistance effect of the zinc–aluminum treatment on these three metals was ranked as A508-3 > 304L > In800.



The roughness factor (   R F   ) can estimate the roughness of the surface on a passive film, and it can be calculated through Equation (3).


   R F  =    C  eff      C *     



(3)




where    C  eff     is the effective electric double-layer capacitance value of the passive film, which can be calculated from the data of the EIS test through the Brug equation, as shown in Table 4.    C *    is the electric double-layer capacitance value of the smooth surface, which value is 60 μF/cm2 for the smooth passive film containing oxides [41]. The    R F    values of passive films formed on different materials with different treatment methods are listed in Table 6.



It could be seen from Table 6 and the surface morphologies of the passive films that both the zinc treatment and the zinc–aluminum treatment significantly decreased the roughness of the passive films, and greatly reduced the appearance of corrosion pits on the surfaces of A508-3 and 304L. However, due to the excellent corrosion resistance, In800 experienced no reduction in surface roughness. For A508-3 and 304L, the effect of the zinc–aluminum treatment was similar to that of the zinc treatment, and the increase in the roughness factor of In800 with the zinc treatment was consistent with the presence of inclusions and precipitates on the surface, as shown in Figure 12.



In a large amount of the research on primary circuit zinc injection technology, the main principle of using zinc injection to strengthen the structural material of equipment is the replacement of cobalt with zinc in the passive film, and the generating of the spinel of ZnFe2O4 with a low solubility and high stability, which enhances the corrosion resistance of the passive film [6,9,42,43]. It is speculated from previous research that the zinc–aluminum treatment could generate additional ZnAl2O4 on the surface of the alloy steel, based on the zinc treatment. According to theoretical calculations, this substance has a lower solubility and a stronger stability than ZnFe2O4 [18]. After using the zinc treatment and the zinc–aluminum treatment, the formation of spinel substances with a regular octahedral crystal was observed on the surfaces of passive films; however, the amounts of spinel substances formed on different materials were different. From the results of the polarization curve of In800, the zinc–aluminum treatment had little effect on the enhancement of its corrosion resistance, but small amounts of spinel substances were still formed on its surface. From the composition analysis results of the point scans of the passive films formed on A508-3 and 304L, and the mapping scan of the spinel substances formed on In800, the atomic content ratios of zinc and aluminum were all determined as approximately 1:2. It can be inferred that ZnAl2O4 was formed on all three materials with the zinc–aluminum treatment, but the amount of production was different. The greater the amount of ZnAl2O4 that was produced, the greater the improvement of the corrosion resistance of the material. Therefore, the zinc–aluminum treatment improved the corrosion resistance of A508-3 more so than 304L, and the smallest improvement was offered to In800.



Regular spinel crystals belong to the equiaxed crystal system [44,45,46,47]. The basic structure involves oxygen accumulating in the ABC order perpendicular to the (111) direction. The tetrahedral and octahedral layers are in phase, and the ratio of the number of tetrahedrons to octahedrons is 2:1. The structural formula is XY2O4, where X is a divalent cation, Y is a trivalent cation, trivalent cations occupy octahedral voids, and divalent cations occupy tetrahedral voids [48,49,50,51]. The factors that affect the distributions of elements in the spinel crystals are extremely complex, including the electrostatic energy of ionic bonds, the ionic radius and the crystal field.



According to empirical data, the priority order of the most divalent and trivalent metal ions entering the crystal void can be listed accordingly: Zn2+, Mn2+, Fe3+, Mn3+, Fe2+, Ni3+, Cr3+ [52]. The first ions tend to occupy the tetrahedral voids, and the latter ions tend to occupy the octahedral voids [49,53,54]. The nickel and chromium contents of these three metals are ranked as A508-3 < 304L < In800. According to the ionic order, the presence of chromium and nickel prevents other metal ions from occupying the octahedral voids in the spinel crystals, and prevents the formation of target substances. In other words, high nickel and chromium contents will inhibit the formation of spinel ZnAl2O4 in the passive films on In800, and instead may generate some spinel-type ferrite, such as NixZn1-xFe2O4, which has the same crystal structure as ZnAl2O4 but with inferior stability. Due to the low nickel and chromium contents of A508-3, a large amount of ZnAl2O4 is formed in its passive film, and the corrosion resistance enhancement effect is also more apparent. However, the corrosion resistance of In800 is inherently superior to those ofA508-3 and 304L.



Therefore, it cannot be denied that the zinc–aluminum treatment has excellent corrosion resistance improvement effects on other low nickel and chromium alloys, such as A508-3 and 304L. Compared with zinc treatment technology, this treatment method can reduce the use of depleted zinc, reduce the generation of potential radioactive elements, and save costs.




5. Conclusions


Compared with the zinc treatment, the zinc–aluminum treatment could further reduce the corrosion current density and increase the impedance of the passive films formed on A508-3 and 304L. However, these effects were very weak on In800. The zinc–aluminum treatment changed the semiconductor properties of the passive films formed on 304L and In800, and decreased the carrier concentration of the passive film formed on A508-3. The results of electrochemical experiments showed that the zinc–aluminum treatment significantly improved the corrosion resistance of A508-3, and the corrosion resistance improvement effect on 304L with the zinc–aluminum treatment was similar to that achieved with the zinc treatment. Both the zinc treatment and zinc–aluminum treatment had almost no effect on In800.



According to the morphology and composition analyses, the surfaces of the passive films formed on these three metals became denser and smoother with the formation of spinel crystals after zinc–aluminum treatment. The atomic content ratios of zinc and aluminum were all approximately 1:2, which confirmed that ZnAl2O4 would be generated on all three materials. However, since nickel and chromium would prevent aluminum from participating in the formation of spinel substances in the passive film, the spinel substances generated on the surface of In800 were less in quantity than those formed on 304L, and the most were formed on A508-3. Due to the fact that these three metals behaved very differently under zinc–aluminum treatment, it cannot be recommended that zinc–aluminum treatment provides excellent corrosion resistance enhancement for all metals. This technology requires further research.
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Figure 1. The polarization curves in semilogarithmic coordinates of the passive films formed on (a) A508-3, (b) 304L and (c) In800 with different treatment method. 
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Figure 2. The EIS of the passive films formed on different materials with different treatment methods: (a) A508-3, Nyquist diagram; (b) A508-3, Bode diagram; (c) 304L, Nyquist diagram; (d) 304L, Bode diagram; (e) In800, Nyquist diagram; (f) In800, Bode diagram. 
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Figure 3. The electrical equivalent circuit diagram of passive film: (a) for A508-3; and (b) for 304L and In800. 
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Figure 4. The Mott–Schottky curves of the passive films formed on (a) A508-3, (b) 304L and (c) In800 with different treatment methods. 
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Figure 5. Scanning electron microscope (SEM) images and the corresponding composition analysis of the passive film formed on A508-3 with the blank treatment. 
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Figure 6. SEM images and the corresponding composition analysis of the passive film formed on A508-3 with the zinc treatment. 
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Figure 7. SEM images and the corresponding composition analysis of the passive film formed on A508-3 with the zinc–aluminum treatment. 
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Figure 8. SEM images and the corresponding composition analysis of the passive film formed on 304L with the blank treatment. 
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Figure 9. SEM images and the corresponding composition analysis of the passive film formed on 304L with the zinc treatment. 
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Figure 10. SEM images and the corresponding composition analysis of the passive film formed on 304L with the zinc–aluminum treatment. 
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Figure 11. SEM images and the corresponding composition analysis of the passive film formed on In800 with the blank treatment. 
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Figure 12. SEM images and the corresponding composition analysis of the passive film formed on In800 with the zinc treatment. 
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Figure 13. SEM images and the corresponding composition analysis of the passive film formed on In800 with the zinc–aluminum treatment. 
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Figure 14. The Surface morphology, element distribution and composition analysis of the observed crystal formed on materials with the zinc–aluminum treatment. 
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Table 1. The elemental composition of A508-3 steel (A508-3), 304L stainless steel (304L) and Incoloy 800 alloy (In800).
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	Materials
	C
	Si
	Mn
	P
	S
	Cr
	Ni
	Mo
	Cu
	Fe





	A508-3
	0.22
	0.228
	1.39
	0.012
	0.003
	0.122
	0.068
	0.54
	0.117
	Bal.



	304L
	0.03
	0.52
	1.03
	0.017
	0.006
	18.01
	9.60
	-
	-
	Bal.



	In800
	0.04
	0.85
	1.50
	0.030
	0.015
	21.20
	32.50
	-
	0.3
	Bal.
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Table 2. The ionic compositions of the experimental solutions.
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	Group
	B (ppm)
	Li (ppm)
	Zn (mol/L)
	Al (mol/L)





	G(blank)
	250
	1.1
	-
	-



	G(Zn)
	250
	1.1
	0.24
	-



	G(Zn + Al)
	250
	1.1
	0.12
	0.12
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Table 3. The corrosion current (Icorr) and corrosion potential (Ecorr) of the passive films formed on A508-3, 304L and In800 with different treatment methods.
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Group

	
A508-3

	
304L

	
In800




	
Icorr (A/cm2)

	
Ecorr (V)

	
Icorr (A/cm2)

	
Ecorr (V)

	
Icorr (A/cm2)

	
Ecorr (V)






	
G(blank)

	
(2.27 ± 0.13) × 10−5

	
−0.37 ± 0.06

	
(1.23 ± 0.13) × 10−6

	
−0.14 ± 0.06

	
(5.74 ± 0.08) × 10−8

	
−0.26 ± 0.04




	
G(Zn)

	
(2.82 ± 0.09) × 10−6

	
−0.59 ± 0.04

	
(4.17 ± 0.18) × 10−7

	
−0.42 ± 0.08

	
(5.09 ± 0.12) × 10−8

	
−0.27 ± 0.03




	
G(Zn + Al)

	
(2.19 ± 0.12) × 10−6

	
−0.55 ± 0.05

	
(2.82 ± 0.08) × 10−7

	
−0.17 ± 0.03

	
(9.31 ± 0.10) × 10−8

	
−0.22 ± 0.04











[image: Table] 





Table 4. The fitting parameters of the electrochemical impedance spectroscopy (EIS) test.
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Group

	
Rs

(Ω/cm2)

	
Qout

	
     (  C  eff   )   out     ( μ F /  cm 2  )     

	
Rout

(Ω/cm2)

	
L

(H/cm2)

	
Qin

	
     (  C  eff   )   in     ( μ F /  cm 2  )     

	
Rin

(Ω/cm2)




	
Y(secn/cm2)

	
n

	
Y(secn/cm2)

	
n






	
A508-3

	
G(blank)

	
4.11

	
2.36 × 10−4

	
0.553

	
5.72 × 100

	
42.5

	
5.89 × 10−6

	
7.67 × 10−4

	
0.936

	
911.2

	
1.62 × 104




	
G(Zn)

	
1.03

	
9.92 × 10−6

	
0.593

	
7.58 × 10−2

	
83.1

	
3.35 × 10−13

	
1.96 × 10−4

	
0.811

	
561.0

	
4.65 × 105




	
G(Zn + Al)

	
5.02

	
1.43 × 10−7

	
0.971

	
9.84 × 10−2

	
25.7

	
4.81 × 10−10

	
1.29 × 10−4

	
0.729

	
459.3

	
2.36 × 105




	
304L

	
G(blank)

	
5.09

	
8.12 × 10−6

	
0.944

	
4.82 × 100

	
19.0

	
-

	
7.85 × 10−5

	
0.801

	
331.7

	
4.21 × 106




	
G(Zn)

	
7.46

	
8.37 × 10−9

	
0.989

	
7.10 × 10−3

	
43.7

	
-

	
3.30 × 10−5

	
0.890

	
83.0

	
5.29 × 107




	
G(Zn + Al)

	
1.08

	
6.70 × 10−9

	
1.000

	
6.70 × 10−3

	
41.6

	

	
7.26 × 10−5

	
0.808

	
120.8

	
1.16 × 107




	
In800

	
G(blank)

	
5.94

	
3.56 × 10−8

	
0.874

	
5.24 × 10−3

	
47.4

	
-

	
9.53 × 10−6

	
0.947

	
119.5

	
5.99 × 106




	
G(Zn)

	
4.76

	
3.17 × 10−5

	
0.862

	
1.29 × 10−1

	
114.0

	
-

	
1.06 × 10−3

	
0.759

	
1920.1

	
8.66 × 106




	
G(Zn + Al)

	
8.71

	
5.76 × 10−9

	
1.000

	
5.76 × 10-3

	
42.1

	
-

	
5.27 × 10−5

	
0.806

	
219.3

	
7.17 × 106
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Table 5. The n-type semiconductor parameters of the passive films formed on A508-3, 304L and In800 with different treatment methods.
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Group

	
A508-3

	
304L

	
In800




	
  N   (cm−3)

	
     E  f b     ( V )    

	
  N   (cm−3)

	
     E  f b     ( V )    

	
  N   (cm−3)

	
     E  f b     ( V )    






	
G(blank)

	
(7.71 ± 0.21) × 1020

	
−0.72 ± 0.04

	
(2.61 ± 0.09) × 1020

	
−0.23 ± 0.02

	
(1.64 ± 0.11) × 1020

	
−0.25 ± 0.03




	
G(Zn)

	
(4.50 ± 0.19) × 1019

	
−0.51 ± 0.04

	
(4.34 ± 0.39) × 1020

	
−2.90 ± 0.12

	
(1.75 ± 0.10) × 1020

	
−1.34 ± 0.05




	
G(Zn + Al)

	
(3.43 ± 0.12) × 1019

	
−0.41 ± 0.02

	
(1.41 ± 0.15) × 1020

	
−0.65 ± 0.04

	
(2.26 ± 0.13) × 1020

	
−1.62 ± 0.07
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Table 6. The    R F    values of passive films formed on different materials with different treatment methods.
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	Group
	A508-3
	304L
	In800





	G(blank)
	15.2
	5.5
	2.0



	G(Zn)
	9.3
	1.4
	32.0



	G(Zn + Al)
	7.6
	2.0
	3.6
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