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Deep geological disposal is the most reliable method for high-level nuclear waste, of which metal container as the first barrier for deep geological disposal of high-level nuclear waste is particularly important. Carbon steel is used as a container material because of the low possibility of local corrosion in bentonite. However, after the storage is closed, the decrease of oxygen content will create a near-field environment where the hydrogen embrittlement (HE) in the corrosion process of the container could happen. To evaluate the safety of containers in deep geological disposal of Beshai, the preselected area in China, hydrogen permeation efficiency and HE were estimated in highly pressed saturated bentonite by electrochemical and extrapolation analyses. It is concluded that hydrogen permeation efficiency increases with the disposal year, which proves that the hydrogen evolution reaction dominates the cathode process in the corrosion during long-term disposal. However, slow strain rate tensile shows that Q235 steel has a low HE sensitivity.
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INTRODUCTION
As low-carbon energy, nuclear power plays an important role in new energy and is an important basis for realizing the sustainable development of energy in various countries. High-level nuclear waste (HLNW) produced during the use of nuclear energy has the characteristics of strong radioactivity of calorific value, high toxicity, and extremely long decay time (Zhang et al., 2020). According to the nuclear power development plan in China, it is expected that there will be produced 3,200 tons of nuclear waste every year in 2030. Therefore, the safe disposal of nuclear waste is an unavoidable and urgent problem in the development of nuclear energy.
The disposal of nuclear waste is a difficult problem globally (Shoesmith, 2000; Hu and Cheng, 2015). At present, deep geological disposal is the most reliable technology for the disposal of HLNW (Ewing, 2015); that is, nuclear waste solidified in glass is stored in the metal container, surrounded by clay and other buffer materials, then placed in the special disposal repository situated between 500 and 1,000 m underground.
How to deal with nuclear waste efficiently has become a global problem. Various nuclear waste disposal programs have been proposed in the world: space disposal, deep-sea disposal, deep geological disposal, etc. (Arup, 1985; Milnes, 1985; Bradley, 1997). At present, deep geological disposal is generally accepted as the most realistic treatment (Duquette et al., 2009; Guo et al., 2020); that is, nuclear waste will be buried in a disposal repository approximately 500–1,000 m underground, making it completely isolated from the human living environment. Now, China has selected the Beishan area of Gansu Province as the preselected area of high-level nuclear disposal. The repository contains a “multi-barrier protection system” with engineering barriers including vitrified waste bodies, metal containers, buffer backfill materials, and natural barriers including surrounding rocks, its surrounding geological constructions. Among them, the metal container as the first engineering barrier is particularly important, and its integrity is a necessary factor to ensure that the nuclear waste does not leak. Once the corrosion of the metal container happens during the long disposal process, nuclear waste will migrate with groundwater into the biosphere. It is necessary to study various factors that affect the corrosion behavior of containers in deep geological environments to evaluate the container's safety and reliability.
Container corrosion is related to its surrounding environment. It mainly includes oxygen content (after the repository closed and some oxygen trapped), temperature (nuclear waste decay heat release), and radiation (strong radioactivity of nuclear waste), which are the factors affecting the container corrosion in the deep geological environment. However, the near-field environment of the container will change with the disposal year. For example, the temperature will experience a rise to a drop (up to 360 K), the oxygen content will drop to an anaerobic condition, and the γ radiation intensity will also decrease. Carbon steel is used as a candidate material for the container in countries such as Japan, South Korea, and Canada because of its simple manufacturing process and low cost (King and Padovani, 2011). Liu et al. (2019a, b) studied the corrosion behavior of X65 low-carbon steel during the low-oxygen transition and the anaerobic stage of geological disposal. The results show that the corrosion type is mainly uniform corrosion. The corrosion rate decreases significantly with oxygen reduction, and the corrosion process is controlled by diffusion. The authors' group (Zhang et al., 2019) studied the corrosion behavior of Q235 steel in the highly pressed bentonite environment. It is shown that the maximum corrosion rate appeared in the range of 343–363 K and then decreased when the temperature decreased. Stoulil et al. (2013) studied the effect of temperature on the corrosion rate of low-carbon steel in bentonite environments, and the experiments were carried out at 313 and 363 K. The results show that the higher the temperature, the denser the corrosion product layer, the corrosion rate is slightly slower than that at 313 K, and the color of the corrosion product formed at different temperatures is different. Liu et al. (2018) studied the effect of γ irradiation on the corrosion behavior of X65 low-carbon steel in deep geological groundwater environments. It was found that irradiation increases the empty potential strength of the carbon steel and reduces the open circuit potential, thus accelerating the corrosion rate. Smart et al. (2008) separately studied the effects of different irradiation intensities on the anaerobic corrosion of carbon steel and found that irradiation can increase the corrosion rate. At the higher dose rate, the radiation enhances the corrosion rate most, and some unknown high oxidative corrosion products form.
However, after the repository construction is finished, the oxygen content around the container decreases rapidly and even returns to an anaerobic environment, and hydrogen evolution corrosion may play an important role. The research shows that even under the condition of aerobic corrosion, the reduction of hydrogen ions will also happen, and hydrogen will permeate into carbon steel (Huang and Zhu, 2005; Tsuru et al., 2005). Therefore, hydrogen evolution corrosion will accompany the whole corrosion process of the container. The results reflect that although low-carbon steel shows low sensitivity to stress corrosion and hydrogen embrittlement (HE), its plasticity decreases in slow strain rate tensile (SSRT) under hydrogen charging. The container has circumferential tensile stress under decay thermo-mechanical coupling, up to 57% of the tensile strength (Zhang et al., 2013). During the long disposal process, the container may also be damaged by strong crustal movement such as an earthquake. Therefore, due to the long-term permeation of hydrogen into carbon steel, there may be a risk of HE, which needs to be studied. In this paper, the hydrogen permeation efficiency (HPE) and HE sensitivity of Q235 steel in highly pressed bentonite were studied by accelerated electrochemical test and SSRT. The possibility of HE for Q235 steel as the nuclear waste container on a large time scale was comprehensively analyzed and evaluated.
EXPERIMENTAL
Materials
For the specimens used in the corrosion electrochemical test, the carbon steel materials were cut to dimensions of ϕ10 × 10-mm columnar specimens, which were cleaned with absolute ethanol and dried in the cold air. The copper conductor was attached to one end of the specimen and sealed in a polytetrafluoroethylene tube with epoxy resin, and the other end is the working surface with an area of 0.785cm2. For the specimens used in the hydrogen permeation electrochemical test, hollow barrel specimens with dimensions of ϕ40 mm × 100 mm were obtained. For the SSRT test, circular carbon steel specimens with a cross-sectional radius of 2 mm and a gauge length of 25mm were used.
Corrosion Environment Simulation
As we know that the corrosion behavior of metal materials is closely related to their surrounding environment, it is necessary to determine the near-field environment of a nuclear waste container. Nuclear waste containers need to be buried in deep geological disposal for tens of thousands or even hundreds of thousands of years, and the near-field environment will change over time. At present, most studies focus on models to simulate them. The environmental conditions mainly include the following aspects: 1) Temperature. The change of temperature is mainly due to the heat generated by the decay of radionuclides, which is mainly transmitted from the nuclear waste through radiation, convection, and conduction (Seetharam et al., 2006). The evolution law is shown in Figure 1. For the deep geological disposal of China's HLNW, the lowest temperature is approximately 295 K, and the temperature reaches the maximum of 363 K after 10 years. This paper mainly evaluates the life of the container on a large time scale, so it focuses on the situation after 10 years. The experiment will use a gradient cooling method by a thermostat or a water bath to simulate the real environmental temperature drop after 10 years. The corresponding age to a specific temperature is shown in Table 1. (2) groundwater composition. Zheng et al. (2016) summarized composition of groundwater in Beishan, which is mainly alkaline, including cations such as Na+ and K+, while anions including HCO3-, Cl−, and so on. Components of artificial groundwater simulation solution used in experiment are shown in Table 2. (3) Buffer backfill materials. There are two kinds of materials to choose from. Sweden, Finland, and Canada (Rasilainen, 2004; Rosborg and Werme, 2008) used bentonite as a buffer backfill material, whereas Belgium used concrete (Yang et al., 2008). This paper mainly focuses on corrosion behavior of container in bentonite as a buffer backfill material. Components are shown in Table 3.
[image: Figure 1]FIGURE 1 | Temperature evolution with time near HLNW container for China.
TABLE 1 | Predicted temperature corresponding to disposal time.
[image: Table 1]TABLE 2 | Simulated chemical components of groundwater in Beishan area (mg/L).
[image: Table 2]TABLE 3 | Chemical compositions of Gaomiaozi-Na-bentonite (mass fraction/%).
[image: Table 3]According to Figure 2, the groundwater in the buffer backfill material is saturated in approximately 10 years. Therefore, the life prediction of the container on a large time scale is more concerned about the situation after the bentonite reaches saturation.
[image: Figure 2]FIGURE 2 | Model of buffer material saturation for HLNW container in short- and long-term.
Experimental Setups and Procedures
As shown in Figure 3, it is the device including the hydrogen charging and measurement system for researching the HPE of carbon steel in saturated highly pressed bentonite. The barreled specimen was filled with highly pressed saturated Gaomiaozi-Na-bentonite with simulated groundwater solution as a wetting solution. The measurement was carried out by Model PS-8 Multichannel Potentiostat/Galvanostat. For the hydrogen charging system, a three-electrode system was adopted, the working electrode was the barreled carbon steel specimen, the internal reference was a solid Ag/AgCl electrode, and the counter electrode was the stainless steel shaft (also used as the pressing bentonite device). For the hydrogen measurement system, the three-electrode system was also used, the barreled specimen was still used as the working electrode, the external reference electrode was the HgO/Hg electrode, and the stainless steel barrel wrapped with the carbon steel specimen was the counter electrode. The solution between the specimen and the stainless steel barrel was filled with 0.2 mol L− NaOH solution. Constant current densities of 0.01–100 A m−2 were used for the hydrogen charging system, and a constant potential of 0 V vs. (HgO/Hg) was used for the hydrogen measurement system. A thermostated water bath was used to control the temperatures from 298 to 373 K.
[image: Figure 3]FIGURE 3 | Double electrolytic cell device for hydrogen permeation test of Q235 steel in saturated compacted bentonite.
As shown in Figure 4, the total amount of hydrogen evolution was calculated by subtracting the background current and then integrating the amount of the area under the curve. According to the volume V of the specimen and the formula (1), combined with Faraday's law, the hydrogen concentration in the specimen could finally be calculated.
[image: image]
[image: Figure 4]FIGURE 4 | Calculation method of hydrogen concentration.
SSRT mainly judges the HE risk of candidate material for a container. Because hydrogen diffuses extremely quickly in steel, a group control test was carried out: 1) The specimen was not treated in any way and exposed to the air for the tensile test; 2) the specimen was not treated in any way and immersed in 0.2 mol L−1 NaOH solution for the tensile test; 3) the specimen was charging in 0.2 mol L−1 NaOH solution with a current density of 1 mA cm−2 for 15 h and 7 days and then exposed to the air for the tensile test; 4) the tensile test was carried out while the specimen charging in 0.2 mol L−1 NaOH solution with current densities of 0.01 and 1 mA cm−2. The morphology of the fracture surface was observed by scanning electron microscope. The experiments discussed earlier were performed at room temperature.
RESULTS AND DISCUSSION
Effect of γ Radiation on Corrosion
The effect of radiation on hydrogen permeation mainly depends on the effect on the steel corrosion behavior. Thus, the effect of γ radiation on steel corrosion was studied. The steel specimens irradiated by γ radiation for 3 months and 1 year were tested in saturated high-pressure bentonite (groundwater content 30%) for potential polarization curve. The fitting results were compared with that of the unirradiated specimens. Figure 5 shows the corrosion current densities of steel unirradiated and irradiated for 3 months and 1 year in saturated highly compacted bentonite at different temperatures. The results found that the corrosion rate of irradiated steel is significantly higher than that without irradiation at high temperatures, and it increases with the irradiation time.
[image: Figure 5]FIGURE 5 | Corrosion current density of Q235 steel unirradiated and irradiated for 3 months and 1 year in saturated highly compacted bentonite at different temperatures.
The maximum corrosion rate of steel irradiated for 3 months and 1 year occurred at the temperature of 348 K, corresponding to the 100 years in deep geological disposal. Because the voids of the compacted bentonite are initially filled with water, the oxygen concentration is low. Oxygen has not yet diffused on the metal surface. The maximum corrosion current density reaches 49.34  μA cm−2 after 1 year of irradiation and reaches 17.24 μA cm−2 after 3 months of irradiation, which was much higher than 0.77 μA cm−2 without irradiation. With the increasing geological disposal year, the film of corrosion product is denser, and the temperature will continue to decrease. The content and diffusion of oxygen determine the cathodic reaction rate, so the corrosion current density of the specimen after radiation gradually decreases as the temperature decreases. However, it is still higher than that of unirradiated in the same period. The main reason is that γ irradiation changes the electrochemical state of metals, which is more obvious at higher temperatures. Liu et al. (2017) studied the corrosion behavior of X65 low-carbon steel unirradiated and irradiated in deep geological environments at the temperature of 363 K. It was found that γ irradiation of 2.98 kGy h−1 increased the corrosion rate of X65 steel by 33% and that γ irradiation caused two new phases of siderite and magnetite formed. Winsley et al. (2013) studied the effect of irradiation on the corrosion behavior of carbon steel in alkaline simulated pore water (pH = 13.4) at the temperature of 298 and 353 K. The corrosion rate is determined according to the hydrogen production. However, the results found that the hydrogen production rate did not increase significantly under γ radiation of 25 Gy h−1. These results show that the effect of γ irradiation on the corrosion of carbon steel containers is obvious in a higher temperature environment.
The results discussed earlier indicate that γ irradiation could accelerate the corrosion of the steel at high temperatures. However, compared with the whole geological disposal period of nuclear waste containers, the high-temperature stage only exists for a short time. Meanwhile, it is predicted that after the disposal of HLNW, the initial irradiation dose rate on the outer surface of the HLNW container is approximately 0.2–2 Gy h−1, then it will be reduced by one order of magnitude every 100 years according to the difference of vitrified solid waste, container, spatial layout, and thickness (Guo-ding, 2000; Dong et al., 2015). This shows that the radioactivity of nuclear waste will gradually weaken, and the effect of radiation on the container can be basically ignored in the large time-scale prediction. Therefore, the long-term corrosion rate model could refer to the prediction results of a previous study (Zhang et al., 2019).
Hydrogen Permeation Efficiency of Carbon Steel During Corrosion in Highly-Pressed Saturated Bentonite
The results discussed earlier have shown that the effect of irradiation on the corrosion rate of carbon steel containers can be almost ignored on a large time scale. The hydrogen permeation behavior of carbon steel in a deep geological environment is studied based on the long-term corrosion rate model of carbon steel containers obtained in previous research (Zhang et al., 2019). Firstly, the hydrogen permeation law of carbon steel in a deep geological environment was explored. There are two main factors affecting the hydrogen permeation behavior of carbon steel containers in a deep geological environment, temperature and corrosion current density. The research was mainly carried out from these two influencing factors.
Because the buffer backfill material reaches saturation after 10 years, the saturation stage was focused on. The experimental medium is saturated, highly-compacted bentonite. Firstly, the hydrogen permeation law of steel in saturated highly compacted bentonite at different temperatures was studied. As shown in Figure 6, it is a variation of hydrogen concentration with time for steel in saturated highly pressed bentonite at different temperatures and different hydrogen charging current densities, in which a is 298 K, b is 313 K, c is 351 K, and d is 363 K (different temperatures correspond to a different year, as shown in Figure 1). The calculation method of hydrogen concentration has been introduced in Experimental Method. The results show that the hydrogen concentration increases in the steel with increasing hydrogen charging time at the same hydrogen charge current density. At the same hydrogen charging time, the hydrogen concentration in steel increases with the increase of the hydrogen charging current density; however, when the hydrogen charging current density increases to a certain extent, the increase of hydrogen concentration is no longer obvious. Each temperature has a similar pattern. This is because of the hydrogen evolution reaction on carbon steel. The generally accepted reaction scheme for proton reduction can be written as the Volmer reaction (Yan et al., 2007):
[image: image]
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[image: Figure 6]FIGURE 6 | Hydrogen concentration in Q235 steel with different current density of hydrogen charging in saturated highly compacted bentonite at different temperatures; (A) 298 K; (B) 313 K; (C) 351 K; (D), 363 K.
Formula (2) refers to the adsorption of hydrogen, (3) refers to the recombination with hydrogen to form hydrogen molecules, and (4) refers to that some adsorbed H atoms may be absorbed into the lattice. When the hydrogen charging current density increases to a certain extent, reaction (2) is accelerated, resulting in the accumulation of a large amount of MH(ads) on the surface of carbon steel. Therefore, the adsorbed hydrogen binds faster, resulting in the escape of hydrogen. The results show that there is a linear law between the corrosion current density (the corrosion current density in the deep geological environment is much less than the experimental current density) and the hydrogen content in the carbon steel container at the same temperature, that is, the same disposal year.
Figure 7 shows that the hydrogen concentration in steel changes with the charging time at different temperatures under the hydrogen charging current density of 10 A m−2. At the same hydrogen charging current density and time, the hydrogen concentration in the steel increases with the rise in temperature. This shows that the hydrogen diffuses in the steel faster at high temperatures. The diffusion coefficient of hydrogen in steel is a function of temperature. Kiuchi and Mclellan (1986) comprehensively analyzed a large number of hydrogen diffusion data measured by various methods, indicating that the most representative equation of hydrogen diffusion coefficient is as follows:
[image: image]
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[image: Figure 7]FIGURE 7 | Hydrogen concentration in Q235 steel with temperature at same charging current density of 10 A m−2 in saturated highly compacted bentonite.
The temperature range is 233–353 K for Equation 5 (323 to 823 K for Equation 6).
The diffusion coefficient of hydrogen in highly pressed saturated bentonite was also studied. The diffusivity can be calculated according to the following equation (Tsuru and Latanision, 1982):
[image: image]
D at different temperatures was counted by Equation 7. Figure 8 gives the Arrhenius plot of hydrogen diffusivity D against temperature.
[image: image]
[image: Figure 8]FIGURE 8 | Effect of temperature on hydrogen diffusivity of carbon steel in temperature range from 298 to 373 K
The fitted hydrogen diffusion coefficient equation is close to the research mentioned earlier (Kiuchi and Mclellan, 1986), which also shows that the deep geological environment has no effect on hydrogen diffusion in carbon steel.
The studies discussed earlier have obtained the relationship between temperature, current density, and hydrogen concentration in steel, but the total amount of hydrogen charging is different. Figure 9 shows the relationship between the hydrogen concentration in steel and the hydrogen charging current density at different temperatures when the total amount of hydrogen charging is the same. The results show that the lower the hydrogen charging current density, the greater the hydrogen concentration in the steel for the same amount of hydrogen charging. This is also related to the hydrogen evolution reaction. Under the smaller hydrogen charging current density, the amount of adsorbed hydrogen produced in reaction (2) is relatively small, which is not enough to combine to generate the escaping hydrogen. So, more adsorbed hydrogen is transformed into absorbed hydrogen and enters the steel.
[image: Figure 9]FIGURE 9 | Variation in hydrogen concentration in Q235 steel with charging current density for same fixed total charge at different temperatures in saturated highly compacted bentonite.
This study is to estimate the HPE on a large time scale. Obviously, hydrogen charging experiments for thousands of years cannot be completed in the laboratory. However, according to the relationship between hydrogen concentration, hydrogen charging current density, temperature, and the total amount of hydrogen charging in the research discussed earlier, as long as the amount of hydrogen charging in different disposal years could be obtained, the accelerated experiment could be completed in a short time using large hydrogen charging current density and finally predicted by extrapolation method. Previous studies have obtained the model of long-term corrosion rate for carbon steel in a deep geological environment, as shown in Figure 10 (Zhang et al., 2019). The curve in Figure 10 could be integrated to get the amount of hydrogen charging under natural corrosion conditions in different disposal years, as shown in Table 4.
[image: Figure 10]FIGURE 10 | Estimated corrosion rate of Q235 steel in deep geological disposal in Beishan area of China.
TABLE 4 | Total amount of charge for hydrogen charging of carbon steel at different disposal periods under free corrosion conditions.
[image: Table 4]Here, HPE is defined as the percentage of the hydrogen content in the steel to the total amount of hydrogen charging into the steel. Based on the linear relationship between hydrogen concentration and hydrogen charging current density (the total amount of hydrogen charging is the same), the HPE under natural corrosion conditions could be obtained by extrapolating the relationship curve between HPE and current density corresponding to hydrogen charging in different geological disposal years to the self-corrosion current density (Figure 10). As shown in Figure 11A is the result of 10 years, HPE is approximately 0.6%. 2) is the result of 100 years.
[image: Figure 11]FIGURE 11 | Hydrogen permeation efficiency of Q235 steel in highly compacted bentonite with hydrogen charging density; (A) 10 years; (B) 100 years.
By analogy, it was acquired that the HPE of Q235 steel as HLNW container material in different deep geological disposal years, as shown in Figure 12. The results show that the HPE increases slowly with the disposal year. This result confirms the previously conjectured situation that the oxygen trapped after the container is buried is consumed through the corrosion reaction, which is related to the change from oxygen reduction to hydrogen reduction in the cathodic process of corrosion. Winsley et al. (2011) believe that when the oxygen content around the container drops to a low value, the hydrogen evolution reaction leads to the cathodic reaction. This result also implies that carbon steel containers are likely to suffer from HE in the medium and long term of deep geological disposal. The HE sensitivity of carbon steel containers in a deep geological environment is further judged by SSRT.
[image: Figure 12]FIGURE 12 | Hydrogen permeation efficiency of Q235 steel in highly compacted bentonite at different disposal time.
Slow Strain Rate Tensile Test for Q235 Steel
The hydrogen diffusion in carbon steel is relatively fast, so HE sensitivity was studied by a control experiment. Figure 13 shows the stress–strain curve for Q235 steel specimens; a is stretching in the air without any treatment, b is stretching in 0.2 mol L−1 NaOH solution without any treatment, c is stretching in the air after 7 days of hydrogen charging in 0.2 mol L−1 NaOH solution, d is hydrogen charging under 1 mA cm−2 and stretching in 0.2 mol L−1 NaOH solution carried out at the same time, and e is hydrogen charging under 0.1 mA cm−2 and stretching in 0.2 mol L−1 NaOH solution carried out at the same time. The effect of tensile medium on tensile fracture elongation can be excluded by comparing a and b. Figure 13C shows that hydrogen cannot exist in Q235 steel for a long time and will escape quickly, so its fracture elongation is not affected. Figure 13D confirms that when hydrogen is always inside the steel, its fracture elongation decreases significantly. However, comparing d and e, it is found that when the hydrogen charging current density is too low, the hydrogen content in the steel is too low to reduce its fracture elongation. In short, Q235 steel is sensitive to HE when hydrogen is always present and when the content is high. Table 5 summarizes the fracture elongation of specimens after different treatments.
[image: Figure 13]FIGURE 13 | Stress–strain curves for Q235 steel. (A) Original specimen; (B) specimen without treatment stretched in 0.2 mol L−1 NaOH; (C) specimen stretched in air after hydrogen charged in 0.2 mol L−1 NaOH solution for 7 days with 1 mA cm−2; (D) specimen stretched in 0.2 mol L−1 NaOH solution with 1 mA cm−2 hydrogen charging and stretching at same time; (E) stretched in 0.2 mol L−1L NaOH solution with 0.1 mA cm−2 hydrogen charging and stretching at same time.
TABLE 5 | Elongation of Q235 steel with different treatments and tensile methods (a, b, c, d, and e correspond to Figure 5).
[image: Table 5]Figure 14 shows the morphology of the fracture surface for SSRT specimens. The original specimens a and b were stretched in air and 0.2 mol L−1 NaOH solution, respectively; c is the hydrogen charging and stretching simultaneously in 0.2 mol L−1 NaOH solution under 1 mA cm−2. It can be seen obviously that a and b have dimple features, and large dimples are densely surrounded by small dimples, which represent the typical plastic fracture. After hydrogen charging under 1 mA cm−2 in 0.2 mol L−1 NaOH solution for 7 days, the specimen was stretched in the air. Also, the specimen was charged under 0.1 mA cm−2 in 0.2 mol L−1 NaOH solution and stretched. The fracture morphology of the two samples is similar to a and b. In Figure 14C, an obvious secondary crack can be seen. Furthermore, it is accompanied by a river pattern, which shows a brittle fracture. The result is consistent with Figure 13. For Q235 steel, only when its internal hydrogen content reaches a certain level and can exist for a long time will the material be sensitive to HE. Kobayashi et al. (2010) think that the amounts of hydrogen entering the elastic and the plastic deformation regions before the maximum stress had very little effect against the reduction of fracture strain. However, carbon steel container has been buried in a deep geological environment for tens of thousands or even hundreds of thousands of years. Due to the rapid diffusion of hydrogen in steel, it will continue to penetrate from the steel surface, and the corrosion current density (maximum corrosion current density is less than 10 μA cm−2) is also far less than the hydrogen charging current density in the experiment. Hydrogen cannot exist in carbon steel for a long time and when the content is low. Although the HPE increases with the disposal year, the HE sensitivity of carbon steel containers is low. Thus, it is likely that the carbon steel container will not be damaged by HE.
[image: Figure 14]FIGURE 14 | Fracture morphologies of failed Q235 SSRT specimens; a and b are original specimens without treatment stretched in air and 0.2 mol L−1 NaOH solution; c is specimen stretched in 0.2 mol L−1 NaOH solution with 1 mA cm−2 hydrogen charging and stretching at same time.
CONCLUSION
The HPE of Q235 steel as the nuclear waste container in a deep geological environment was predicted by the electrochemical method, and the possibility of hydrogen embrittlement was evaluated by a slow strain tensile test. The following conclusions are reached:
1) The radiation of nuclear waste will have a certain impact on the corrosion rate of the Q235 steel container, and the higher the temperature, the greater the corrosion rate. However, the high-temperature stage is very short, so it can be ignored that radiation's effect on the corrosion of container on a large time scale.
2) The longer the hydrogen permeation time, the higher the hydrogen concentration in the steel; under the same hydrogen charging time, the greater the hydrogen charging current, the greater the hydrogen concentration in the steel, but the hydrogen concentration does not increase when the current increases to a certain extent; under the same total hydrogen charging, the smaller the hydrogen charging current is, the greater the hydrogen concentration is.
3) The HPE during the corrosion process increases slowly with the increasing geological disposal age, which fully proves that the trapped oxygen is exhausted after the container is buried, and the cathodic process of corrosion changes from oxygen reduction to hydrogen reduction.
4) The Q235 steel will show hydrogen embrittlement sensitivity only when the internal hydrogen content reaches a certain level and can exist for a long time.
According to the conclusions discussed, although the HPE of Q235 steel increases, hydrogen will soon escape from the steel. So, it will show a low hydrogen embrittlement sensitivity from a large time scale for Q235 steel container. Therefore, Q235 steel as the nuclear waste container has a disadvantage of high corrosion rate and an advantage of low possibility of hydrogen embrittlement. Its thickness can be designed to be thicker to overcome the disadvantage.
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