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Downhole anticorrosion in sour gas (H2S or CO2) wells is one of the technical problems in petroleum engineering, and the corrosion law of cement paste, which is the “first barrier of the wellbore,” needs to be focused on. Aiming at the problems existing in the current research on the corrosion of underground cement paste, a curing method for interfacial corrosion is proposed. X-ray diffraction and scanning electron microscopy are used to investigate the corrosion mechanism of cement paste cured under hydrogen sulfide (H2S) conditions in natural gas wells. Experimental results showed that the corrosion depth of cement paste is proportional to the partial pressure of H2S and the corrosion time, and the compressive strength of cement paste after corrosion is inversely proportional to the H2S partial pressure value and the corrosion time. Due to the gradual enrichment, accumulation, and migration of products after the cement paste is corroded by H2S, the cement paste forms a relatively stable dense layer or corrosion transition zone. The porosity and permeability of cement paste after corrosion increased with corrosion time, showing the characteristics of first increasing and then decreasing and finally making it more difficult for the corrosive medium to enter the interior of the cement paste. It is an important method stable corrosion transition zone forms as soon as possible, which is important to maintain the long-term sealing and chemical integrity of the cement sheaths in natural gas wells containing H2S.
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1 INTRODUCTION
At present, some gas wells in domestic high-temperature deep wells, such as those at the Tarim Kela and Sichuan Luojiazhai gas fields, have annular pressure to varying degrees, which ultimately directly affects the safe development of gas wells. The content of H2S in the Feixianguan Formation gas reservoirs in Luojiazhai, Dukouhe, Tieshanpo, Wolonghe, and other gas fields in China is 10%–16%, and the H2S content in the Longgang gas field is 30–180 g/m3. The high content of H2S not only causes serious corrosion to high-strength steel underground and on the ground, but its strong toxicity also directly threatens personal safety and makes drilling and completion risks high (Xu et al., 2018; Mei et al., 2019; Mei et al., 2020). In the downhole system of formation (gas layer)-cement sheath-casing, the cement sheath is the first barrier to prevent corrosion due to H2S, CO2, and other acidic media Therefore, to solve the phenomenon that the underground pipes are corroded by acid gas, it is necessary to pay attention to the research on anti-corrosion cement slurry systems (Mei et al., 2021a; Zhang et al., 2022).
At present, domestic and foreign scholars have conducted in-depth research and discussion on the corrosion of oil well cement, and have achieved certain results in both cement multiphase (Bihua et al., 2018; Zhang et al., 2021a) and cement single mineral research (Mei et al., 2018). On this basis, a variety of CO2 and H2S resistant materials have been developed, such as geopolymer materials (Mei et al., 2021b), polymer materials (Zhang et al., 2021b), resin materials (Peng et al., 2022), supplementary cementitious materials (Zhang et al., 2013; Mei et al., 2022), and nano materials. However, for the study of anti-corrosion cement systems, it is necessary to understand the nature of the corrosion of cement paste in an acidic environment, and then we can take corresponding anti-corrosion measures to fundamentally improve the cementing quality of sour gas wells. Through the investigation of the current domestic and foreign literature on the corrosion resistance of cement paste in acidic media, it was found that the previous corrosion experiments were all carried out by immersing the cement paste sample in an acidic environment (Huang et al., 1999; Yang et al., 2001; Xu et al., 2010). In fact, the corrosion of the cement sheath downhole starts from the contact interface between the gas layer and the cement sheath, and thus not the entire cement paste is corroded at the same time, so that the previous experimental results of cement paste corroded by acid gas are not completely consistent with the actual situation.
In this study, in view of the many problems existing in the corrosion resistance of cement paste in an acid medium at present, an experimental method of interfacial corrosion is proposed. The corrosion resistance mechanism of the cement sheath interface of the Sichuan–Chongqing sour gas well was explored by testing various properties before and after corrosion with cement paste in the Sichuan–Chongqing gas field, including corrosion depth, compressive strength, permeability, and porosity. Truly reflecting the corrosion status of downhole cement in an acidic environment is of great significance for evaluating and ensuring the safety of high content of H2S/CO2 gas reservoirs in the production process and prolonging the life of gas wells.
2 EXPERIMENT
2.1 Experimental design
Table 1 shows the test data of the corrosion depth of the 5-inch tailpipe cement paste (dispersant (code: FS-31L) and fluid-loss additives (coed: SD10) cement slurry system, density 1.88 g/cm3) of Well M in the Sichuan–Chongqing gas well after being corroded by H2S and CO2 gas by completely soaking the cement paste sample. Figure 1 is a comparison of the appearance of uncorroded and corroded cement paste in the H2S gas phase environment of 3 MPa. In any corrosion test containing H2S gas, the corrosion depth of the cement paste is to break down the entire cement stone, and the corrosion is quite serious. If we think that the cement sheath of the Sichuan-Chongqing high sulfur gas well will be corroded by H2S and other acidic gases over time, the consequences will be disastrous, and the actual situation of the sulfur gas well in Sichuan-Chongqing gas field is also different. The cement sheath in the gas well is not corroded in all directions at the same time, but only the interface between the gas layer and the cement sheath is subject to continuous acid corrosion.
TABLE 1 | Corrosion depth data of 5-inch liner cement paste by acid gas in Sichuan–Chongqing Well M (The diameter of cement paste was 25 mm; the total pressure of the corrosion test was 10 MPa).
[image: Table 1][image: Figure 1]FIGURE 1 | Corrosion comparison diagram of cement paste under H2S phase environment with a pressure of 3 MPa.
2.2 Experimental scheme
In summary, the concept of interfacial corrosion is proposed in this paper, with the following experimental scheme. The main corrosive media in sour gas wells in the Sichuan–Chongqing gas field are H2S and CO2 (Ding et al., 2009; Huang et al., 2010), so these two acid gases were mainly considered in the experimental plan.
(1) The cement slurry was prepared and maintained on site according to the API specification, and cured for 7 days under the conditions of 90°C and 20.7 MPa After the end, the core (Φ25 mm × 50 mm) was taken out to prepare the cement paste sample;
(2) The cement paste sample was put into a corrosion-resistant mold with an inner diameter of 26 mm and a length of 52 mm, and epoxy resin was used to seal the uncontacted parts of the cement paste and the mold (to ensure the tightness between the cement paste and the mold, and to simulate the cementation of the interface between the formation and the cement sheath), and the end face of the cement paste was polished with sandpaper, as shown in Figure 2.
(3) The cement sample with corrosion-resistant mold was put into a high-temperature and high-pressure corrosion apparatus for corrosion experimentation. The experiment used 7-inch liner cement slurry (FS-31L + SD10 cement slurry system, density 1.90 g/cm3) of the Sichuan-Chongqing gas field X gas well onsite sampling (hereinafter referred to as the designated cement paste). The experimental conditions are shown in Table 2.
[image: Figure 2]FIGURE 2 | Preparation of cement paste corrosion sample.
TABLE 2 | Experimental conditions.
[image: Table 2]A scanning electron microscope (SEM) was used to observe the changes in surface morphology of the corroded cement and analyze the evolution of the internal structure of the cement. The test method was as follows: the end face and internal area of the dried corroded sample were maked into small flake samples, and then the block sample was glued to the sample base with conductive adhesive. The fresh section of the sample was sprayed with gold by ion sputtering and placed into the scanning electron microscope for observation. The working voltage was 5 kV and the emission current was 10 μA.
The phase change of the corroded cement paste was tested by X-ray diffraction analysis (XRD). The test process was as follows: the end faces of cement paste samples corroded for 7 and 14 days were selected and ground into powder of about 325 meshes with mortar. They were then put into the diffractometer with the scanning step length set at 0.04°, each step time set at 1 s, and the diffraction angle range set at 5°–80°.
3 RESULTS
3.1 Corrosion depth of cement pastes
Figure 3 shows the appearances of the specified cement pastes from different corrosion environments. Under the condition of the interfacial corrosion of cement pastes, the surface corrosion of cement paste can be clearly observed with the naked eye, which is completely different from the breakdown result obtained by the complete invasion of cement paste (as shown in Figure 1). The interfacial corrosion only partially corroded the end face of the cement paste. The experimental data observed and tested the depth of the corrosive components’ intrusion into the cement paste by using a stereo microscope according to the change of the color of the cement paste after corrosion. 
[image: Figure 3]FIGURE 3 | Appearances of the specified cement pastes from different corrosion environments.
Figure 4 is the corrosion depth of cement paste cured under different conditions. With the increase of H2S partial pressure, the penetration depth of corrosive components increases. Corrosion depth increases with corrosion time and, after the cement paste was corroded in the formation water environment for 7 days and cured for 14 days, the corrosion depth hardly changed, which was related to the less corrosive medium of the acidic formation water.
[image: Figure 4]FIGURE 4 | Corrosion depth of cement paste cured under different conditions.
3.2 Compressive strength
Figure 5 is the change of the compressive strength of cement paste after 7 and 14 days of interfacial corrosion in water-wet H2S and carbon dioxide composite acid gas environment and acid formation water. With the increase in corrosion time, the compressive strength of cement pastes showed a downward trend and, with the increase in H2S partial pressure, the compressive strength of cement pastes decreased (the decrease of compressive strength means the increase of corrosion degree). For group H3C1-10, the compressive strength of the cement sample decreased by 46.81% after 7 days of corrosion and 55.74% after 14 days of corrosion. For group H1.7C1-10, the compressive strength of the cement sample decreased by 20.43% after 7 days of corrosion and 31.06% after 14 days of corrosion. It is worth noting that the corrosion rate of cement paste was weakened after 7 days of corrosion. Under the condition of acidic formation water, the strength value increased after 7 days of corrosion. This may be because the formation water contained less acidic corrosion medium. After 7 and 14 days, acidic formation water mainly played a role in the maintenance of cement paste, with the extension of time, the strength of the cement paste still showed a trend of decreasing strength under the condition of acid formation water immersion.
[image: Figure 5]FIGURE 5 | Compressive strength of cement paste before and after corrosion.
3.3 Mechanism analysis
To explore the mechanism of the effect of corrosion on the mechanical properties of cement paste, this study tested the changes in porosity and permeability of cement paste after corrosion under different conditions. The experimental results are shown in Figures 6, 7. As shown in Figure 6, for the group H3C1-10, the porosity of cement paste decreased by 56.40% after 7 days of corrosion, and by 63.37% after 14 days of corrosion. For the group H1.7C1-10, the porosity of cement paste decreased by 29.65% after 7 days of corrosion, and 44.19% after 14 days of corrosion. For A-0.1, the porosity of cement paste decreased by 3.49% after 7 days of corrosion, and by 18.02% after 14 days of corrosion. As observed in Figure 7, the permeability exhibits the same variation pattern as the porosity. The above analysis shows that the partial pressure of H2S had a significant impact on the changes in porosity and permeability of cement. In addition, the porosity and permeability of cement pastes after acid gas corrosion decreased, which is opposite to the increase of porosity and permeability of cement pastes after corrosion described in the relevant literature (Guo et al., 2004; Ma et al., 2008; Yan et al., 2010; Zhang et al., 2010; Gu et al., 2017; Wang et al., 2020). This is because during the end face corrosion process, the corrosion rate slows down compared to the complete immersion corrosion in previous studies, and the formed corrosion products fill the microcracks and micropores in the cement paste during transportation. At the same time, some of the corrosion products formed have expansibility, compressing the pores and cracks in the cement paste, thereby exhibiting a decrease in porosity and permeability. However, due to the production of corrosion products that do not possess cementitious and expansive properties during the corrosion process, the original dense structure of cement paste is destroyed, resulting in a decrease in the compressive strength of cement pastes.
[image: Figure 6]FIGURE 6 | Porosity of the cement pastes before and after interfacial corrosion.
[image: Figure 7]FIGURE 7 | Permeability of the cement pastes before and after interfacial corrosion.
To further verify the above inference, this study used the H3C1-10 group of cement paste samples with the most severe corrosion as an example to analyze the phase composition and microstructure of the corroded cement pastes using X-ray diffraction and scanning electron microscopy. Figures 8, 9 are the X-ray diffraction results after 7 and 14 days of cement-paste interface corrosion under CO2 with a partial pressure of 1 MPa and H2S with a partial pressure of 3 MPa. Analysis of Figures 8, 9 showed that, after the specified cement-paste interface corrosion, the main phases were SiO2, AFt, C-S-H gel, CaCO3, CaSO4∙2H2O, CaS, etc. (Feng et al., 2018; Sun, 2019; Zhang et al., 2019; Zhao et al., 2019; Yue et al., 2020; Wu et al., 2021). Its reaction equation is as follows:
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[image: Figure 8]FIGURE 8 | XRD pattern of H3C1-10 cement paste corroded for 7 days.
[image: Figure 9]FIGURE 9 | XRD pattern of H3C1-10 cement paste corroded for 14 days.
Figure 10 is the micromorphology of the cement paste interface after 7 and 14 days of corrosion at the cement paste interface in the environment of 1 MPa CO2 and 3 MPa H2S, respectively. When compound acid gas corrodes cement paste, the volume of intumescent corrosion products CaCO3, CaS, and CaSO4∙2H2O increases. In the corrosion layer on the cement paste surface, the Ca(OH)2 component is completely corroded, and its product CaSO4∙2H2O is transported to the cement paste surface with the progress of the reaction. It is precisely because of the appearance and migration of these expansive corrosion products that the surface of the corroded cement paste is denser than the interior of the cement paste. The surface of the corroded cement paste is covered with a layer of corrosion products, and the coating layer is dense. Below the dense coating layer is the internal structure of the cement paste. By comparing the microstructure of the surface and interior of cement pastes corroded for 7 and 14 days, it could be concluded that that the internal structure of the corroded cement paste was relatively loose compared to the dense layer, and some larger pores could be observed. These pores may have been left by the reaction between the corrosion medium and the hydration products in the cement paste. At the same time, the reacted corrosion products are transported to the surface of the cement paste through the pores and gel pores, and finally, a dense coating layer is formed on the surface of the cement paste. This also explains the decrease in porosity and permeability of cement pastes after corrosion.
[image: Figure 10]FIGURE 10 | Micromorphology of the cement pastes after 7 and 14 days of corrosion.
4 DISCUSSION
By analyzing and summarizing the results of the abovementioned experiments, the mechanism of the corrosion of the cement paste under the sulfur-containing gas wells in the Sichuan–Chongqing area by H2S, CO2 and other acid gases is described as follows:
Under the sour gas well, in the horizontal direction, acid gases such as H2S and CO2 move from the interface between the production layer and the cement sheath to the direction of the cement sheath and casing. In the vertical direction, from the interface between the production layer and the cement sheath to the upper part of the gas well, the cement sheath is corroded. In the complete corrosion zone on the contact surface between the cement sheath and the gas layer, due to the chemical reaction between the acid gas and the cement sheath, the compactness of the cement sheath is destroyed, resulting in an increase in the porosity and permeability of the corroded surface of the cement sheath. With the passage of time, the acidic corrosion medium continues to act inside the cement sheath, and its corrosion products SiO2, AFt, CaCO3, CaSO4∙2H2O, and CaS migrate to the surface by using the pores in the completely corroded zone on the surface of the cement sheath, gradually forming a dense transition zone. This dense transition zone blocks pores due to the accumulation of many corrosion products, which reduces the porosity and permeability here instead of increasing, and finally makes it difficult for acidic corrosion media such as H2S and CO2 to continue to corrode the cement sheath laterally and longitudinally.
5 CONCLUSION AND RECOMMENDATIONS
Through the experimental method of interfacial corrosion, the mechanism of downhole cement paste being corroded by acid gases such as H2S and CO2 was analyzed, and the following conclusions and recommendations were drawn:
(1) The partial pressure value and corrosion time of H2S are in direct proportion to the corrosion depth of cement paste; the partial pressure value and corrosion time of H2S are inversely proportional to the compressive strength value of cement paste after corrosion;
(2) The main phases of the cement paste after being corroded by acid gas are SiO2, AFt, CaCO3, CaSO4∙2H2O, and CaS, etc. The corrosion products gradually enrich, accumulate, and migrate, so that the cement paste forms a relatively stable dense layer or corrosion transition zone, which leads to a decrease of the porosity and permeability of the cement paste after corrosion, and finally makes it difficult for the external corrosive medium to continue to migrate into the cement paste;
(3) For the first time, the method of interfacial corrosion was proposed to study the corrosion resistance mechanism of cement sheaths in sour gas wells. This method can be used as the basis for evaluating the corrosion resistance of cement sheaths;
(4) Making the cement sheath form a relatively stable corrosion transition zone as soon as possible, or reducing the corrosion rate of the cement sheath, while maintaining a certain corrosion depth, is an important method to maintain the long-term sealing and chemical integrity of the mud sheaths in sour gas wells.
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