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In shale gas production, secondary fracturing technology is often used to improve shale gas production capacity. However, the toughness of cement stone used in Class G oil wells is poor, and the cement sheath is easily damaged by impact load during fracturing, resulting in cement sheath sealing failure. To solve this problem, this paper proposes to improve the strength and toughness of cement paste by optimizing the mineral composition of Class G oil well cement. The cement clinker is burned in the laboratory, and the microstructure differences of clinker under different mineral composition ratios are observed by reflection microscope. The mechanical properties of cement paste before and after optimization are analyzed, and the best mineral composition ratio is obtained. The petrographic structure, hydration products and microstructure of high ferrite oil well cement were analyzed by petrography, X-ray diffraction analysis (XRD), thermal analysis (TG/DTG) and scanning electron microscopy (SEM), analyzed and explored its enhancement mechanism. The results show that the best mineral composition mass ratios of C3S, C2S, C3A and C4AF in high ferrite oil well cement are 58.34%, 16.39%, 1.51% and 17.94% respectively. Compared with grade G oil well cement, the compressive strength and flexural strength of curing 28 days are increased by 14.11% and 19.51%, respectively. The stress-strain results show that high ferrite oil well cement has better toughness. The petrographic results show that the lithofacies structure of high ferrite oil well cement is evenly distributed and the particle size is moderate; XRD, TG/DTG and microanalysis show that there are more hydration products in high ferrite oil well cement, the hydration products are closely combined, the hydration degree is more thorough, and the structure of cement paste is more compact. High ferrite oil well cement has the advantages of high strength and good toughness, which has potential advantages for shale gas cementing.
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1 INTRODUCTION
Shale gas is composed of unconventional natural gas stored in the pores of shale or mudpaste, with long production cycle and long life (Gao et al., 2020; Bageri et al., 2021). It has a wide range of applications (Afagwu et al., 2020) and huge resource potentials (Kinnaman, 2011; Yuan et al., 2015). The use of natural gas was first discovered in the United States, with significant progress in resource development over the past century (Wang et al., 2017; Soeder, 2018). The exploration and development research on shale gas in China was introduced in 1996, and it has been developed rapidly since 2008 (Li et al., 2016; Li et al., 2020a). At present, China’s domestic proven recoverable shale gas reserves reach more than 456 billion cubic meters (Li et al., 2020b).
Currently, shale gas production mostly adopts horizontal wells (Wenbin et al., 2009; Nobakht et al., 2013; Yuan et al., 2016), with large-scale hydraulic fracturing (Guo et al., 2018), staged fracturing (Williams-Kovacs and Clarkson, 2016) and repeated fracturing (Rahman and Rahman, 2010) as the major completion strategies through which the main purpose is to connect the natural fractures using secondary fracturing techniques (Rammay and Awotunde, 2016) in order to obtain a larger discharge area and increase the productivity of the shale gas wells (Kulga et al., 2017; Dahim et al., 2020). However, during the fracturing process, the cement sheath will be subjected to multiple changes in temperature and higher static loads, cyclic loads, and shock loads, and its integrity will be compromised (Kuanhai et al., 2020; Wang et al., 2021; Xi et al., 2021; Zhang et al., 2022). It is worth mentioning that the conventional Class G oil well cement currently being used has poor toughness (Zhao et al., 2019; Zhou et al., 2019). The liquid impact force, high internal pressure, and alternating pressure during fracturing cause serious impact damages to the cement paste (Liu et al., 2017; Guo et al., 2018), causing cement sheath cracking (Xi et al., 2020). It seriously affects the sealing quality and cementing safety (Sobhaniaragh et al., 2018; Kuanhai et al., 2020), and hinders the industrialization and mass production of shale gas (Tian et al., 2015; Kuanhai et al., 2020). At present, the main technique used in the industry to improve the strength and toughness of the cement paste is through addition of toughening materials such as nanomaterials (Huang and Cheng, 2004; Khandaker et al., 2013; Wang et al., 2013; Lv et al., 2016; Al Wakeel et al., 2019), whiskers (Jafariesfad et al., 2017a), fibers (Low and Beaudoin, 1994; Berndt and Philippacopoulos, 2002; Nelson et al., 2002; Banthia and Sappakittipakorn, 2007; Won et al., 2012; Cheng et al., 2018), elastoplastic granular materials (Barkoula et al., 2008; Jafariesfad et al., 2017b; Xiaowei et al., 2017) and corresponding polymers (Kang et al., 2017; Zhang et al., 2018; Yang et al., 2019). It has been shown through experimental studies that the mechanical performance of this type of cement slurry system is relatively good (Yao and Hua, 2007). However, the increasingly severe construction conditions as well as the increasingly complex operating environments resulted in a series of shortcomings such as low hydration activity of the toughened materials (Cheng et al., 2015), complex compositions (Li et al., 2004), poor compatibility, poor suspension stability, and high cost (Liu et al., 2018), which all have made it difficult for the traditional oilwell cement to meet the working condition requirements.
At present, the relatively new and feasible technical method for cement development is to start from the cement-based material by focusing on its four basic minerals in order to adjust and optimize the mineral composition ratio of the Class G oil well cement in order to improve its mechanical performance. The four basic phases of the G-class oil well cement are (Nwankwo et al., 2020): Tricalcium Silicate (C3S), Dicalcium silicate (C2S), Tricalcium Aluminate (C3A), and Tetra calcium aluminoferrite (C4AF). These four components act synergistically in the process of cement hydration for production of strong and tough cement paste. There are some studies in the literature focusing on the hydration process, hydration characteristics and related hydration products of the single minerals through different characterization methods (Black et al., 2006; Zhang et al., 2021). In this study, we adjusted the cement raw material ratios and optimized the cement calcination process conditions by firing cement in the laboratory conditions. In this manuscript, we discuss the difference between the rock phase distribution and crystal structure of cement clinker under different conditions, and elaborate on changing its mechanical properties using different curing conditions. By adjusting the phase composition of Class G oil well cement, the developed cement was optimized, and the changes of its chemical composition, lithofacies distribution, mechanical properties and microstructure were analyzed. This enables the high ferrite oil well cement to withstand the shock loads and alternating loads generated by large-scale hydraulic fracturing during the drilling of shale gas formations, enhancing its strength and toughness, thereby ensuring the sealing integrity of the cement sheath.
2 MATERIALS AND METHODS
2.1 Raw materials
The raw materials used to make the cement included sandpaste, iron slag, aluminum ore waste rock, and limepaste, which were provided by Sichuan Jiahua Special Cement Co., Ltd. The macroscopic appearance of the raw materials is shown in Figure 1. The chemical composition of the raw materials is shown in Table 1.
[image: Figure 1]FIGURE 1 | Sandpaste (A), iron slag (B), aluminum ore waste rock (C), limepaste (D) used in cement firing raw materials.
TABLE 1 | Chemical composition of raw materials.
[image: Table 1]The cement clinker mixed with retarder dihydrate gypsum was provided by the China Building Materials Research Institute Co., Ltd., and its macroscopic appearance is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Dihydrate gypsum.
The Class G oil well cement was provided by Sichuan Jiahua Special Cement Co., Ltd., with the mineral and chemical compositions provided in Table 2.
TABLE 2 | Chemical composition and mineral composition of the Class G oil well cement.
[image: Table 2]For the experiments, ordinary tap water was used.
2.2 Experimental methods
The experiments in this study were all conducted based on API standard guideline as well as the Chinese national standard GB/T19139-2015 ″Oil Well Cement Test Method". (American Petroleum Institute, 2013; General Administration of Quality Supervision, 2015a).
2.2.1 Preparation of the cement
Various firing cement raw materials were thoroughly mixed with different ratios from weighed, dried and compressed raw materials. Then, it was calcined in a high-temperature electric furnace. After the calcining process, the clinker was taken out and quenched, mixed with a certain amount of gypsum, and grounded to a certain fineness to obtain the finished cement product.
2.2.2 Chemical composition
S8 TIGER X-ray fluorescence spectrometer (Bruck AXS, Germany) was used to test the mineral composition and chemical composition of the samples at 25 °C, with an applicable power supply of 380 V ± 10%, a frequency of 50HZ, and an external argon supply with a purity of 99.999%.
2.2.3 Mechanical performance test
Using TYE-300B electronic hydraulic pressure testing machine (Beijing Haizhi Technology Development Center), the compressive strength test for the 50.8 mm × 50.8 mm×50.8 mm cube cement samples was carried out with a loading rate of 2 kN/min. A 50 mm × 50 mm×120 mm rectangular cement sample was also tested for flexural strength with a loading speed of 20 N/min. All the tests were carried out at room temperature.
The RTR-1000 triaxial rock mechanics tester (CCTS, United States) was used to perform triaxial compression test on the sample to determine its stress-strain curve at 20°C with a confining pressure of 20.7 MPa.
2.2.4 Analysis of the lithofacies structure for the cement clinker
Performed sample preparation and polishing on the fired cement clinker using a metallographic polishing machine in order to make the surfaces smooth and scratch-free. The sample was then eroded with water for 5–6 s, followed by 50% nitric acid alcohol for 7–8 s. The sample was finally cleaned with alcohol for 10–15 s. A lycra DM4 P polarized light-reflective dual-purpose microscope (Lycra, Germany) was used to observe the petrographic microstructure and the crystal size and development distribution of various single minerals through 100 times, 200 times and 500 times magnifications.
2.2.5 Mechanical integrity test
A cement sheath integrity evaluation device developed by Chengdu Rockcore Technology Co., Ltd. Was used to test the mechanical integrity of the sample. The test parameters are temperature 110°C, internal pressure 55 MPa and annular pressure 35 MPa. The working principle of the device is to first put the cured cement sheath into the rubber sleeve, and use the pressurized pump to inject fluid (i.e., oil or water) into the annular space between the rubber sleeve and the kettle body. The actual temperature and pressure are transmitted to the cement sheath through the rubber sleeve to simulate the effect of formation pressure on the cement sheath. The set temperature of the heating jacket on the wall of the kettle is then used to simulate the formation temperature, and the pressure-relief pumps are used to inject fluid (i.e., oil or water) into the casing to simulate the effect of pressure changes in the casing on the cement sheath. Nitrogen gas is also injected through the end face of the cement sheath to dynamically detect the sealing state of the cement sheath in the real environment. Through several readouts from the setup components including the pressure gauge, gas flow meter, and whether the gas cylinder has bubbles coming out, it can be determined whether the cement sheath is damaged or even cracked.
2.2.6 Microstructure characterization
A DX-2000 X-ray diffractometer (Dandong Haoyuan Instrument Co., Ltd.) was used to test the phase composition of the samples. The test angle was 5–80°, the step angle was 0.02, and the sampling time was 0.03. The samples were analyzed by thermogravimetry using DSC823TGA/SDTA85 (METTLER TOLEDO, Switzerland) at a temperature range of 40–1,000°C with a heating rate of 20°C/min. A Quanta-450 environmental scanning electron microscope (FEI, United States) was used to study the microscopic morphology of the samples.
3 MINERAL COMPOSITION DESIGN
3.1 Raw materials ratio
The raw materials including limepaste, sandpaste, aluminum ore waste slag and iron slag were mixed and blended following a design principle to appropriately adjust the C4AF content. The same design principle was used for the existing Class G cement clinker mineral composition (General Administration of Quality Supervision, 2015b). According to the utilized design ratio, the ferrite phase was set at a gradient of 13%–21% (mass ratio), and the contents of the other three minerals were appropriately adjusted. The designed compositions for various minerals are shown in Table 3.
TABLE 3 | Design of clinker mineral composition.
[image: Table 3]3.2 Calcining system
In order to obtain the optimal calcination system of cement clinker, the cement raw meal was first calcined with a small amount of samples, as shown in Figure 3. The raw meal was ground with a ball mill and then mixed evenly and sieved through a standard 80 µm sieve mesh with a sieve residue of 10% ± 1%. Then, 100 g of the raw material was placed in a clean container, and 10 ml of distilled water was added while stirring and mixing evenly. 3.6 ± 0.1 g of the wet raw material was collected each time, and put into the specimen forming mold. A press was then used to make a small specimen of Φ13 mm with a force of 10.6 kN. They were dried in an oven at 105°C for more than 60 min. Then the samples were calcined in high-temperature furnaces at 1,350°C, 1,400°C and 1,450°C, and then quenched in the air to obtain the required clinker. The content OF f-CaO in each sample was measured by titration, from which it was determined whether the firing temperature of the sample was appropriate or not. The experimental results are shown in Table 4 and Figure 4.
[image: Figure 3]FIGURE 3 | Cement raw meal-calcined small samples.
TABLE 4 | Burnability test results for the cement raw meal under different preparation conditions.
[image: Table 4][image: Figure 4]FIGURE 4 | Test results of burnability of cement raw meal under different batching schemes.
At different firing temperatures, there were some differences in the f-CaO content of each cement clinker sample. At 1,450°C, the least f-CaO content of the cement clinker was obtained. The f-CaO content in the cement clinker samples at three temperature points showed a decreasing and then increasing trend, reaching to the lowest at sample S5. In order to ensure sufficient calcination of the large samples of the cement raw meal was achieved, the temperature point of 1,450°C was chosen as the final calcination temperature in this study. The cement raw material samples is shown in Figure 5.
[image: Figure 5]FIGURE 5 | Cement raw meal-calcined large samples.
The calcination system designed in this study, along with the common cement calcination system is shown in Table 5.
TABLE 5 | Calcination system.
[image: Table 5]Similar to the calcination protocol for the small samples, the raw materials of each proportion were weighted and mixed separately. Water at 8%–10% of the raw meal mass was then added, and the wet materials were then pressed into a Φ11.5 cm × 2 cm test cake under a pressure of 25 ± 5 MPa. The final weight was about 200–220 g, with one side corrugated to ensure heat transfer during the calcination process. The test cake was then dried to constant weight for a duration of at least 2 h at 105°C. The dried test cakes were then calcined according to the calcination system shown in Table 5. The calcinated test cakes were then quickly taken out and naturally cooled in air to obtain the finished cement clinker product.
4 RESULTS AND DISCUSSION
4.1 Chemical analysis
The calcined clinker with large sample was sampled and ground, and the free calcium oxide (f-CaO) and chemical composition were analyzed (Table 6) from which it was determined if the prepared clinker met the requirements set by the design criteria.
TABLE 6 | Chemical composition analysis of the cement clinker.
[image: Table 6]According to Table 6, the f-CaO content of the cement clinker after firing the large sample was relatively low, and the deviation of the chemical composition and mineral composition from the design ratio was small, which all agreed with the design requirements.
4.2 Compressive and flexural strength analysis
The compressive strengths and flexural strengths of samples S1-S7 and Class G oil well cement (denoted as S8) were all tested. The curing temperature was 60°C. The results are shown in Figures 6, 7:
[image: Figure 6]FIGURE 6 | Compressive strength.
[image: Figure 7]FIGURE 7 | Flexural strength.
The elastic modulus of different samples are shown in Table 7:
TABLE 7 | Elastic modulus of samples with different phase composition.
[image: Table 7]It can be seen from Figures 6, 7 that the compressive strength and flexural strength of sample S5 are the best, and there is no strength shrinkage phenomenon in the later stage of curing. The 7 days compressive strength reached 45.3 MPa, and the 28 days compressive strength reached the maximum value of 54.2 MPa, which were both greater than that of S8. The 3 days elastic modulus of sample S5 is 5.8 GPa, and the 7 days elastic modulus is 5.4 GPa, both of which are the lowest among all the samples. This shows that the mechanical properties of sample S5 are the best among all the samples.
4.3 Clinker lithofacies microstructure analysis
The mechanical properties of samples S1-S7 are different due to different ratios of C3S, C2S, C3A, and C4AF. The lithofacies microstructures of samples S1-S8 cement clinker under a reflective microscope are shown in Figure 8.
[image: Figure 8]FIGURE 8 | The lithofacies pictures of different cement clinker samples observed under a reflective microscope (A) Sample S1 clinker lithofacies picture. (B) Sample S2 clinker lithofacies picture (C) Sample S3 clinker lithofacies picture. (D) Sample S4 clinker lithofacies picture (E) Sample S5 clinker lithofacies picture. (F) Sample S6 clinker lithofacies picture (G) Sample S7 clinker lithofacies picture. (H) Sample S8 clinker lithofacies picture.
There are four main types of cement clinker minerals, namely Alite (C3S), also known as Mine A, which is generally prismatic crystals with larger particles; Belite (C2S), also known as B Mine, which is generally round and lighter in color than alite. The obvious double crystal stripes can be observed on the surface of B Mine; it is particle size is smaller than that of A Mine, and it is generally distributed in a concentrated band. The third main mineral is Aluminum phase solid solution (C3A), also known as black intermediate phase; and the fourth one is ferrite phase solid solution (C4AF), also known as white intermediate phase. Under the reflective microscope, the gray-white background between the A and B Mine is the aluminum phase solid solution and the iron phase solid solution. The colors of the two are similar, and it is not easy to distinguish under normal circumstances. In addition, there is free calcium oxide (f-CaO), which is generally distributed in piles with irregular shapes. Due to its very small content, its existence is generally not observed in the lithofacies photos. It can be seen from Figure 8 that the lithofacies structure of samples S1-S8 has obvious differences. The S1 and S7 samples have more pores, and the mineral crystal form is not fully developed, the structure is relatively loose. In samples S1 to S5, the mineral crystals are gradually tightly connected, and the internal pores are gradually reduced. In samples S5 to S7, the connections between the sample mineral crystals became loose, and the pores gradually increased. In samples S1 to S7, the lithofacies structure of sample S5 is the most excellent. It can be seen from the lithofacies photos of different magnifications in Figure 8E that there are almost no pores in the clinker, and the mineral crystals are well developed and the connections are very close. Compared with the lithofacies structure of the sample S8, the lithofacies structure of sample S5 is still better. The clinker has fewer internal pores, tighter connections between mineral crystals, and better crystal form development.
The micro-morphology of sample S5 and S8 clinker were observed under the scanning electron microscope, the results are shown in Figure 9. In the microscopic morphology of sample S8 at a lower magnification, as shown in Figure 9A 1) and 2), it is apparent that there are many holes inside. According to 3) and 4) in Figure 9A under a larger magnification, there are more obvious cracks in the cement clinker. According to Figure 9B, although there are holes and cracks in the micro-morphology of the cement clinker of sample S5, there are much less than that of S8, and the overall microstructure is denser, this is consistent with the petrographic structure of the two.
[image: Figure 9]FIGURE 9 | The microscopic morphology of different cement clinker samples (A) Micromorphology of sample S8 cement clinker. (B) Micromorphology of sample S5 cement clinker.
4.4 High ferrite oil well cement performance optimization
The particle size of cement has a great impact on the hydration and strength of the cement. The finer the cement, the larger the specific surface area, the more fully and faster the hydration, and the greater the strength; however, when the cement particles are too fine, it is inconvenient to store the cement because it easily reacts with CO2 and water in the air, and at the same time, it requires more energy consumption and higher costs. Gypsum is a retarder added to meet the condensation time of the oilwell cement. When its content is small, it cannot meet the retarding requirements. When it is mixed in too much, it will cause false setting of the cement slurry, and its mechanical properties will be reduced.
Based on the above discussion, we selected sample S5 to explore the effects of different SO3 content (i.e., different gypsum content) and different specific surface areas on its physical properties and strength, respectively, numbered as X1-X8. The experimental results are shown in Table 8 and Figures 10, 11.
TABLE 8 | The influence of different SO3 contents on cement performance.
[image: Table 8][image: Figure 10]FIGURE 10 | Compressive strength with different SO3 content.
[image: Figure 11]FIGURE 11 | Flexural strength with different SO3 content.
According to Table 8 for cement samples with different gypsum contents under similar specific surface area, the free liquid decreases and the thickening time is prolonged as the content of anhydrite increases. The compressive and flexural strengths increase first and then decrease. The mechanical properties are relatively good when the anhydrite content is at 5%. At 5% anhydrite content, the free liquid decreases, the thickening time is shortened, and its strength continues to increase as the specific surface area increases. Considering the cost and mechanical properties, so selected sample X6 as the best sample for this experiment, that is, the anhydrite content is 5% and the specific surface area is 320 m3/kg.
According to the experimental results, it is determined that sample X6 is the best sample. Because the addition of anhydrite will cause subtle changes in the chemical composition of the cement, the finished cement product after addition of anhydrite was again subjected to fluorescence test analysis to obtain its precise chemical and mineral composition. The result is shown in Table 9.
TABLE 9 | Chemical composition and mineral composition of sample X6.
[image: Table 9]From the above analysis, the Al2O3 and Fe2O3 content of sample X6 were greater than those of sample S8, while SiO2 and CaO were smaller. In terms of mineral composition, the C4AF content of sample X6 was about 3% greater than that of sample S8, the C2S content was about 1.5% greater, and the C3S was about 3.8% smaller.
4.5 Toughness and integrity analysis
4.5.1 Stress-strain cruve
Triaxial stress-strain tests were performed on samples X6 and S8 (Class G oil well cement), and the results are shown in Figure 12.
[image: Figure 12]FIGURE 12 | Cement paste stress-strain curve.
According to Figure 12, the elastic modulus and Poisson’s ratio of sample X6 are lower than that of sample S8, and the maximum peak stress is greater than that of sample S8, reaching 35.9 MPa. The maximum strain of cement paste reached 2.41%, which was much greater than that of sample S8. This shows that sample X6 has better toughness and better mechanical properties performance when resisting external forces. This because sample X6 contains more C4AF in the mineral composition, which reacts with Ca(OH)2 produced by cement hydration to form iron (aluminum)-rich gels: CAH, CFH. Such hydration products are filled in the pores of the hardened cement paste, and more bridging effects are generated between the hydration products, which makes the internal structure of the cement paste denser and solid. At the same time, it can withstand a certain degree of impact damage, can resist large external forces without damage and failure, and then exhibit greater strength and toughness.
4.5.2 Mechanical integrity of the cement sheath
Samples X6 and S8 were formed into a cement sheath and placed in a high-temperature and high-pressure curing kettle to simulate the downhole curing conditions. The macroscopic appearance of the cement sheath after curing is shown in Figure 13. It is clear that the overall integrity of the cement sheath is well. The mechanical integrity test was then performed on the cement sheath. The appearance of the cement sheath after failure is shown in Figure 14.
[image: Figure 13]FIGURE 13 | Macro morphology of cement sheath after curing at 60C for 7 days.
[image: Figure 14]FIGURE 14 | Macromorphology of cement sheath after cracking.
The protocol followed for the integrity evaluation test is as follows: the cement sheath was placed in the integrity evaluation device. The confining pressure and internal pressure were then applied. When the cement sheath structure was complete, no change in the number displayed on the screen indicates that there was no gas channeling in the device. However, if the display number changed, it is an indication of gas channeling, i.e. destroy of integrity structure of the cement sheath. The experimental results show that under similar confining pressure and internal pressure, the time required for sample X6 to break was longer than that of sample S8. From Figure 14, it is also clear that the cement sheath was damaged, with large cracks appearing on sample S8 that penetrated over the entire cement paste. In addition, the cemented surface between the cement sheath and the casing showed obvious shedding, indicating that it was completely destroyed. When the same test was done on X6 cement sheath, only a slight crack appeared. Cement sheath and casing were well cemented, and the integrity of cement sheath was good. This shows that X6 had better strength and toughness. Compared with the ordinary S8, it has better downhole sealing performance, better mechanical integrity, and is less prone to gas channeling.
4.6 Heat of hydration analysis
After the cement is mixed with water, heat will be generated due to the effects of hydration, hydrolysis and crystallization, which is also accompanied by the hardening of the cement sample. When cement and water first come into contact, there will be a very short but very violent exothermic process. Thereafter, the hydration products (i.e., calcium silicate hydrate, calcium sulfoaluminate hydrate and Ca(OH)2) form a coating layer with the un-hydrated cement particles, and the hydration rate sharply decreases. Under the action of osmotic pressure and crystallization pressure, the formed coating layer will gradually be destroyed, and the hydration rate of cement particles will be significantly accelerated. With the continuous progress of hydration, the cement particles as well as their hydration rate gradually decrease, and the heat of hydration gradually approaches zero. The hydration exotherms of samples S8 and X6 are shown in Figures 15, 16, respectively, as well as in Table 10.
[image: Figure 15]FIGURE 15 | Speed of hydration heat release.
[image: Figure 16]FIGURE 16 | Total hydration heat release.
TABLE 10 | Heat of hydration of samples at different ages.
[image: Table 10]According to Figures 15, 16 and Table 10, there is little difference in the overall hydration heat release between the two samples. The maximum heat release rate for sample X6 is slightly greater than that of sample S8, but the overall heat release is lower than that of sample S8. This is because of the difference in the mineral composition of the two, which leads to subtle differences in their hydration characteristics. The lower heat of hydration has a certain positive impact on reducing the thermal expansion of the cement paste.
4.7 Phase analysis
In order to explore the hydration products, XRD tests were performed on samples S8 and X6, and the results are shown in Figure 17 and Figure 18, respectively. As can be seen from the figure, the phases in S8 and X6 cement stones are similar, which are hydration product CH and unhydrated C4AF, C3S and C2S respectively. With the increase of curing time, the diffraction peak intensity of C3S in cement decreases continuously, the peak intensity of C4AF also decreases, while the peak intensity of C2S does not change significantly, and the peak intensity of CH does not increase significantly. This is due to the reaction of partial hydration product CH with partial C4AF. Comparing the XRD patterns of S8 and X6, it can be seen that the peak intensity of C4AF in X6 is higher at 1day, while the intensity of C4AF decreases significantly when curing to 7days, the peak intensity of C3S is lower, and the intensity of CH peak is stronger, which indicates that X6 The degree of hydration is more thorough, which is consistent with the previous results of mechanical property analysis.
[image: Figure 17]FIGURE 17 | XRD pattern of sample S8.
[image: Figure 18]FIGURE 18 | XRD pattern of sample X6.
4.8 Thermal analysis
A thermal analysis test was also performed on samples S8 and X6, and the results are shown in Figure 19.
[image: Figure 19]FIGURE 19 | TG-DTG test.
When the temperature was in the range of 100–250°C, it was mainly water that was lost from the hydration products, i.e., C-S-H, AFt, AFm, CAH and CFH. Due to the different locations of water between the layers, the temperature associated with the water loss was also slightly different. At 400–500°C, the bond water in Ca(OH)2 was removed, and CaO was formed. At 550–600°C, CaCO3 was thermally decomposed, and CO2 was released, but at this time, CaCO3 was not completely decomposed. When the temperature reached at about 850°C, the remaining CaCO3 was decomposed. Comparing the two weight loss curves, it is seen that there is no difference in the types of hydration products, but the overall weight loss curve peak value of X6 is greater than that of S8, indicating that there are more hydration products, which also confirms the previously discussed XRD results.
4.9 Microstructural analysis
The microstructure analysis of the Class G oil well cement (S8) as well as X6 sample were carried out by scanning electron microscope, and the results are shown in Figure 20, Figure 21.
[image: Figure 20]FIGURE 20 | Microscopic morphology of sample S8.
[image: Figure 21]FIGURE 21 | Microscopic morphology of sample X6.
Among the cement hydration products, the flaky portlandite (Ca(OH)2) crystals as well as the fiber network structure C-S-H gel constitute the main structure of the cement hardening paste. C-S-H gel is an amorphous flocculent or colloidal object, which plays a major role in the strength of cement paste. During the early stages of cement hydration, most of the cement particles will produce a gel-like film on the surface, forming Ca(OH)2 crystals and fine ettringite crystals, accompanied by some un-hydrated cement particles (UFC), as shown in Figure 20A. During this stage, there are fewer hydration products, the crystal size is smaller, and the bridge structure cannot be formed between the particles. As the curing age increases, a large amount of C-S-H gel and Ca(OH)2 are formed. At this time, a partial coating layer forms, and the cement hydration is hindered; however, the interior of the hardened cement paste is not initially connected into a network, and the strength is correspondingly improved. When the coating layer is gradually destroyed under the action of osmotic pressure and crystallization pressure, the cement particles can be further hydrated, and the resulting hydration products intersect each other and gradually connect into a whole until the cement particles are basically hydrated. In this process, the content of C-S-H, Ca(OH)2, C4 (A, F)H13 and other hydration products increase, and the gradually accumulated hydration products fill the space that was previously occupied by water, making the cement paste structure continuously dense and the strength continuously improved.
There is no obvious difference in the types of hydration products for samples S8 and X6; however, more C-S-H gels were observed in sample X6 with sizes larger than that of Class G oil well cement, intertwined with each other, with thick Ca(OH)2 crystals interposed between them, as shown in Figure 21A. Since X6 sample contains more C4AF in its mineral composition, more C4 (A, F)H13 (i.e., calcium ferrite hydrate and calcium aluminate hydrate) are seen in its microscopic appearance. Such hydration products fill the pores of the hardened cement paste, and create more bridging effects inside the cement paste, and as a result, its overall structure is denser. This allows the cement paste to withstand greater impacts without being damaged, and maintains the integrity of its mechanical structure when encountering greater external forces. In general, the high ferrite oil well cement developed in this study has good strength and toughness, which is important when it comes to the safe and efficient production of shale gas by ensuring the sealing integrity of the downhole cement sheath.
5 CONCLUSION
In this study, the mineral composition of oilwell cement was adjusted, and its effects on petrographic microstructure, mechanical properties and microstructure of cement clinker were analyzed. The following conclusions are derived from this research work:
1) In this study, cement samples with better mechanical properties were obtained through adjusting the mineral composition of Class G oil well cement. The 7 days compressive strength reached 45.3 ± 0.5 MPa. The 28 days strength reached a maximum value of 54.2 ± 0.5 MPa. The 7 days flexural strength reached 8.7 ± 0.2 MPa, and the 28 days flexural strength reached 9.8 ± 0.2 MPa.
2) The optimal mineral compositions (i.e., contents of C3S, C2S, C3A, and C4AF) of the new oilwell cement developed in this study were 58.34%, 16.39%, 1.51%, and 17.94% respectively, with much better compressive and flexural strength performance compared to those of the Class G oil well cement.
3) The rock facies minerals in the high ferrite oil well cement were more closely distributed, with well-developed crystal form and no obvious holes and cracks inside and at the same time excellent mechanical properties.
4) The triaxial test showed that the high ferrite oil well cement had lower elastic modulus and greater peak stress. The integrity test of the cement sheath also showed that its toughness was better, and the cement sheath and casing were cemented well.
5) The results of XRD, TG and SEM showed that more C-S-H gel and C4 (A, F)H13 were generated in the hydration product. The bridges between the hydration products were closer, the overall structure was denser, and the strength and toughness were better than those of the Class G oil well cement.
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