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Abstract

:

The influences of curing pressure on the physical and mechanical property development of oil well cement during long-term curing were studied. Five silica-enriched cement slurries designed without and with reinforcement materials (latex fiber and nano-graphene) were autoclaved at 200 °C under two different pressures. The low pressure (50 MPa) curing was conducted for 2, 60, 90 and 180 days; the high pressure (150 MPa) curing was conducted for 2 and 360 days. The physical and mechanical properties of set cement were characterized by compressive strength, Young’s modulus, and water/gas permeability; the mineral composition and microstructure were determined by X-ray diffraction, mercury intrusion porosimetry, thermogravimetry and scanning electron microscope. Test results showed that high pressure (150 MPa) curing led to a more compact microstructure, which reduced the rate of strength retrogression in the long term. Samples with reinforcement materials, especially the latex fiber, showed higher compressive strength, Young’s modulus and lower permeability during long-term curing at both pressures.
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1. Introduction


With the increasing activities of deep well drilling and completion, significant efforts have been made to study the physical principles of the strength retrogression of oil well cement under high pressure and high temperature (HPHT) conditions. Silica has traditionally been the most commonly used material to mitigate strength retrogression [1,2,3,4,5,6,7,8,9,10,11,12,13]. However, it has been [14,15] revealed recently that silica can become ineffective during long-term curing under simulated deep well cementing conditions (set and cured under HPHT conditions, i.e., the so-called “one-step” curing regime), which is in great contrast to the test results under simulated steam injection well conditions (set at low temperature and cured at HPHT conditions, i.e., the so-called “two-step” curing regime). The long-term strength decline of silica-enriched oil well cement often exceeds 80%, while its permeability can increase by two orders of magnitude. We have conducted a series of studies to understand such behavior of oil well cement and to optimize the cement composition design to improve its properties under the “one-step” curing regime (at the specific condition of 200 °C and 50 MPa) [14,15,16,17]. The main findings include: (1) the optimal dosage of silica flour is 60–80% based on 14 d strength [17]; (2) reducing the particle size of silica is beneficial for strength stability, at least during the first 30 d [16]; (3) addition of silica fume can improve strength at early age (2 d) but accelerates the strength decline afterward [16]; (4) addition of nanoparticles (such as nanosilica and nano-iron oxide) can reduce permeability at early age, but probably has little effect in the long term [16,17]; (5) addition of nano-graphene can significantly improve the long-term stability of Young’s modulus but cannot prevent strength decline or permeability increase [16]; (6) long-term strength retrogression may be caused by crystallization or structural coarsening of amorphous C-S-H [14,16,17].



Under HPHT conditions, the influence of curing temperature has been considered as the main factor affecting the properties of set cement, while the influence of curing pressure was often ignored. In the petroleum industry, service companies came up with slightly different definitions for HPHT conditions. Baker Oil Tools’ HPHT classification was used in Figure 1 [18], and the curing conditions of previous publications for strength retrogression were plotted [4,5,6,7,8,9,10,11,12,13,14,15,16,17]. In those studies, silica-enriched systems were often used to ensure the integrity of the wellbore. It can be seen in Figure 1 that the curing temperature varied widely from 150 to 350 °C, while only three curing pressures were chosen by researchers: 13.8 MPa (2000 psi), 20.7 MPa (3000 psi) and 50 MPa (our recent studies). Most studies met the high-temperature standard (150 °C) but were far below the high-pressure standard (69 MPa). The reason why curing pressure was ignored can be dated back to 1954, where an API study [4] found that the 24 h compressive strength of oil well cement cured at 93 °C, apparently increased with increasing curing pressure in the range of 0–13.8 MPa, but showed little dependence on curing pressure in the range of 13.8–52 MPa. As a result, most subsequent studies assumed that the influence of curing pressure (greater than 13.8 MPa) on cement compressive strength could be ignored. However, the influence of curing pressure may not be ignored in some ultra-high pressure fields that exist in the Gulf of Mexico, North Sea, Southeast Asia, Africa and the Middle East; several deep water and deep gas reservoir formation pressures can reach 138 MPa [18,19]. In China, the formation pressure gradient of the Yingqiong and Tarim Basin even exceeded 2 Mpa/100 m [20,21]. In recent years, it has been found that curing pressure has a similar (albeit smaller) effect in accelerating the hydration reaction of oil well cement, and its influences on thickening time and other early-age properties cannot be ignored [22,23,24,25,26]. Therefore, the influence of ultra-high pressure on set cement properties in the long term also needs to be further explored.



Numerical simulations of cement sheath integrity often suggest that increasing the tensile strength and ductility of oil well cement is beneficial for its resistance to failure [27,28,29]. Various types of reinforcement materials, such as crystal whisker, fiber, graphene, and latex, were often used to reduce the brittle nature of set cement through the bridging effect across cracks, thereby improving the durability of cement sheath in oil wells [28,29]. However, their application in the HPHT environment deserves further investigation due to a lack of understanding of their long-term effectiveness. As mentioned previously, nano-graphene seems to show some promising effects, at least in improving Young’s modulus stability at HPHT conditions. In this study, another reinforcement material (latex fiber) was added to further evaluate the effectiveness of reinforcement materials in mitigating the strength retrogression of oil well cement. The previously optimized cement slurries from our most recent study were further investigated along with two additional designs: one with nano-iron oxide removed and the other with latex fiber added. This resulted in a total of five silica-enriched oil well cement slurries, which were autoclaved at 200 °C under two different pressures. The low pressure (50 MPa) curing was conducted for 2, 60, 90, and 180 days; the high pressure (150 MPa) curing was conducted for 2 and 360 days. The microscopic properties of the cement were evaluated in much greater detail in this study, employing mercury intrusion porosimetry (MIP), thermogravimetry (TG), and scanning electron microscope (SEM) test methods. These new test results helped to reveal significant insights with regard to the influences of curing pressure and reinforcement materials on the long-term properties of oil well cement.




2. Materials and Methods


2.1. Raw Materials


Aksu Class G oil well cement was manufactured by Aksu cement factory, Xinjiang, China. Quantitative Rietveld refinement was utilized to determine the component compositions from the cement’s XRD profiles. The compound proportions of C3S, C2S, C3A, C4AF, gypsum, and hemihydrate were 63.19%, 15.03%, 3.70%, 12.91%, 2.05% and 0.82%, respectively. In addition, 6 μm silica was provided by Tongbai factory, Henan, China. Zhengzhou Huarun raw materials Co., LTD provided the alumina (α-Al2O3). Chengdu Organic Chemicals Co., LTD offered Nano-Graphene (with a density of 2.24 g/cm3). The latex fiber was an anti-gas channeling agent (Flok-2) provided by OMAX Oilfield Technology Co., LTD. It was obtained from Tianjin PetroChina Boxing Technology Co, LTD. that chemical admixtures such as high temperature suspension agent (BDJ-300S), fluid loss agent (BXF-200L), defoaming agent (G603), retarder (BCR-300L) and dispersion (BCD-210L) were obtained. BCD-210L, BXF-200L, and BCR-300L were synthetic AMPS polymer water suspensions having a 20% activity. More detailed test results of the raw materials can be found in our previous study [16].




2.2. HPHT Cured Samples Formulation Design and Preparation


The influence of reinforcement admixtures and pressure on the strength retrogression of silica-enriched cement systems under 200 °C was investigated using five slurries. The formulation design is shown in Table 1. To decrease long-term strength retrogression, 70 percent silica (by weight of cement, BWOC), various doses of -alumina, and nano-iron oxide were added. Slurry T3 is the control design. Compared with Slurry T3, slurry T1 has lower α-Al2O3 (5%); slurry T2 does not contain Nano-Fe2O3; slurry T4 has 6% latex fiber as reinforcement admixture; slurry T5 has 0.4% nano graphene as reinforcement admixture. The durations of samples cured under 50 MPa were 2, 60, 90, and 180 d. The durations of samples cured under 150 MPa were 2 and 360 d. Such high pressure and long curing time are beyond any previously published studies to the best of our knowledge. The different curing durations employed at different curing pressures were due to specific project requirements. After high-pressure curing, quick depressurization may lead to specimen damage and decreased mechanical properties [30]. Thus, the manual depressurization took about 100 h, including two stages: (1) keep the temperature at 200 °C and decrease the pressure to 50 MPa at 1.5 MPa/h by fully automatic syringe pumps; (2) reduce the temperature and pressure of the autoclave to room condition by natural cooling. The density of all of the formulations was set at 1.9 g/cm3. Our latest papers describe the curing process in more detail [14,17].




2.3. Test Methods


The details of the test method, such as mechanical property test, water and gas permeability test, MIP test, SEM test, and TG test, can be found in the previous studies [14,15,16,17]. The “ink-bottle” effect was reduced in the MIP tests described in this paper by using tiny pieces of dried material (approximately 1 mm in thickness). Some samples were evaluated using a Quantachrome mercury intrusion pore size analyzer Model PM 60 with a macro bore cell (18 mL) and a maximum pressure of 413 MPa, while others were examined using a Model PM 33 with a small bore cell (3 mL) and a maximum pressure of 228 MPa. In Section 4.1, the effects of sample size and quantity on MIP test findings will be examined.





3. Macroscopic and Microscopic Analyses of Samples Cured under 50 and 150 MPa


3.1. Test Results of Samples Cured under 50 MPa


Long-term property changes of slurries T1 to T5 cured under 200 °C and 50 MPa are shown in Figure 2. The 180 d reductions (compared to the 2 d test results) of all five slurries are highlighted in Figure 2a,b. The compressive strength, Young’s modulus and water permeability of slurries T1, T3 and T5 have been shown in our previous study [16]. However, their comparison with the new formula (slurry T2 and T4) was still valuable to find a better reinforcement material. These test results showed a slight dependence on slurry composition but a strong dependence on curing time. All slurries exhibited a similar decline in physical and mechanical properties over the long term, which was consistent with our previous study [14]. Clearly, the changing dosages of α-alumina and nano-iron oxide between slurries T1, T2 and T3 had almost no influence on test results, suggesting that they had little to no effect on the long-term stability of the set cement. The 180 d reductions in compressive strength of slurries T1, T2 and T3 were 75%, 75% and 72%, respectively, which were slightly higher than the slurries containing reinforcement materials (decline rates of slurries T4 and T5 were 66% and 64%, respectively). Overall, the 180 d reductions in Young’s modulus (ranging from 14.6% to 50.1%) were smaller than the compressive strength. The experimental errors in Young’s modulus are naturally larger than those in compressive strength. After curing for 180 d, the Young’s moduli of slurries with reinforcement materials, especially slurry T5, were apparently higher than those without reinforcement materials. Water permeability showed almost no change from 60 to 90 d curing and then a sharp increase from 90 to 180 d, suggesting that the deterioration of cement macroscopic properties did not occur at a constant rate. For most slurries, gas permeability and water permeability showed a similar trend with increasing curing time. The water permeability was about two orders of magnitude lower than gas permeability at 2 d and about one order of magnitude lower than gas permeability at 180 d. This phenomenon is consistent with our previous observations and may be caused by the swelling of C-S-H gel in the presence of water, which results in a more compact structure at a water-saturated state [31].



All slurries exhibited similar changes in macroscopic properties when the same dosage of silica flour (70% BWOC) was added. A representative slurry T4 was selected for stress–strain response, XRD, MIP, and TG analysis (Figure 3), which might also explain changes in long-term mechanical characteristics not addressed in the prior work [16]. Here the MIP tests were performed with Instrument Model PM 60. The 180 d sample’s failure strain was much lower than early-age samples, demonstrating that the set cement’s capacity to absorb energy before failure (toughness) was greatly decreased due to strength retrogression. The main change in the XRD results of slurry T4 was the increased tobermorite peak at 7.8° from 2 to 60 d. No significant changes in mineral composition results were observed after 60-day curing, and tobermorite content remained stable from 60 to 180 days. However, an unidentified new peak was observed at about 28.3° in the 180 d sample, which may be associated with the structural change of the C-S-H gel (C-S-H has an amorphous peak at 28° to 30°). In TG results, the total weight loss of the set cement decreased with increasing curing time, indicating that long-term HPHT curing may reduce the bound water content in the sample. Based on the DTG curves, the weight loss rate clearly decreased with increasing curing time in the temperature range from 200 to 650 °C, which may be associated with reduced C-S-H content or a change in its structure leading to less bound water; meanwhile, the weight loss rate clearly increased with increasing curing time in the temperature range from 650 to 950 °C, which was possibly caused by increasing crystalline phase content in the set cement. In the MIP results, the median pore throat size significantly increased from 2 to 180 d; a platform stage was observed during the period from 60 to 90 d, where the pore size of slurry T4 was nearly unchanged. Consistent with permeability test findings, these results suggest that microstructure coarsening was not a constant rate process.




3.2. Test Results of Samples Cured under 150 MPa


The mechanical properties of slurries T1 to T5 cured at 200 °C and 150 MPa are shown in Figure 4a,b. Different from the previous results cured under 50 MPa [16], the decline rates of mechanical properties of all slurries cured at 150 MPa for 360 d were lower than those cured at 50 MPa for 180 d, despite the much longer curing time. The reductions in compressive strength of slurries T1-T5 from 2 to 360 d were 68%, 61%, 67%, 47% and 56%, respectively. Similar to the 50 MPa test results, the reductions in Young’s modulus were smaller than the compressive strength. In particular, the Young’s moduli of slurries with reinforcement materials were only reduced by 15.5% and 11.6%, for slurry T4 and T5, respectively. As shown in Figure 4c,d, both the water and gas permeability of the set cement increased by about an order of magnitude from 2 to 360 d curing. The ability of reinforcement materials to reduce the permeability increase in set cement seemed to be boosted by ultra-high curing pressure; the long-term water and gas permeability of slurries T4 and T5 under 150 MPa were about 70% lower than that of the control slurry T3.



Figure 5a shows representative stress–strain curves of slurry T3 and T4 during long-term curing. Similar to the 50 MPa test results, reductions in failure strain (strain at maximum stress) were also observed at 150 MPa curing pressure from 2 to 360 d: the average reduction of axial strain was about 0.25%, while the average reduction of transverse strain was about 0.05%. In XRD results, one of the main changes of slurries T3 and T4 was the increased tobermorite peak at 7.8° with the increasing curing time, which probably happened at an early curing age, similar to that observed at 50 MPa. The unidentified new peak at about 28.3° observed in the 180 d samples cured at 50 MPa was also observed in the 360 d samples cured at 150 MPa, indicating a possibly similar change in C-S-H structure. The decrease in bound water content (as measured by total weight loss based on the TG results) with increasing curing time was less significant compared with the 50 MPa test results. In particular, the total bound water content of slurry T4 was almost constant from 2 to 360 d. However, DTG curves indicated a similar trend of change as the 50 MPa test results, i.e., the 360 d samples had a smaller weight loss rate in the lower temperature range of 200–650 °C and a larger weight loss in the higher temperature range of 650–850 °C. As shown by the MIP test results (performed by Instrument Model PM 33), the median pore size increased about an order of magnitude from 2 to 360 d. The pore size distribution frequency curves of 360 d samples showed two partially overlapping peaks at approximately 20 and 100 nm, indicating that the samples still contain significant amounts of small pores after curing under 150 MPa for 360 d. The total porosity of samples cured under 150 MPa increased slightly from 2 to 360 d: the total porosity of slurry T3 increased from 34.1% to 35.1% while that of slurry T4 increased from 34.5% to 35.7%. Therefore, both pore size and porosity increased with increasing curing time.





4. Influences of Various Experimental Factors on Test Results


4.1. Influences of Specimen Size and Quantity on MIP Results


In a previous study, the influence of specimen thickness on the MIP test results was preliminarily discussed using Instrument Model PM 60 [14], which is further analyzed here. As shown in Figure 6a, the test results with much smaller specimens (1 mm3 blocks) were added to compare with the results of relatively large slices. A larger sample tends to underestimate the pore size due to the well-known “ink-bottle” effect (a portion of the large pores can only be accessed by passing through much smaller pore throats and hence will be statistically treated as much smaller pores). With decreasing specimen size, the measured amount of small pores (below 10 nm) was significantly decreased, while the measured amount of pores in the range between 10 and 20 nm was significantly increased. For the same specimen size (1 mm3 blocks), Figure 6b,c show the influence of specimen quantity on test results. Since the tests were also conducted with different instruments with different pressure capacities, test results from the same pressure range (0–228 MPa) were considered here to allow for fair comparison. Compared with the results obtained by the macro-bore cell (volume ~18 mL) and Instrument Model PM 60, the results obtained by the small cell (volume 3 mL) and Instrument Model PM 33 showed a broad but lower peak in distribution curves and smaller median pore sizes at curing ages of both 2 and 180 d. Compared with the influence of curing time, which can cause the pore size to increase by several orders of magnitude, the influences of specimen size and quantity on MIP test results were relatively small. Nevertheless, the same testing strategy should be adopted when comparing the results of the same test series.




4.2. Influence of Drying Condition on Mechanical Properties of Set Cement


The compressive strength of set cement is known to increase with the degree of drying due to the reduced effect of pore water pressure and changes in C-S-H structure. Conversely, drying may also lead to shrinkage and cracks in cement-based materials, thereby damaging their mechanical integrity. The stress–strain curves of saturated samples were compared with those of vacuum-dried samples in Figure 7. Clearly, the measured compressive strength increased significantly after sample drying, while the changes in Young’s modulus (slope of stress vs. axial strain curves) were relatively small. The amount of increase in compressive strength due to drying ranged from 29.3% to 37.5% at different curing times. The test results shown here suggest that no significant damage was induced in the test samples during the drying process.




4.3. Influence of Curing Pressure on Properties of Set Cement


Short-term (2 d) compressive strength and Young’s modulus results of slurries T1 to T5 cured under 200 °C and 50/150 MPa were compared in Figure 8a,b. The average COVs of compressive strength at 50 and 150 MPa were 4% and 6%, respectively, while the average COVs of Young’s modulus were 8% and 9%, respectively, indicating relatively small experimental errors. Curing pressure appeared to have little to no influence on the short-term mechanical property performance of the set cement as measured based on both mechanical properties and permeability test results. The consistency of test results also indicated that the slow depressurization rate adopted in this study effectively prevented sample damage during depressurization.



As shown in Figure 9a,b, the long-term compressive strength and Young’s modulus results of samples cured at 150 MPa were uniformly higher than those cured at 50 MPa, despite the longer strength retrogression period. Meanwhile, the water and gas permeability test results of the 150 MPa samples were also uniformly lower than the 50 MPa samples. On average, the compressive strength and Young’s modulus of the 150 MPa samples were 37% and 19% higher than the 50 MPa samples, while the water and gas permeability of the 150 MPa samples were 72% and 67% lower than the 50 MPa samples. Since the long-term strength retrogression of silica-enriched cement appeared to be an irreversible process according to our previous studies [14,16], the test results presented here suggest that high curing pressure can help to significantly slow down the rate of strength decline. This result is different from the previous conclusion that pressure has little effect on set cement properties when the pressure is higher than 13.8 MPa [4].



Figure 10 shows the MIP test results of three representative long-term cured slurries at different pressures, where Instrument Model P33 was used. The pore size distribution frequency curves of the sample cured under 50 MPa showed only one broad peak, while the sample cured under 150 MPa generally showed two partially overlapping broad peaks, with the left one (with a peak of approximately 20 nm) representing a smaller pore structure. The total porosity of samples cured under 50 MPa varied slightly from 36.7% to 41.4% and seemed to show a slight dependence on slurry compositions. However, the total porosity was decreased to about 35% at 150 MPa curing pressure with almost no dependence on slurry compositions. The quantity of large pores (>100 nm) also slightly decreased with the application of different reinforcement materials, especially in slurry T4 with latex fiber at 150 MPa (from 11.9% to 7.4%), which showed that the ability of reinforcement materials to resist microstructural coarsening was more significant under high pressure during long-term curing conditions. Combined with the results in Section 3.1 and Section 3.2, it can be concluded that the internal pore size played a crucial role in the physical and mechanical properties of set cement cured under HPHT conditions. The reduction of pore size under ultra-high pressure led to more stable physical and mechanical properties over long-term curing. The test results showed that ultra-high pressure might be beneficial to forming a more compact set cement structure to increase mechanical properties and decrease permeability in the long-term curing period.



Traditional MIP tests underestimate cement-based materials’ real pore sizes since mercury can only enter huge pores via much smaller “throat pores”, which is known as the “ink-bottle” effect [32,33,34,35]. The large pores can be better visualized through SEM back-scattered electron (SEM-BSE) images. The SEM-BSE analysis results of slurries T1 and T2 cured for 50 and 150 MPa under low magnification (×50) are given in Figure 11. As discussed in our earlier study [14], the SEM-BSE image’s gray levels were (from black to white): Pores > anhydrous particles (mostly silica) > C-S-H > various hydration products. The large pores can be separated by defining a grayscale threshold using an image processing software (Image J), which can convert grayscale images into binary images and provide statistical information with regard to the pores. The porosity and median size of the large pores calculated based on each image are also provided in Figure 11. Apparently, the 150 MPa samples had significantly smaller large-pore porosity than the 50 MPa samples, indicating that increasing curing pressure can slow down pore size increase during long-term high-temperature curing. Only large pores can be resolved in the relatively low resolution image presented here. Therefore, the porosities measured by SEM-BSE images were much lower than those measured by MIP tests.




4.4. Influence of Reinforcement Materials on Properties of Set Cement


The test results of slurries T3 to T5 cured at 50 and 150 MPa are summarized in Table 2 and Table 3, respectively. Slurry T3 was used as a control system; 6% latex fiber was added to obtain slurry T4, and 0.4% nano-graphene was added to obtain slurry T5. Reinforcement material addition can reduce the mechanical property deterioration of set cement during long-term curing, especially Young’s modulus. Reinforcement material addition can also result in set cement with finer pore structure and can slow down the increase in water permeability over long-term HPHT curing, indicating that the reinforcement admixture may alleviate the microstructure coarsening, which has been proven to be the main driving force for strength retrogression during long-term HPHT curing [14,16]. Furthermore, this mitigation effect of reinforcement materials seemed to be enhanced under ultra-high pressure. The long-term strength decline of slurry T4 and T5 indicated that the addition of reinforcement materials can not completely prevent the strength retrogression at 200 °C, at least at the dosage employed during this study.



Figure 12 shows the SEM-BSE images of slurries T3 to T5 cured at 50 and 150 MPa under low magnification (×50). Additional images at high magnification levels can be found in Appendix A (Figure A1 and Figure A2). The slurry with the best strength and water permeability performance (slurry T4 with latex fiber) also seemed to have the best microstructure, as measured by the median pore size of the large pores. However, it is apparent that the influence of the reinforcement materials on the microstructure was much less than that of the curing pressure, especially based on the metrics of large-pore porosity. The large-pore porosities in these images were 4.5%, 4.8%, and 3.9% for slurries T3, T4, and T5 cured under 50 MPa, which became 1.3%, 1.0%, and 2.5% under 150 MPa curing pressure, respectively. The quantitative image analysis results presented here were only intended to provide an overall trend of variation; a much greater number of images would be required for accurate quantification of large pores.





5. Discussion: Mechanism of Strength Retrogression


The conversion of cement hydration products from amorphous C-S-H to crystalline phases has long been considered as the main cause of the strength retrogression of Portland cement-based materials. As the crystalline phases have higher densities than the amorphous C-S-H, such conversion will lead to local failures and cause porosity increases in the cement matrix. However, our most recent study adopting the quantitative XRD analysis method (with internal standard) indicated that the amorphous phase content in the silica-enriched oil well cement system did not change significantly over the long-term curing [16]. TG test results as presented in Figure 3 and Figure 5 of this study clearly indicated that the bound water content of amorphous C-S-H in the temperature range of 200–450 °C clearly decreased with increased curing time. It is suspected that the structure of amorphous C-S-H may change during the long-term curing under HPHT conditions, and such a structural change may be the cause of reduced bound water content and the driving force of microstructure coarsening. Previous studies have found that increased temperature can lead to reductions in C-S-H interlayer water content [36], and the reduced water content in C-S-H is often responsible for its microstructure coarsening [31]. Higher curing pressure seems to be able to reduce the rate of C-S-H structural change and thereby decrease the rate of strength retrogression of silica-enriched oil well cement systems.




6. Conclusions


The influences of curing pressure and reinforcement materials on long-term properties of silica-enriched oil well cement cured under 200 °C were studied experimentally. The following main conclusions can be drawn:




	(1)

	
Increasing curing pressure can significantly decrease the rate of long-term strength retrogression of silica-enriched oil well cement systems, possibly due to the more compact microstructure of set cement and more stable C-S-H structures.




	(2)

	
Reinforcement materials such as latex fiber and nano-graphene can also mitigate long-term strength retrogression of silica-enriched oil well cement systems, especially at ultra-high pressure (150 MPa); the best design of this study is slurry T4 with latex fiber, which had a compressive strength of 30 MPa after 360 d curing under 200 °C and 150 MPa.




	(3)

	
The long-term curing during HPHT conditions may lead to structural change of amorphous C-S-H gel; such a structural change may be the cause of reduced bound water content and the driving force of microstructure coarsening, which in turn are responsible for strength retrogression of silica-enriched oil well cement systems.
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Figure A1. SEM-BSE analysis of slurries T1 to T5 (×1000). 






Figure A1. SEM-BSE analysis of slurries T1 to T5 (×1000).
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Figure A2. SEM-BSE analysis of slurries T1 to T5 (×200). 






Figure A2. SEM-BSE analysis of slurries T1 to T5 (×200).
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Figure 1. Comparison of curing conditions of previous studies. HPHT conditions in previous study tiers categorized by Baker Oil Tools [4,5,6,7,8,9,10,11,12,13,14,15,16,17,18]. 
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Figure 2. Long-term macroscopic property of T1 to T5 cured under 200 °C and 50 MPa showed decreasing strength and modulus as well as increasing water/gas permeability from 2 to 180 d: (a) compressive strength; (b) Young’s modulus; (c) water permeability; (d) gas permeability. 
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Figure 3. Relationship between macroscopic properties and microscopic properties of slurry T4 cured under 200 °C and 50 MPa from 2 to 180 d. (a) Stress–strain response showed decreasing resistance to load; (b) XRD test showed possible C-S-H structural change; (c) MIP test showed increasing pore diameter; (d) TG test showed decreasing bound water content measured between 200 and 650 °C. 
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[image: Energies 15 06071 g003]







[image: Energies 15 06071 g004 550] 





Figure 4. Long-term macroscopic property of slurries T1 to T5 cured under 200 °C and 150 MPa showed decreasing strength and modulus as well as increasing water/gas permeability from 2 to 360 d: (a) compressive strength; (b) Young’s modulus; (c) water permeability; (d) gas permeability. 
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Figure 5. Relationship between macroscopic properties and microscopic properties of slurries T3 and T4 cured under 200 °C and 150 MPa from 2 to 360 d. (a) Stress–strain response showed decreasing resistance to load; (b) XRD test showed possible C-S-H structural change; (c) MIP test showed increasing pore diameter; (d) TG test showed decreasing bound water content measured between 200 and 650 °C. 
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Figure 6. Influences of (a) specimen sizes; (b) and (c) sample quantity on the MIP test results. 
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Figure 7. The stress–strain curves of samples cured under 200 °C and 50 MPa from 2 to 180 d showed increasing strength with drying. (W: water-saturated samples D: vacuum-dried samples). 
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Figure 8. Mechanical properties and permeability of slurries T1 to T5 showed no significant influence of curing pressure on short-term test results: (a) compressive strength; (b) Young’s modulus; (c) water permeability; (d) gas permeability. 
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Figure 9. Mechanical properties and permeability of slurries T1 to T5 showed possible significant influence of curing pressure on the long-term test results: (a) compressive strength; (b) Young’s modulus; (c) water permeability; (d) gas permeability. (Note: it is expected that the 360 d test results at 50 MPa would be worse than 180 d according to the trend shown in Figure 2) (T1: low α-Al2O3 content, T2: no nano-Fe2O3, T3: control; T4: latex fiber, T5: nano-graphene). 
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Figure 10. MIP test results of slurries T3 to T5 showed higher curing pressure resulted in smaller pore size and lower porosity in long-term cured samples. (a) Pore size distribution frequency curve. (b) Cumulative pore size distribution curve. (c) General pore size statistics. (Note: it is expected that the pore size and porosity of the 50 MPa samples at 360 d would be larger than those measured at 180 d according to the trend shown in Figure 3). 
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Figure 11. SEM-BSE analysis of slurries T1 and T2 showed that higher curing pressure resulted in smaller pore size and lower porosity in long-term cured samples. 
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Figure 12. SEM-BSE analysis of slurries T3 to T5 showed that higher curing pressure resulted in smaller pore size and lower porosity in long-term cured samples. (T3: control; T4: latex fiber, T5: nano-graphene). 
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Table 1. Formulation design of cement slurries (%BWOC).
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	Formulation
	Cement
	6 μm Silica
	A-Al2O3
	Latex Fiber
	Graphene
	Nano

-Fe2O3
	Water





	T1
	100
	70
	5
	0
	0
	5
	50.2



	T2
	100
	70
	15
	0
	0
	0
	60.4



	T3
	100
	70
	15
	0
	0
	5
	55.9



	T4(LX)
	100
	70
	15
	6
	0
	5
	57.3



	T5(GR)
	100
	70
	15
	0
	0.4
	5
	55.9







Note: The dosages of suspending agent (BDJ-300S), retarder (BCR-300L), fluid loss reducer (BXF-200L), dispersant (BCD-210L), and defoamer (G603) of the slurries in Table 1 were 4% BWOC, 4.5% BWOC, 6% BWOC, 5.5% BWOC, and 0.5% BWOC, respectively.
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Table 2. Variation of test properties from 2 to 180 d and median pore size of 180 d sample (50 MPa).
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	Slurry
	Change in Compressive Strength (%)
	Change in Young’s Modulus (%)
	Change in Water Permeability (Multiple)
	180 d Median Pore Size (nm)





	T3
	−71.9
	−50.1
	×121
	125



	T4(LX)
	−66.1
	−31.1
	×83
	127



	T5(GR)
	−64.2
	−14.6
	×91
	126
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Table 3. Variation of test properties from 2 to 360 d and median pore size of 360 d sample (150 MPa).
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	Slurry
	Change in Compressive Strength (%)
	Change in Young’s Modulus (%)
	Change in Water Permeability (Multiple)
	360 d Median Pore Size (nm)





	T3
	−66.8
	−47.5
	×64
	61



	T4(LX)
	−46.5
	−15.5
	×9
	43



	T5(GR)
	−55.5
	−11.6
	×9
	31
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