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Rheological property tuning is one key aspect of oil-well cement, not only affecting the cement slurry placement but also indirectly impacting other cementing properties such as the bonding strength and compressive strength. However, the research is scant on the rheological properties of blending magnesium oxide with class G oil-well cement, despite some studies having been conducted on its impacts on shrinkage compensation, compressive strength, bonding strength, and permeability properties of oil-well cement. This work studies the effects of micro-sized magnesium oxide on the rheological properties and compressive strength of the formulated API Class G oil-well cement slurries. Two types of micro-sized magnesium oxide (50 μm and 100 μm) were used as the mineral admixture at different dosages (3%, 9%). The base formulated slurry sample was incorporated with the silica flour and several commercialized additives such as retarder, fluid loss control agent, and defoamer. A batch of flow tests have been conducted by the use of a digital viscometer at two different temperatures, 25 and 88°C. The compressive strength has also been measured after curing the samples with the same formulation and conditions for 7 days. The variations of the rheological properties (plastic viscosity, yield stress, and gel strength), shear stress–shear rate correlations, and shear-thinning/thickening behavior are impacted by the temperature, the type, and dosage of magnesium oxide. The plastic viscosity of the tested slurries decreased by 27.0% (type II, 9%, 25°C) and 15.1% (type II, 3%, 88°C), respectively, and the yield stress increased by 258.5% (type II, 3%, 88°C) and 53.9% (type II, 9%, 25°C). The gel strength generally increases as the magnesium oxide dosage increases. However, all tested slurry samples show shear-thinning behavior and non-Newtonian characteristics. Among the tested slurry samples, it is found that better rheological performance is achieved when incorporating magnesium oxide with a smaller particle size. On the other side, the specimens of mixed magnesium oxide with a bigger particle size and medium dosage outperform their rival with a smaller particle size in compressive strength.
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1 INTRODUCTION
Rheological property tuning of oil-well cement (OWC) slurry is an important part of a successful cementing operation not only for oil and gas wells but also for other geo-storage wells such as CO2 sequestration. It impacts the mixability and pumpability of slurry, as well as the flow regime and transportation capability of large particles in the slurry (Guillot, 1990; Mannheimer, 1991; Banfill, 2003; Guillot, 2006; Banfill and Frank, 2006; Murtaza et al., 2019a). It also plays a vital role in determining the quality of the set cement sheath, including cementing interfaces’ bonding strength and compressive strength (Shahriar, 2011; Abbas et al., 2014; Tao et al., 2020). Improved rheology properties will enhance the displacement efficiency of drilling fluid and lower the work loading of the pumping system at the well site (Daccord et al., 2006; Guillot, 2006; Lootens et al., 2004; Shahriar and Nehdi, 2012; Vance, 2014).
On the other hand, magnesium oxide, as a kind of expansive additive material, has been studied and applied in civil construction and geotechnical well cementing for more than 2 decades (Chen et al., 2021; Ghofrani and Plack, 1993). As for oil and gas wells, the intrinsic chemical shrinkage of cement sheath can cause micro-channeling at the cementing interfaces (casing-cement sheath and cement sheath-wellbore). This further degrades the bonding strength and supporting capability of the cement sheath to casing string. Thus, the well integrity will be compromised (Reddy et al., 2009). Using magnesium oxide is one of the promising ways to mitigate this problem (Suhascaryo et al., 2005; Rubiandini et al., 2005). In order to characterize the influence of magnesium oxide on the properties of OWC slurries, some studies have been carried out on the compressive strength (Buntoro, 2001), tensile strength (Jafariesfad et al., 2017), bulk volumetric variation (Mo et al., 2010; Jafariesfad et al., 2017), micromorphology (Mo et al., 2010; José et al., 2020), permeability (Huajun et al., 2013; Ghofrani and Plack, 1993), etc. However, the studies are scant regarding the rheological characteristics of incorporating magnesium oxide particles into oil-well cement slurry. Therefore, this study explores the effects of two types of micro-MgO on the rheological properties of the OWC (Class G) slurry samples. Meanwhile, the compressive strength of these specimens is also investigated to get more insights into the impacts of the incorporation of micro-sized magnesium oxide.
In this study, the base formulation includes several commercial additives (retarder, fluid loss control agent, and defoamer) to simulate a field case. In addition to API Class G OWC and silica flour, two types of micro-sized magnesium oxide (50 μm and 100 μm) are used as the mineral admixture at different dosages (3% and 9%) by weight of cement (BWOC). The slurry samples’ preparation, pre-conditioning, and rheology testing are referenced to the API RP 10B-2 standard (API, 2013). A batch of flow tests have been conducted by the use of a digital viscometer at two different temperatures, 25 and 88°C. The original shear rate, shear stress, and gel strength coupled with time have been measured and stored in the built-in rheology modeling software—ORCADA. Other rheological properties have been calculated by means of the regression method (plastic viscosity, PV; yield stress, YS). The compressive strength measurement has been performed using the scratch test. Through this study, an improved understanding of the impact of micro-magnesium oxide on the rheology and compressive strength of OWC slurries at different temperatures has been derived. It helps in optimizing the usage of magnesium oxide-based expansive additive for geotechnical well constructions.
2 MATERIALS
The cement source material used in this study is a kind of API Class G oil-well cement supplied by a service company. The average particle size of this cement is 69 μm (D50) which is shown in Figure 1. The magnesium oxide material was produced by Huannai Meiye Co., Ltd. (China). Two types of magnesium oxide were selected with different particle sizes as shown in Figure 1. The silica flour and several commercial additives are also incorporated into the OWC base slurry sample to simulate the local field formulation. The silica flour was produced by Adwan Chemical Industries Co., Ltd. Those commercial additives (retarder, fluid loss control agent, defoamer) are supplied by a service company. Deionized water is used to mix the slurry samples. Its original temperature was kept at the room temperature of 25°C.
[image: Figure 1]FIGURE 1 | Particle size analysis result of source materials (OWC cement, magnesium oxides, and silica flour).
3 EXPERIMENT METHOD (INCLUDING APPARATUS AND PROCEDURES)
3.1 Physical and chemical properties of source materials
The particle size analysis on the source materials was completed by using the SYMPATEC DIA particle size analyzer (made in Germany), which was based on the dynamic image analysis method. The detector lens was M5 grade with a measurement range of 2–1,252 μm. The object distance was set at 63 mm. The GRADIS disperser was deployed with a drop height of 50 cm and an outlet width of 1 mm. The vibratory feeder with a 25% feeding rate and a 1 mm gap width was selected. The image scanning rate was 175 Hz with the triggering threshold as the particle optical concentration higher than 0.05%. The particle size of OWC cement, magnesium oxides, and silica flour can be found in Figure 1.
The chemical compositions and oxide contents of the class G OWC, silica flour, and magnesium oxide are analyzed and confirmed by use of XRD (X-ray diffraction) and μXRF (micro X-ray fluorescence) techniques that are essential to proceed with the afterward experiments. The deployed XRD device is the PANalytical Empyrean Series 2 with Cr/Be filtered CuKα radiation, which was made in Netherlands. The generator settings are 40 mA and 45 kV. The scan range is from 4°(2θ) to 70°(2θ). The elemental and oxide content analyses of the source powder materials were conducted with the use of Bruker M4 Tornado Micro-XRF which uses small-spot micro X-ray fluorescence with a high spatial resolution of 25 μm. The detailed chemical composition can be found in Table 1.
TABLE 1 | Chemical composition and oxides contents of cement, magnesium oxides, and silica flour (MMI, micro-magnesium oxide—type I; MMII, micro-magnesium oxide—type II).
[image: Table 1]In order to reduce the particle size of the source materials to less than 50 μm, which is the upper limit of the ideal particle size for XRD analysis (Pecharsky and Zavalij, 2009), the fit-for-purpose ball miller, Retsch XRD-Mill McCrone, was deployed. This device could preserve the lattice structure and achieve a narrow particle size distribution. As for each source powder material, around 3 mL of powder was milled by the dry grinding method as per the instructions from the manufacturer. After this pretreatment, all the source powder materials have the proper particle size for the afterward XRD analysis (OWC: D90 = 30 μm, silica flour: D90 = 38 μm, MMI: D90 = 30 μm, MMII: D90 = 29 μm).
3.2 Slurry sample preparation
Most of the additives were dosed consistently in all cement slurry samples except the magnesia oxide powder. The W/C ratio (water to cement) is 0.44 for all slurry samples. The control cement slurry sample, shortened as MM-0-25 (MM: micro-sized magnesium oxide, “0”: zero content of magnesium oxide, 25: 25°C for rheology testing), was composed of the class G OWC, the silica flour, and the commercial additives but without the magnesium oxide. The magnesium oxide mixed cement slurry samples consisted of the class G OWC, the silica flour, the commercial additives, and the micro-sized magnesium oxide, which were denoted as MMI-3-25, MMI-9-25, MMII-3-25, MMII-9-25, …, MMII-9-88, respectively. Here, for instance, MMI-3-25 refers to the cement slurry sample dosage with 3% BWOC (“3”) type I micro-sized magnesium oxide with a 50 micron particle size (“MMI”), which was tested under 25°C. A similar naming convention applies to other abbreviated names. The detailed formulations can be found in Table 2.
TABLE 2 | Formulation of cement slurry samples.
[image: Table 2]All the experiment procedures, including cement slurry preparation and later on rheology tests, were completed as per the API standard (API, 2013) and some practical procedures. All experiments were repeated three times to ensure consistency and repeatability of the obtained results. For each cement slurry sample preparation, there are three steps namely “weighing,” “mixing,” and “conditioning.”
The first step is to weigh each source material as per the formulation required in Table 2. Since the required slurry volume to be tested with the OFITE 900 Viscometer is around 170 mL as per the physical configuration of the viscometer and the universal heat cup capacity (OFITE, 2018), and also to circumvent the unavoidable consumption of cement slurry samples derived from the residual slurry sticking to the internal surface of the containers (of the OFITE Model 20 Variable Speed Blender and the Grace M7210 atmospheric pressure consistometer), the class G cement was selected as 400 g for all slurry sample preparations. Except for the deionized water and the defoamer, all the other powder source materials were weighed by using the KERN electronic balance (for powder additives weighing, readability: 1 mg, maximum capacity: 2,100 g) and the Oertling GC-42 electronic balance (for weighing of cement powder, silica flour, and deionized water, readability: 0.1 g, maximum capacity: 4,000 g). As for the deionized water weighing, the stainless steel container of the table blender (OFITE Model 20 Blender, 1-liter capacity) was used directly to contain the water in order to minimize the water loss error during the transfer between different containers. Moreover, the fluidic defoamer was metering with the use of a syringe (15 mL capacity) and a needle (1 droplet approximately equivalent to 0.1 g).
The second step is to mix all the source materials into a slurry in terms of certain procedures. The mixing device, duration, and rotation speed are referenced from the API-10B-2 (API, 2013) standard. The OFITE Model 20 Variable Speed Blender can be run at 4,000 rpm and 12,000 rpm, respectively. On account of both solid powder and liquid source materials, the hybrid mixing procedure was used (dry mixing + wet mixing). Dry mixing means mixing different kinds of solid powder directly without introducing any fluid, which applies to the silica flour, the OWC, and the micro-sized magnesium oxide. On the other hand, wet mixing refers to mixing any additives or admixtures into the deionized water or the solution/slurry suspension system, which applies to all the other additives used in this work. All mixing practices were completed at room temperature (25 ± 1°C ) and atmospheric pressure conditions. The detailed mixing steps are depicted as three points, as follows. This mixing procedure was strictly followed for all cement slurry samples.
First, the silica flour and the micro-sized magnesium oxide powder were mixed with the class G OWC manually in a plastic container by using the dry mixing method for about 5 min. Then, the stainless container (with the required mass of deionized water contained) of the table blender was mounted onto the drive base of the blender. The blender was turned on and initialized for several seconds till the shearing speed was lowered to 4,000 rpm. Two droplets of defoamer were incorporated with the syringe needle at first. Then, all the additives were introduced into the water solution/suspension as sequentially as fluid loss control agents and retarders. To avoid the splash of fluid suspension during the high-shear stirring process, the opening of the blender container should be covered as much as possible. Meanwhile, each of these additives’ mixing should be done at 4,000 rpm shear rate within 10 s duration to make them thoroughly dispersed in the fluidic suspension. Third, the cement solid admixture was introduced into the suspension (water and chemical additives) by the use of a table blender within 15 s at 4,000 rpm. Using a plastic spatula, the materials that were sticking to the inside wall of the table blender’s container were recovered to ensure slurry homogeneity. Then, the blending was continued for this suspension for another 35 s at 12,000 rpm.
The last slurry sample preparation step is conditioning. After mixing, each cement slurry sample was immediately conditioned as per the atmospheric conditioning method (API, 2013). This conditioning could make the slurry more homogeneously dispersed and pre-hydrated (Jafariesfad et al., 2017). The atmospheric pressure consistometer used is Grace® M7210. Before loading the slurry sample into the consistometer’s container, the bath oil temperature was maintained as the ambient temperature to prevent sudden thermal shock to the slurry (Bernard and Boukhelifa, 2006). The heating ramp was then applied (if required) as quickly as possible to the desired test temperature (e.g., 88°C ± 1°C). In the meantime, started stirring the slurry at 150 rpm with a specially designed paddle. The duration from the start of the heating ramp to the stop of conditioning was kept consistent for all slurry samples at 20 min ± 0.5 min. After this conditioning, the slurry sample is ready for the rheology test.
3.3 Rheology test
A kind of Couette coaxial cylinder rotational viscometer made by OFITE (OFITE 900 viscometer) was used in this study, which is compatible with the API standard (API, 2013; OFITE, 2018). On account of the relatively low viscosity of OWC slurries, the coaxial concentric bob (cylinder with a conical upper end)–rotor (cylindrical sleeve) geometry was considered suitable for testing the rheological properties of cement slurry. The inner radius of the rotor sleeve is 18.415 mm. The outer radius of the bob is 17.245 mm. Both of them are made of stainless steel with a smooth surface to minimize the friction error during the rotation testing. The rotor sleeve would rotate around the bob during the testing. The shear gap was set to 1.17 mm for all tests that would minimize the slippage effect between the bob’s outer surface and the inner surface of the rotor sleeve in rheology tests (Saak et al., 2001).
This viscometer has the built-in rheological data analysis software—ORCADA. It can analyze the recorded shear stress-shear rate data by fitting them to certain rheological models. The viscometer configuration was kept consistent for all tests. The bob-rotor unit was pre-heated at the desired testing temperature ahead of each rheology test to avoid the possible sudden thermal shock to the slurry sample.
Before commencing the rheology tests, the viscometer was calibrated using the NIST (National Institute of Standards and Technology, United States) certified standard calibration fluid with a known viscosity of 95.6 cP at 25°C provided by the manufacturer. Facilitated by the ORCADA software, the computer-controlled calibration method was successfully conducted as per the instruction manual from the manufacturer, OFITE (OFITE, 2018). The accuracy indicator of r2 is 0.9999, which is higher than the acceptance threshold of 0.9990 (OFITE, 2018).
When starting the rheology test, both the bob and the rotor would submerge into the slurry sample. The test slurry was contained in the annular space (the shear gap between the rotor sleeve and the bob). The angular displacement of the bob was automatically measured, transformed, and stored. This viscometer could maintain the temperature constant throughout each test by the use of the heat cup and thermocouple. Since the highest test temperature in this study was 88 °C, which is much lower than the water boiling temperature at atmospheric pressure, the slurry container (heat cup) was not covered for all the tests. An illustrative diagram of the rheology testing program is depicted in Figure 2.
[image: Figure 2]FIGURE 2 | Illustrative rheology testing program used in this study.
As for rheological properties determination, each slurry sample was subjected to a stepwise shear rate ramp or steady state flow with rheology measurements, which were conducted at 7 shear rates ranging from 3 RPM (5.11 s−1) to 300 RPM (511 s−1) to get the up flow curve. At each shear rate interval, the viscometer maintains the shear rate constant for 10 s. Then, the slurry sample was subjected to a stepwise shear rate descending from 300 RPM (511 s−1) to 3 RPM (5.11 s−1) to acquire the down flow curve. The thixotropy of each slurry sample can be analyzed by this hysteresis loop (Roussel et al., 2012; Ferron et al., 2013; Kawashima et al., 2013; Shahriar and Nehdi, 2014; Kolawole et al., 2019).
As for the static gel strength (GS) determination, the initial GS (10 s GS) and final GS (10 min GS) have been measured with the same rheological testing slurry. To perform this, each slurry sample was preconditioned again at a 511 s−1 shear rate for 1 min to destruct the gel structure constructed. Then the sample remained static for 10 s and was stirred again at a 5.11 s−1 shear rate. The maximum observed shear stress value was the initial GS. Similarly, after keeping the slurry sample static for another 10 min, the peak shear stress value was the final GS.
3.4 Compressive strength measurement
The compressive strength was measured in cylindrical samples of 3.0 inches in length and 1.5 inches in diameter. The measurement was performed using the scratch test (Richard et al., 2012; Murtaza et al., 2019b; Kolawole and Ispas, 2020). After the cement slurry preparation, it was poured into cylindrical molds; the samples were then cured for 1 week using a water bath, and every sample was subjected to a specific temperature and atmospheric pressure. After demolding the samples, they were tested using the scratch testing method. The measurement was conducted by performing 8 cuts for every measurement per sample. The depth of cut used was 0.05 mm. The compressive strength was performed on three samples representing every specimen, and the actual compressive strength for the specimen was considered as the average of the three measurements. To ensure the consistency of the results, the standard deviation for the three measurements performed for every specimen was calculated.
4 RESULTS AND DISCUSSION
4.1 Data processing and rheological model choice
As mentioned above, three repetitions of the rheology experiment have been carried out for each slurry sample. The primary experiment result data are shear rate, shear stress, and time. Other rheological properties (apparent viscosity, PV, and YS) can be derived by use of the regression analysis and the rheology model. Therefore, the averaged shear stress versus the corresponding shear rate along with its standard deviation have been listed in Tables 3, 4. The apparent viscosity values shown in Figure 3 are derived by the calculation method recommended by the manufacturer. The input shear stress data are the averaged values. In addition to this, the averaged shear stress is also the base of such plots: the hysteresis loop figure (Figure 4), the plots of plastic viscosity vs. shear rate (Figure 5), and the plots of yield stress vs. shear rate (Figure 6). Moreover, the gel strength measurement is relatively independent of these properties. Hence, Figure 7 is illustrated with both the averaged gel strength values and their standard deviations.
TABLE 3 | Shear stress vs. different shear rates with its standard deviation of the control slurry and MMII slurry samples.
[image: Table 3]TABLE 4 | Shear stress vs. different shear rates with its standard deviation of the control slurry and MMI slurry samples.
[image: Table 4][image: Figure 3]FIGURE 3 | Apparent viscosity versus shear rate of slurry samples. (A) On slurry samples incorporated with MMII; (B) on slurry samples incorporated with MMI; MMI refers to type I micro-sized magnesium oxide; MMII refers to type II micro-sized magnesium oxide; MM refers to micro-sized magnesium oxide.
[image: Figure 4]FIGURE 4 | Hysteresis loops of slurry samples. (A) Slurry samples (base slurry and mixed with MMII, respectively) tested under 25°C; (B) slurry samples (base slurry and mixed with MMII, respectively) tested under 88°C; (C) slurry samples (base slurry and mixed with MMI, respectively) tested under 25°C; (D) slurry samples (base slurry and mixed with MMI, respectively) tested under 88°C; MMI refers to type I micro-sized magnesium oxide; MMII refers to type II micro-sized magnesium oxide; MM refers to micro-sized magnesium oxide.
[image: Figure 5]FIGURE 5 | Plastic viscosity of slurry samples. (A) Slurry samples (mixed with MMII and MMI, respectively) tested under 25°C; (B) slurry samples (mixed with MMII and MMI, respectively) tested under 88°C; MMI refers to type I micro-sized magnesium oxide; MMII refers to type II micro-sized magnesium oxide; MM refers to micro-sized magnesium oxide.
[image: Figure 6]FIGURE 6 | Yield point (yield stress) of slurry samples. (A) Slurry samples (mixed with MMII and MMI, respectively) tested under 25°C; (B) slurry samples (mixed with MMII and MMI, respectively) tested under 88°C; MMI refers to type I micro-sized magnesium oxide; MMII refers to type II micro-sized magnesium oxide; MM refers to micro-sized magnesium oxide.
[image: Figure 7]FIGURE 7 | Gel strength of slurry samples. (A) Slurry samples (mixed with MMII) tested under 25°C; (B) slurry samples (mixed with MMII) tested under 88°C; (C) slurry samples (mixed with MMI) tested under 25°C; and (D) slurry samples (mixed with MMI) tested under 88°C; MMI refers to type I micro-sized magnesium oxide; MMII refers to type II micro-sized magnesium oxide.
The parameters of the three API (API, 2013) recommended rheology models are calculated by the use of the regression methods. The residual errors of each model and those model parameters can be found in Table 5. Even though the fitting accuracy of the Bingham model is not as good as the other two models’, the Bingham model is used afterward because it is the most used rheology model not only in literature but also in terms of field operations. Therefore, the rheological properties of all the slurry samples are chosen as the yield stress (τy) and the plastic viscosity (μp).
TABLE 5 | Parameters of rheology models and their residual errors.
[image: Table 5]4.2 Temperature and micro-sized magnesium oxide effects on the slurries’ apparent viscosity and thixotropy
The rheological properties, especially the shear-thinning/thickening regimes, of the base (MM-0-25, MM-0-88) and extended slurry samples (MMI-3-25, MMI-3-50, ……, and MMII-9-88) were examined at two different temperatures, namely 25 and 88°C. It should be pointed out that all the corresponding rheology test results (apparent viscosity, hysteresis loop, PV, YS, and gel strength) of the MMII-9-88 sample are all missed hereby because the slurry behaved unpumpable after atmospheric conditioning, especially when the slurry sample is kept static for even a short period (e.g., during the gel strength measurement period). Maybe this arises from the coupled effect between the relative higher binder-to-water mass ratio (MMII dosage as 9% BWOC, Table 2) and the packing mechanism from MMII (Wong and Kwan, 2008; Bellotto, 2013; Tao et al., 2020) (MMII denoting type II micro-sized magnesium oxide, which has a double particle size compared with the OWC’s, Figure 1).
As shown in Figure 3, the higher temperature would generally decrease the apparent viscosity. With increasing shear rate, all slurry samples behaved in shear-thinning and non-Newtonian flow regimes (Daccord et al., 2006). When increasing the shear rate, the cement’s flocculation structure is destructed and the free water in the slurry is increased, so the slurry’s viscosity decreases gradually (Wang et al., 2021).
Meanwhile, regardless of the type of magnesium oxide and temperature, all curves converge when approaching certain high shear rate (around 340 s−1). This means the effect of temperature on rheological properties would fade away at sufficient high shear rate conditions. Because the whole rheology test was finished in the induction period of cement slurry, most of the water content is inhibited by the impermeable hydration layer on the particle’s surface, with a small amount of it hydrated (Erik, 2006). The mechanical agitation by increasing the shear rate breaks the flocculation structure among pre-hydrated particles and releases free water. The equilibrium state of flocculation and free water release probably takes place when the shear rate is increased to some extent. Moreover, the viscosity of shear-thinning fluid, such as cement slurry, has a gradually decreasing trend with the shear rate increasing within the laminar flow scope (Daccord et al., 2006). Hence, for these reasons, the apparent viscosity of slurry samples will probably converge more or less with an increasing shear rate. Nevertheless, in the medium shear rate scenarios, the shear stress would be higher in the lower temperature case. The higher dosage of micro-sized magnesium oxide causes the apparent viscosity to increase. Furthermore, the type II micro-sized magnesium oxide makes this increment more apparent than the type I micro-sized magnesium oxide. This probably arises both from the more irregular shape of MMII (the sphericities of MMII and MMI are 0.81 and 0.84 respectively, D50) and the particle packing phenomenon at the early age of the OWC slurry (Antoni et al., 2019; Chateau, 2012; Kumar and Santhanam, 2003; Mooney, 1951). In addition to the particle size, other factors, like the surface morphology, will also play an important role in the initial fluidic condition of the cement slurry. The particles with different surface morphology will impact the rheological properties of cement pastes differently even if the particles are in the same oxide chemical composition (Li et al., 2020). Based on Figure 1, the type II micro-sized magnesium oxide is around double the size of type I. Moreover, the particle size of type I micro-sized magnesium oxide is similar to that of OWC. This makes the slurry mixed with type II micro-sized magnesium oxide more packed/condense than the slurry blended with type I micro-sized magnesium oxide. Then the solid volume fraction increased in the slurry mixed with type II micro-sized magnesium oxide. Particle packing will cause the water film between particles to be thinner, which then increases the physical interaction between particles (Wong and Kwan, 2008). Thus, the fluid phase in the slurry suspension system will flow in a more difficult way in the slurry mixed with type II micro-size magnesium oxide. Then the shear stress and corresponding apparent viscosity will increase.
The slurry samples’ hysteresis loop curves are depicted in Figure 4. Based on the definition of thixotropy of cement slurry, the enclosed area of each curve represents the extent of thixotropy.
When comparing the slurry samples at different temperatures (Figure 4A vs. Figure 4B, Figure 4C vs. Figure 4D), the hysteresis takes place more prominently. This indicates that the slurry formed less structures under ambient temperature. It is probably due to the lower hydration kinetics under the lower temperature conditions.
When comparing the slurry samples regarding different types of magnesium oxide (Figure 4A vs. Figure 4C, Figure 4B vs. Figure 4D), the slurry mixed with type II micro-sized magnesium oxide is prone to higher thixotropy than the rivals from type I micro-sized magnesium oxide blended slurry. When cement slurry has different particle size and density constituents (e.g., the density of Portland cement is 3.15 g/cm3, the density of magnesium oxide is 3.58 g/cm3), settling and packing will probably occur (Ahmed et al., 2020; Ahmed et al., 2019). These mechanisms may also cause this to occur. When going through the flow-up curve, with the increasing shear rate, the “settled” packing matrix with different particle-sized OWC and magnesium oxide (type II) makes the flow more difficult than the relative unpacked matrix from type I micro-sized magnesium oxide suspension. More shear stress will be consumed to break up this “settled” packing system. Vice versa, when proceeding with the flow-down curve, the shear stress decreases more than its rival value at the flow-up curve because most of the particles are already stirred up, and the packing matrix was destructed. However, in terms of the slurries blended with type I micro-sized magnesium oxide, the whole particle suspension matrix behaves similarly regardless of the shear rate variation (the up curve and the down curve). Hence, the shear stress shows not much divergence at the same shear rate condition. Thus, the thixotropy of the slurry samples mixed with MMI is less than its rival samples mixed with MMII.
4.3 Impacts of temperature and micro-sized magnesium oxide on the plastic viscosity of slurry samples
The plastic viscosity (PV) of slurry samples plotted against the temperature and type of magnesium oxide was depicted in Figure 5. The values of PV were obtained with a linear regression based on the shear stress and shear rate data (Tables 3, 4). Therefore, it should be noted that the calculated PV does not always truly represent the tested slurry samples properly since possible errors could be involved in this fitting process (Saak, 2000; Shahriar, 2011).
Figure 5A shows the response of PV from three dosages of two types of MM under a 25°C testing temperature. In general, the PV gradually decreased with increased MMII dosage. However, in the case of MMI, the PV varies little with the increase in MMI dosage. It can be observed that PV was impacted more by the dosage of MMII rather than MMI cases under 25°C. Figure 5B correlates to the two types of MM dosages at 88°C testing temperature. The variation trend of PV behaves in a similar way as in Figure 5A.
When comparing these two subfigures, the PV increases with the increment of temperature regarding the same dosage and formulation of slurry. This perhaps arises from the higher hydration kinetics of cementitious materials when subjected to higher temperature conditions (Carette and Staquet, 2016a,b; Gastaldi et al., 2012; Shahriar and Nehdi, 2012). Moreover, the larger particle size of MMGO incorporation would decrease the PV (e.g., MMII-9-25 vs. MMI-9-25). This probably was derived from the different particle sizes and specific surface areas between the two types of magnesium oxide. Since the MMI has almost half the particle size compared with MMII particles, the interaction between particles in the MMI mixed suspension would be stronger than in the case of MMII. When cement slurry was flowing, this stronger interaction would reflect the PV increase. This trend will become more apparent coupled with dosage increment. In the case of MMI (around 50 microns), the dosage of MM has little impact on PV.
4.4 Influences of temperature and micro-sized magnesium oxide on the yield stress of slurry samples
Figure 6A depicts the influence of dosage and type of MM on the yield stress (YS) of slurry samples at 25°C testing temperature. Similarly, Figure 6B shows the cases of slurry samples under high temperature at 88°C. All of these histograms were obtained by the use of a stepwise shear rate sweep (mentioned above in the rheology test section) on those cement slurries. Then, these flow curves were applied to resolve the YS by the use of linear regression analysis.
As can be observed from Figure 6A, the YS would increase generally with the dosage of MM increasing (except in the MMI-9-25 case). The rate of increase of YS from MMII dosage samples was much higher than the rival part-the MMI mixed samples. Since the YS is the indicator of making the slurry flow from a static state, this different behavior of the YS may again arise from the particle packing factor. Compared to Figure 6A,B, temperature plays a negative effect on YS. This is likely attributed to the offset acceleration of cement particle hydration when mixing a higher dosage of MM particles. Some studies point out that the hydration of magnesium oxide does not interact with the cement particle hydration products (Vandeperre, 2008). Hence, when introducing more MM particles into the OWC slurry, the water consumption with OWC particles would be decreased. Thus, the internal interaction structure (like C-S-H gel) among OWC particles would hereby decrease.
4.5 Effects of temperature and micro-magnesium oxide on the GS of slurry samples
Figure 7 was derived by using the static GS measurement method mentioned above. Specifically, Figures 7A,B both represented the 10 s static GS and 10 min static GS of slurry samples blended with type II magnesium oxide at two temperature conditions. While Figures 7C,D refer to the cases of slurry samples mixed with type I magnesium oxide. In general, the values of 10 min GS were always higher than the values of 10 s GS. This is probably because of more internal interaction and formation of gelling structure when the slurry was subjected to the longer static state.
When comparing the subfigures from two types of magnesium oxide, they result in a contrary impact on GS development. As for the MMI samples (Figures 7C,D) with smaller particle sizes, both 10 s and 10 min GS showed a decreasing trend in terms of temperature increase. However, on the other hand, when using MMII, the higher temperature makes the 10 min GS increase substantially. A possible reason could be the same as mentioned in the above section. MMI has a smaller particle size compared with MMII. This means, with the same dosage, the water bonded with magnesium oxide particles would be more in terms of the MMI case. Furthermore, the hydration product of magnesium oxide is hydroxide, which would not interact with the C-S-H gel structure in the hydration process of OWC particles (Vandeperre, 2008). Hence, the internal structure (perhaps the C-S-H gel structure) would be less formed in the slurry sample blended with MMI. When subjected to a higher temperature, faster hydration would cause this internal structure quantity difference to increase substantially . Therefore, the GS of the slurry samples admixed with MMII would probably increase when subjected to higher temperature conditions.
In terms of the same type of magnesium oxide admixture, the GS usually has a positive correlation with the MM dosage. Higher dosage means higher gel strength. This probably is because more incorporation of magnesium oxide particles increases the solid-to-water mass ratio of the slurry suspension (Shahriar and Nehdi, 2014). In general, the trends of GS in Figure 7 were in rough agreement with those of YS in Figure 6.
4.6 Influences of curing temperature, dosage, and type of magnesium oxide on the compressive strength
As for the compressive strength tests, the standard deviation was found to be a maximum of 2.4 MPa for sample MMII-9-25, which confirmed the high consistency of the measurements. All the standard deviations and the corresponding averaged compressive strength results are plotted in Figure 8. This figure compares the compressive strength of the cement samples after 7 days of curing at 25°C and 88°C at different concentrations of MMI and MMII. As indicated in Figure 8A, for the samples cured at 25°C, the compressive strength of the samples prepared with both types of magnesium oxide (MMI and MMII) behaved similarly with the increase in the magnesium oxide concentration, where the compressive strength was increased with the addition of magnesium oxide. The rate of increase for the samples with MMII is greater than that for the samples with MMI. The compressive strength for the base sample prepared without magnesium oxide was 36.3 MPa (Figure 8A). The compressive strength of the samples increased slightly to 39.3 and 42.8 MPa after the addition of 3% and 9% of MMI, respectively, and considerably increased to 42.5 and 50.1 MPa after the addition of 3% and 9% of MMII, respectively.
[image: Figure 8]FIGURE 8 | Compressive strength of the cement samples after 7 days of curing. (A) Slurry samples (mixed with MMI and MMII, respectively) tested under 25°C; (B) slurry samples (mixed with MMI and MMII, respectively) tested under 88°C; MMI refers to type I micro-sized magnesium oxide; MMII refers to type II micro-sized magnesium oxide.
The change in the compressive strength at high temperature behaved differently as shown in Figure 8B. The compressive strength for the samples with MMII increased after the addition of 3% MMII to achieve 50.7 MPa, then decreased to 36.7 Mpa, which is less than the compressive strength of the samples prepared without magnesium oxide (43.0 MPa). For the samples prepared with MMI, the compressive strength decreased slightly to 38.1 MPa after incorporating 3% of MMI; then it did not show great variation after the addition of 9% of MMI to stabilize at 39.2 MPa.
This phenomenon perhaps means that the expansion from the hydration of magnesium oxide particles in the cement slurry matrix will take different roles in terms of the whole consolidating structure formation. When the specimens were cured under low temperature, all the specimens showed a positive correlation with the dosage variations. Hence, the expansion from the hydration of magnesium oxide probably behaved synchronously with the solidification process of the cement matrix (Jafariesfad et al., 2017). This made the set cement matrix condenser and stronger. On the contrary, when the specimens were cured under high temperature, both magnesium oxides (MMI and MMII) hydrated faster. Coupled with the different particle sizes and their micromorphological features, the two kinds of specimens (mixed with MMI vs. MMII) behaved in different ways. The MMII magnesium oxide probably hydrated faster than the MMI magnesium oxide and the cement particle hydration was probably compatible with the MMII rather than the MMI magnesium oxide. So, the compressive strength of MMI specimens decreased a bit, probably because the magnesium oxide hydrated at the later stage of the consolidation process of the cement matrix (José et al., 2020). However, when the dosage of MMII was increased to a certain level (e.g., 9% in this study), the over-expansion from MMII particles would offset its positive effect of condensing the cement consolidating matrix (Hammad and Altameini, 2002).
5 CONCLUSION
The effects of two types of magnesium oxide additions on the rheological behavior and compressive strength of API Class G OWC slurries were investigated at 25 and 88°C. Some conclusions based on the experimental results can be drawn as stated below. With this study, more insights are obtained about the impact of micro magnesium oxide on the rheological and mechanical properties of OWC slurries at different temperatures, which will enrich the knowledge of using magnesium oxide as a kind of expansive additive, especially in terms of oil and gas well cementing surroundings.
• The PV of tested slurries decreased with the incorporation of magnesium oxide powder into the OWC slurries. The most decrements were 27.0% (type II, 9%, 25°C) and 15.1% (type II, 3%, 88°C), respectively. This would benefit the workability of the OWC slurry when undergoing the displacement operation in the field.
• The magnesium oxide powder used in this work increased the YS, which would impact the pumpability of OWC slurries negatively. For instance, the YS increased by 258.5% (type II, 3%, 88°C) and 53.9% (type II, 9%, 25°C), respectively. However, since dispersant was not used in this study, further research in terms of extended slurry samples incorporating dispersant is necessary to be conducted.

• The type of magnesium oxide plays an important role in alternating the thixotropy, GS, and YS. The GS generally increased as the magnesium oxide dosage increased. However, all tested slurry samples showed shear-thinning behavior and non-Newtonian characteristics. Based on this study, the magnesium oxide powder with a larger particle size will impact these properties more apparently than the magnesium oxide with a smaller particle size. Among the tested slurry samples, incorporation of magnesium oxide with a smaller particle size was found to achieve better rheological performance even if no dispersant exists. That probably means that in addition to the particle size, other factors could impact the initial fluidic conditions in the cement slurry, such as the particle packing, the density difference, and the different particle surface morphology features.
• The impact of these two magnesium oxides (MMI, MMII) on compressive strength varies differently depending on different curing conditions and dosages. Both magnesium oxide additions studied in this work played positive roles in improving the compressive strength of cured cement specimens under a low-temperature condition (25°C). However, when cured at a high temperature (88°C), MMI magnesium oxide addition will decrease the compressive strength by 11%. Increasing the dosage (from 3% to 9%) will mitigate this decrease. On the other hand, the compressive strength is much more sensitive to the dosage of MMII magnesium oxide. Based on this work, 3% MMII magnesium oxide addition will improve the compressive strength by 17.9%, while a 9% addition will decrease it by 14.7%.
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r,—yield point (yield stress). k—consistency index. n—flow behavior index. S8, —residual error (sum of the squared residuals between the predicted values and the original values).
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Gypsum, syn (CSH,, calcium sulfate dihydrate) 040 0.00 0.00 0.00
Brownmillerite, syn (C, AR tetra calcium alumina ferrite) 19.20 0.00 0.00 0.00
Periclase (MgO, magnesium oxide) 010 100.00 0.00 99.70
Quartz (SiO,, silicone oxide) 0.00 0.00 99.50 0.00
Aluminum gallium phosphate (AL, Ga)P) 0.00 0.00 0.50 0.00
Other 0.00 000 0.00 030
Ca0 65.96 073 017 1.03
$i0, 18.19 023 98.90 0.06
ALO, 3.08 0.00 079 001
Fe,04 676 058 0.04 049
TiO, 028 0.00 0.07 0.00
50, i 004 0.02 096
K,0 095 000 0.00 0.00
MgO 0.00 98.29 0.00 97.41
MnO 0.00 012 0.00 0.03
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