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Under conditions of heavy oil thermal recovery, cement sheaths often suffer high-
temperature performance degradation and CO2 corrosion. The performance of Class
G oil well cement commonly used for cementing, deteriorates significantly at high
temperatures and in CO2 environments, which can easily cause accidents. By contrast
aluminate cement (CAC), at the same time, has good high-temperature resistance and
corrosion resistance. Therefore, this study explored the mechanical properties and
permeability of CAC with a high-temperature stabiliser cement slurry system (C1), pure
CAC slurry system (C2) and Portland cement with sand cement slurry system (C3) before
and after corrosion at 50, 300, 400, 500, and 600°C. The micromorphology, hydration
products and pore structure of the cement paste before and after corrosion were analyzed
using scanning electron microscopy, X-ray diffraction, thermogravimetry and nitrogen
adsorption specific surface area and pore diameter analysis; additionally, the hydration
mechanism of CAC under high temperatures and in CO2 environments was explored. The
results show that the degree of degradation of the mechanical properties of C1 cement
slurry system at high temperatures and under CO2 corrosive environments is significantly
lower than that of the C3 cement slurry system. At a curing high temperature of 400°C, the
maximum strength of the C1 cement paste reached 36.39 ± 0.37 MPa. The addition of a
high-temperature stabiliser improved the mechanical properties of CAC at low
temperatures, reduced the formation of C3ASH4 in the cement paste at high
temperatures, and improved the strength of the cement paste after high-temperature
curing. Compared with the C3 cement slurry system, the C1 cement slurry system had
better high-temperature resistance and corrosion resistance and was more suitable for
application under conditions of a burning reservoir in heavy oil thermal recovery.
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1 INTRODUCTION

With the deepening of oil and gas exploration and development to complex strata, some special oil
reservoirs have attracted increasing attention from the petroleum industry, among which the
exploitation of heavy oil has become an interesting topic in recent years (Yue et al., 2013). At
present, the recovery methods for heavy oil primarily include steam driving and oil layer burning
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(Pang et al., 2018; Strelets and Ilyin, 2021). Burning oil layer is the
first thermal oil recovery technology used to develop heavy oil
(Askarova et al., 2020). Compared with other heavy oil
development technologies, this method has unique high-
temperature operation characteristics. A series of chemical
reactions occur during crude oil heating and combustion,
which are generally divided into thermal cracking, low-
temperature oxidation and high-temperature oxidation. During
combustion reservoir development, the temperature of the
combustion front in the reservoir can reach 500°C; the main
chemical reaction in such conditions is high-temperature
oxidation, and the main products are CO2, CO and H2O
(Pahlavan and Rafiqul, 1995; Jain et al., 2010). CO2 gas
produced after high-temperature oxidation is extremely
corrosive in the presence of H2O in the oil layer. However,
under the combined action of high temperature and CO2

corrosion, the strength of ordinary Portland cement may
decrease, its permeability may increase, and its integrity may
be damaged (Abid et al., 2015; Achang and Radonjic, 2021). The
CO2 corrosion in oil well cement is mainly caused by the
dissolution of CO2 gas present in the oil layer in water,
formation of corrosive carbonic acid (H2CO3), and chain
reaction between bicarbonate (HCO3

−) and the hydration
product of cement paste formed at high temperatures to form
calcium carbonate (CaCO3) crystals (Zhang et al., 2021a; Zhang
et al., 2021b). Thus, the original structure of the cement paste is
destroyed, leading to the failure of the cement sheath isolation.

At present, domestic and foreign scholars studied cementing
slurry systems suitable for heavy oil thermal recovery, mainly in
the following two directions: one is the optimization of the
chemical composition of cement to increase the relative
content of high-temperature resistant hydration products in
cement hydration products (Dener et al., 2021; Yang et al.,
2021; Frías et al., 2022); the other is the introduction of
materials with high strength and high thermal conductivity at
high temperatures to optimize the internal microstructure of
cement paste (Jiang et al., 2021a; Jiang et al., 2021b; Zhang et al.,
2021c). However, most of the existing studies focused on
addressing the problem of strength decline at high
temperatures, but ignored the damage to the cement sheath
caused by CO2 corrosion. It was found that compared with
ordinary Class G oil-well cement, aluminate cement (CAC)
has better high-temperature resistance, with rapid early
strength development, less strength declines at high
temperatures, and better corrosion resistance (Cheng et al.,
2019; He et al., 2020). Therefore, it is crucial to explore the
interaction mechanism between CAC and CO2 at high
temperatures.

In this study, the mechanical properties and permeability of
three cement slurry systems, CAC slurry system, CAC with high-
temperature stabiliser cement slurry system, and Portland cement
with sand cement slurry system, were studied at 50, 300, 400, 500,
and 600°C before and after corrosion. The scanning electron
microscopy (SEM) was used to analyze the microstructure of
cement pastes before and after corrosion, The X-ray diffraction
analysis (XRD), thermogravimetry analysis (TG/DTG) and
nitrogen adsorption specific surface area and pore size

analyzer (BJH) were used to analyze the hydration products
and pore structure of the cement before and after corrosion.
The mechanism of CO2 corrosion of CAC and the hydration
mechanism were explored by mechanical and microscopic
analysis.

2 EXPERIMENTAL METHODS

2.1 Reagents and Materials
Cements used in this study were Class G high sulfate resistant oil-
well cement produced by Sichuan Jiahua Special Cement Co., Ltd.
Leshan, China and CAC produced by Zhengzhou Great Wall
Special Aluminate Co., Ltd. Zhengzhou, China. The chemical
compositions of the Class G oil-well cement and CAC are shown
in Tables 1, 2.

The admixtures were high-temperature stabiliser (HS-KZS)
produced by Sichuan Hongsheng Petroleum Technology Co.,
Ltd. Chengdu, China, fluid loss reducer (G33S), retarder, and
dispersant (SXY-2) produced by Henan Weihui Chemical Co.,
Ltd. Weihui, China. The quartz sand was provided by OMAX
Petroleum Technology Co., Ltd. Chengdu, China, and its particle
size is shown in Figure 1. The median particle size D50 of quartz
sand is 193.88 μm.

The chemical composition and micromorphology of HS-KZS
are shown in Figure 2 and Table 3, respectively. Table 3 shows
that the content of CaO in the high-temperature stabiliser is up to
35%. CaO is an alkaline oxide with high activity. The Al2O3

content is 14.51%, which can form minerals such as aluminate or
calcium aluminosilicate. The high-temperature stabiliser contains
more SiO2, approximately 34%. The high SiO2 content leads to
the formation of low activity and low calciumminerals, which can
adjust the hydration products of cement and improve the
strength of cement paste (Quercia et al., 2014; Tobón et al.,
2015; El-Gamal et al., 2018).

Figure 2 presents the micromorphology of the high-
temperature stabilizer, and shows that the high-temperature
stabiliser is an irregular block with relatively small surface-
attached particles. This structure improves the particle
gradation of cement particles to a certain extent, reduces the
gap between cement particles, increases the density of cement
paste, and improves the strength of cement paste after setting and
hardening.

2.2 Experimental Methods
Three different cement slurry systems C1, C2, and C3 were
prepared according to the specifications for oil-well cement
materials and experiments recommended by API RP 10 B
(American Petroleum Institute, 2013). The cement slurry
formula is shown in Table 4, and the water-cement ratio of
the prepared cement slurry is 0.44. The prepared slurry was
poured into the corresponding mould and cured in a
constant-temperature water bath at 50°C for 7 days. Then,
some of the samples were removed from the water bath and
cured in a tubular resistance furnace at 300, 400,500, and
600°C in a CO2 atmosphere for 7 days. The heating regime was
25–70°C, for 60 min, 70–90°C, for 60 min, 90–100°C, for
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15 min, followed by heating to the target temperature, which
could prevent the damage to the cement paste sample during
heating.

The compressive strength test was conducted in accordance
with the GB/T 19139-2012 Chinese national standard oil-well
cement test method (China National Standard GB/T 1939-2012
Oil Well Cement Test Method, 2012). The prepared slurry was
cured in a cube mold (50.8 mm × 50.8 mm × 50.8 mm) to a
predetermined age. Then, the TY-300 pressure testing machine
(ChinaWuxi, Jianyi) with a loading rate of 71.7 kN/min ± 7.2 kN/
min was used to test. The tensile strength test was carried out in
accordance with the Brazilian split tensile test method
(Suchorzewski et al., 2018), and the split tensile strength of the
columnar (Φ50.8 mm × 25.4 mm) cement paste was tested using
at TY-300 compression testing machine.

The DX-2700 X-ray diffractometer (Dandong Fangyuan
Instrument Co., Ltd. Dandong, China) was used to study the
phase change of cement paste before and after corrosion. The
test conditions were as follows: scanning step length of 0.04°,
each step time of 1s, and the diffraction angle range of 5–80°.
The permeability of the cement paste was tested using a DSK
quasi-III core porosity and permeability joint tester
(Changzhou Yiyong Technology Co., Ltd. Changzhou,

China), and the permeability and porosity of the cement
pastes were analyzed under different temperatures and CO2

gas atmospheres. A ZEISS EVO MA15 scanning electron
microscope (Carl Zeiss, Germany) was used to observe the
microscopic morphology of the high-temperature stabiliser
and the cross-sectional morphology of the cement paste
samples. The dried cement pastes were knocked into small
thin sheet samples, and then the block sample was glued to the
sample base with conductive adhesive. The fresh section of the
sample was sprayed with gold by ion sputtering and then
placed under a scanning electron microscope for observation.
The working voltage was 5 kV and the transmitting current
was 10 μA. The heat loss of the selected cement pastes was
tested using a TGA/SDTA851/e thermal analyser (Mettle
Toledo, Switzerland). The heating rate was 10°C/min, the
temperature range was 25–600°C, and the atmosphere was
60 ml/min nitrogen. The dried cement paste sample was
broken, and then the cement paste sample was ground with
a mortar into fine power. The sample was then placed into the
instrument and the parameters for testing were set.

TABLE 1 | Chemical composition of Class G oil well cement.

Composition SiO2 CaO Al2O3 Fe2O3 MgO K2O Na2O Other Loss

Content (%) 20.38 61.79 3.37 4.15 1.95 0.45 0.23 5.07 2.61

TABLE 2 | Chemical composition of CAC.

Composition CaO SiO2 Al2O3 MgO SO3 Fe2O3 Na2O FeO K2O Na2O

Content (%) 37.85 4.94 55.29 0.05 0.03 0.68 0.06 0.03 0.13 0.09

FIGURE 1 | Particle size distribution chart of quartz sand.

FIGURE 2 | Microstructure of high-temperature stabiliser.
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3 RESULTS AND DISCUSSION

3.1 The Properties of Cement Slurry
Table 5 shows the engineering properties of different cement
slurry systems. Table 5 shows that the density of the C1 cement
slurry is 1.85 g/cm3, C2 cement slurry is 1.84 g/cm3, and C3
cement slurry is 1.91 g/cm3. The fluidity of the C1 cement slurry
is 24.1 cm, C2 cement slurry is 18.2 cm, C3 cement slurry is
26 cm. The density and fluidity of the C3 cement slurry is the
relatively high, and the flow behavior index of C3 cement slurry is
0.98, the consistency coefficient is 0.078, which indicates that the
addition of sand had great influence on the engineering properties

of cement slurry. However, the addition of the high-temperature
stabiliser had little influence on the density but greater on the
fluidity, the flow behavior index and the consistency coefficient.
In the early stage of cement hydration, the high-temperature
stabiliser particles were distributed on the surface of the cement
particles and wrapped the surface of the cement particles, which
played a role in delaying the mutual overlap of the initial
hydration products of the cement. In addition, it had a
blocking effect on the contact between cement particles and
water, which slowed down the hydration process of cement,
and increased the fluidity of cement slurry to a certain extent,
but increased the viscosity of cement paste.

3.2 Compressive Strength and Tensile
Strength
Figure 3 shows the compressive strengths of the three cement
slurry systems—C1, C2, and C3 cured at different temperatures.
The figure shows that at the curing temperature of 50°C, the
minimum compressive strength of C2 cement paste is 13.69 ±
0.69 MPa, which is 31% lower than that of C3 cement paste and
35% lower than that of C1 cement paste. This is because CAC
hydration is considerably affected by temperature (Ukrainczyk
and Matusinović, 2010; Klaus et al., 2013), and the strength
development is unstable at low temperatures. Meanwhile, the
C1 cement slurry contains high-temperature stabiliser, which
promotes the hydration of cement, and its filling effect also
improves the compressive strength of the cement paste. In
addition, CAC cement paste is prone to strength shrinkage
when cured for 7 days (Fernández-Jiménez et al., 2011), and the
addition of a high-temperature stabiliser in C1 can inhibit this
phenomenon; therefore, its strength is higher than that of C2.
The compressive strength of the cement pastes at various
temperature points at high temperatures is C1 > C2 > C3. At
the curing temperature of 400°C, the maximum strength of C1
cement paste is 36.39 ± 0.37 MPa, while the compressive
strength of C2 cement paste without a high-temperature
stabiliser was only 25.29 ± 0.51 MPa, indicating that the
addition of a high-temperature stabiliser can effectively
inhibit the strength decline of CAC cement paste at high
temperatures. The compressive strength of the C3 cement
paste is relatively low at all temperature points, which

TABLE 3 | Chemical composition of high temperature stabilizer.

Chemical composition CaO SiO2 Al2O3 MgO Fe2O3 SO3 Total

Percentage (%) 36.68 34.37 14.51 9.69 0.80 0.73 96.78

TABLE 4 | Formula of cement slurry (mass fraction %).

Group CAC Class G oil cement Quartz sand High-temperature stabilizer Fluid loss agent Dispersant Retarder

C1 100 0 0 30 1 0.5 0.5
C2 100 0 0 0 1 0.5 0.5
C3 0 100 40 0 1 0.5 0.5

TABLE 5 | Engineering properties of cement slurry.

Group Density (g/cm3) Fluidity (cm) n K (Pa·sn)

C1 1.85 24.1 — —

C2 1.84 18.2 0.67 0.81
C3 1.91 26 0.98 0.078

FIGURE 3 | Compressive strength of cement paste cured at different
temperatures.
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indicates that high temperature and CO2 significantly impact
the mechanical properties of the C3 cement paste. Portland
cement is more susceptible to corrosion and damage than CAC,
although sand addition has a certain inhibitory effect on its
high-temperature strength decline.

Figure 4 presents the tensile strengths of the C1, C2, and C3
cement pastes cured for 7 days at different temperatures and gas
environments. Figure 4 shows that the tensile strengths of the three
cement pastes decrease with the increase in curing temperature,
and the tensile strengths of the cement pastes C1 >C2 > C3 at each
temperature point. Owning to the addition of a high-temperature
stabiliser, the tensile strength of the cement paste is relatively high

at low and high temperatures, and its tensile strength decreases less
at high temperatures and CO2 environments, resulting in the
maintenance of good mechanical properties. The tensile
strength of the C3 cement decreases rapidly under high
temperatures and CO2 environments until it completely loses its
strength. This indicates that the integrity of the C3 cement is
seriously damaged by high temperatures and corrosion.

Based on the above analysis, CAC has higher stability than
Class G oil-well cement under high temperature and CO2

corrosion, especially after the addition of high-temperature
stabiliser to CAC; the mechanical properties of the cement
pastes, however, are relatively stable.

3.3 Porosity and Permeability
The pore structure of cement paste has a certain impact on its
mechanical properties. Therefore, this study explored the porosity
and permeability of the C1 andC3 cement paste systems after curing
in different environments. Figure 5 shows the porosity distributions
of C1 and C3 at different temperatures. Figure 6 suggests that the
porosity of C1 is significantly lower than that of C3 cement at 50°C.
However, at the curing temperatures of 300, 400, 500, and 600°C and
under CO2 atmosphere, the porosity of the C1 cement increases
significantly and exceeds that of the C3 cement. Notably, at the
curing temperatures of 400°C, and higher, the porosity of the C1
cement paste remains stable with the increaser in temperature, while
the porosity of the C3 cement paste shows a growing trend with the
rise of temperature. The increase in porosity of the C1 cement paste
was caused by the temperature increase, evaporation of free water in
the cement paste, and volume shrinkage caused by the crystal
transformation of the hydration products.

Figure 6 presents the permeability curves of the C1 and C3
cement slurry systems after curing at different temperatures.
Figure 6 shows that the permeability of C3 is higher than that
of C1 when cured at 50°C. At the curing temperature increases to
300°C, the permeability of the C1 cement paste remains

FIGURE 4 | Tensile strength of the cement paste cured at different
temperatures.

FIGURE 5 | Porosity diagram of C1 and C3 cement pastes after curing at
different temperatures.

FIGURE 6 | Permeability of C1 and C3 cement pastes at different
temperatures.
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unchanged, but the permeability of C3 increases. This indicates
that after a partial water loss, the porosity of C3 cement may be
increased owning to corrosion, which increases permeability. A
comparison of the permeabilities of the C1 and C3 cement pastes,
shows that the C1 cement slurry system has stronger resistance to
high temperatures and CO2 environments, and its performance is
better than that of the C3 cement slurry system.

Based on the above analysis, the C1 cement slurry system has
better stability than the C3 cement slurry system under high
temperature and CO2 environments. However, although C1 has
high strength, its porosity and permeability are also relatively
high. Therefore, it is necessary to explore the pore size
distribution of the cement pastes.

3.4 Pore Size Distribution
In this study, the pore size distributions of the C1 cement
paste cured at 50 and 600°C in a CO2 atmosphere were
investigated. Figure 7 shows the pore size distribution
curves of the C1 cement paste cured at 50 and 600°C in a
CO2 atmosphere. Figure 8A that the pore size of the C1
cement paste is mainly distributed in the range of 0–10 nm,
and there are no lager pores, which is also the reason for the
higher compressive strength and tensile strength of the C1
cement paste. Comparison of the C1 cement paste cured at 50
and 600°C shows that the volume change rate of the C1 cement
paste cured at 600°C is higher than that of the C1 cement paste
cured at 50°C, and the cumulative pore volume of the C1
cement paste cured at 600°C is also higher than that of the C1
cement cured at 50°C. Results of the tensile strength test
suggest that the increase of macropores in the cement paste
pore structure decreases tensile strength. Meanwhile, when
combined with the results of porosity analysis they show that
the increase in curing temperature mainly causes the
evaporation of free water inside the cement pastes and the
transformation and shrinkage of C2ASH8, C2AS and other
phases (Wu et al., 2021).

Based on the results of porosity analysis, permeability and pore
size distribution changes, although C1 cement pastes have higher
porosity and permeability, their internal pores are small. Studies
have shown that in cement pastes, pores with a diameter of less
than 20 nm are harmless, 20–50 nm pores are less harmful, and
pores greater than 50 nm are harmful (Zhang et al., 2020).
Figure 7B shows that the percentage of harmless pores in the
cement paste after curing at 600°C is lower than in that cured at
50°C, while the percentage of harmful pores are almost equal,
implying that the mechanical properties of the two should be
similar from the pore structure perspective. In addition, the phase
composition and microstructure of cement pastes also have a
certain impact on the mechanical properties of cement pastes.
Therefore, the phase composition and micromorphology of
cement pastes at different temperatures are discussed in the
following sections.

FIGURE 7 | Pore size distribution curve (A) and histogram (B) of C1 cement paste after curing at 50 and 600°C.

FIGURE 8 | XRD diffraction patterns of C1 cement paste under different
curing environments.
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3.5 Phase Composition
In this section, the phase changes of the C1 and C3 cement slurry
systems at different temperatures (50, 300, 400, 500 and 600°C) in a
CO2 environment after curing for 7 days are explored. Figure 8
shows the XRDdiffraction pattern of the C1 cement paste.Figure 8
shows that the C1 cement paste cured at 50°C is mainly composed
of C2ASH8, C3AH6, C2AH8 and Al(OH)3 phases (Mostafa et al.,
2012). C2ASH8 is stabilized by the aggregation of Al(OH)3 and
C-S-H gel-containing rock, which is beneficial to the strength of C1
cement at low temperatures. With an increase in temperature,
C2AH8 and CAH10 in C1 cement paste undergo phase
transformation into C3AH6 (Hidalgo et al., 2009; Chavda et al.,
2015), which has a relatively stable crystal phase and is one of the
main strength sources of CAC (Mostafa et al., 2012). However, in
this process, the porosity and permeability of the cement paste
became larger, which leads to a certain reduction in the strength of
cement pastes (Ukrainczyk and Matusinović, 2010). At 300 °C in a
CO2 environment, the hydration product C2ASH8 in the C1
cement paste decomposed into C2AS. At the same time,
Al(OH)3 was dehydrated and decomposed to into Al2O3. With
the increase in C2AS in the C1 cement paste, the strength of the
cement paste increased to a certain extent. At the temperature of
500°C, part of C2AS decomposed into C12A7, which is still
beneficial to the strength of the C1 cement. At the curing
temperature of 600°C, the main phases of C1 cement were
C2AS and C12A7 (Lee et al., 2017). Therefore, the cement pastes
maintained a high compressive strength and tensile strength, which
is consistent with the changes in the mechanical properties
obtained in the previous test.

Figure 9 shows the XRD patterns of the C3 cement slurry
system after curing for 7 days at different temperatures (50, 300,
400, 500, and 600 °C) in a CO2 atmosphere. Figure 9 shows that
the main phases of C3 cement cured at 50°C are CH, SiO2, C-S-H
and CaCO3 (Chen et al., 2021; Chen et al., 2022). A large amount

of SiO2 is contained in the cement owning to the addition of
quartz sand to C3. At the curing temperature of 300°C, the
diffraction peak intensity of CH increases, indicating that its
content increases. At 400°C, CH begins to decompose or be
corrode, and the diffraction peak of CaCO3 also appears in the
XRD diffraction pattern. At the curing temperatures of 500 and
600°C, only the diffraction peaks of SiO2 and CaCO3 remain in
the XRD patterns of the C3 cement, and these two phases do not
have cementation. Therefore, the structure of the C3 cement paste
becomes loose, which leads to a significant decrease in strength.

According to the above analysis, when the cement paste is cured
at high temperatures (300–600°C) and under a CO2 environment,
the CaCO3 phase forms in the C3 cement paste but not in C1,
indicating that the C1 cement paste does not corrode. This means
that the corrosion resistance of the C1 cement slurry system in
high-temperature and acidic environment is much higher than that
of the C3 cement slurry system.

3.6 Thermogravimetry
Thermal analysis can be used to identify amorphous phases that
are difficult to detect by XRD. Figure 10 presents the mass loss
rate curve of C1 the cement pastes cured at different temperatures
and under CO2 environments. Figure 10 shows that the mass loss
of the C1 cement paste cured at 50°C is approximately 22.5%. At
the test temperatures of 200–300°C, the C1 cement paste shows a
mass loss, and combined with the resultsof the previous phase
analysis, it shows that the dehydration and decomposition of
C3ASH4 and Al(OH)3 mainly occur in this temperature range.
C3ASH4 can be transformed into C2AS after dehydration and
decomposition, and C2AS can still provide high strength for the
C1 cement paste, which is consistent with the compressive
strength test results. The mass loss of the cement paste cured
at high temperature (300–600°C) is relatively low. This is because
after high-temperature curing, the internal phase of the C1
cement paste underwent phase transformation and had a

FIGURE 9 | XRD diffraction patterns of C3 cement paste under different
curing environments.

FIGURE 10 | Mass loss curve of C1 cement paste cured at different
temperatures.
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relatively stable crystal structure. Meanwhile, the density of the
cement pastes improved, which is reflected in the improvement in
the compressive strength and tensile strength. The above analysis
shows that the C1 cement paste still has good stability after curing
in a high-temperature and under a CO2 environment, indicating
that CAC is more suitable for use in high-temperature
environments.

3.7 Macroscopic and Microscopic
Morphologies
Figure 11 presents the macro-morphology of the cement paste
cured at different high temperatures. Figure 11shows that with
the continuous increase in curing temperature, the degree of
change in the morphology of the C1 cement paste decreases, a
relatively dense morphology is maintained, and no cracks emerge.
After curing at 300°C, the C2 cement paste begins to exhibit
microcracks, and themicrocracks increase and then decrease with
an increase in temperature. The crack propagation trends in the
C2 and C3 cements are similar. At the curing temperature of
600°C, a large number of chapped cracks appear on the surface of
the C3 cement paste, and the integrity is completely destroyed.

In this section, SEM was used to observe the surface of the C1
cement paste cured at 50, and 300–600°C in a CO2 environment,
and the results are shown in Figure 13. Figure 12A shows the
surface micromorphology of the cement paste cured at 50°C. The
figure shows that the surface of the C1 cement paste cured at 50°C
is relatively dense with only a few micropores. Figure 12B shows
the C1 cement paste cured at 300 °C in a CO2 atmosphere. After
high-temperature curing, the number of micropores of the C1
cement paste increases and the pore size tended to increase, but its
structure is still relatively dense. With further increase in the
curing temperature (400, 500, and 600°C, as shown in Figures

12C–E, respectively), the number of pores in the cement paste
increase and the pore diameter was gradually expands, but the
cement pastes maintain a relatively complete structure and show
good mechanical properties. Meanwhile, large and concentrated
pores were produced at the curing temperature of 600°C.

Figure 13 is a ×5,000 magnification of the microscopic
morphology of the C1 cement paste cured under different
temperatures in CO2. Figure 13A shows the microscopic
morphology of the C1 cement paste cured at 50 °C. The C1
cement paste contains more intact hexagonal plate C2AH8

crystals, which grow in clumps and are one of the main
sources of strength of CAC cement pastes at low temperatures
(Hidalgo López et al., 2008). At the curing temperature of 300°C
and a certain concentration of CO2, C2AH8 undergoes a crystal
transformation into C3AH6 (C3AH6 is a spherical nodular prism
that is, generally produced above 100°C); however, when the
temperature rises to 300°C, the phase is dehydrated and shrinks,
as shown in Figure 13B. At the curing temperature of 400°C,
C2AH8 gradually undergoes dehydration and dissolution, the
structure of the cement paste gradually loosens and a network
interwoven solution forms. Meanwhile, more pores appear in the
cement paste, as shown in Figure 13C. At the curing temperature
of 500°C, the structure of the cement paste became loosens
amount of hydration products gradually decreases, and
interior of the cement paste exhibits honeycomb structure.
This might adversely impact the strength of the cement paste,
but the thermal stability of the C1 cement paste improved because
of the presence of a high-temperature stabiliser. Therefore, the
strength of the cement paste decreased only slightly. At the curing
temperature of 600°C, there were more pores in the cement paste,
and meanwhile, the cement paste had more microcracks owning
to the effect of thermal stress. In addition, the C12A7 phase
appears in the cement paste, which was produced by the

FIGURE 11 | Macro morphology of cement paste cured at different high temperatures.
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FIGURE 12 | Surface micro morphology of the C1 cement paste cured at different temperatures (a: 50°C; b: 300°C; c: 400°C; d: 500°C; e: 600°C).
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FIGURE 13 | Micro morphology of the C1 cement paste cured at different temperatures (a: 50°C; b: 300°C; c: 400°C; d: 500°C; e: 600°C).
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crystallisation of C3AH6, and its crystal growth method was close
to cross-type growth. The presence of C12A7 in the cement paste
improved the strength of the cement paste and its wear resistance,
which was consistent with the compressive strength change in the
previous test.

Based on the above analysis, the C1 cement slurry system still
had a relatively complete and dense structure after curing at high
temperatures in a CO2 environment, and there were many
hydration products. In addition, no CaCO3 morphology
material was found in the micromorphology of the cement
paste. Combined with the XRD analysis results, it can be
inferred that the C1 cement paste did not been corrode,
indicating that it has good corrosion resistance.

4 CONCLUSION

In this study, the mechanical properties of the C1 cement slurry
system (CAC with high-temperature stabiliser), C2 cement slurry
system (CAC) and C3 cement slurry system (Portland cement
with sand) under different curing conditions were studied.
Meanwhile, the hydration mechanism and corrosion resistance
mechanism of the C1 cement slurry system with good mechanical
properties were explored, and the following conclusions
were drawn.

The degree of degradation mechanical properties of the C1
cement slurry system under high temperatures in a CO2

corrosion environment is significantly lower than that of the
C3 cement slurry system. The maximum strength of the C1
cement paste cured at 400°C reached 36.39 ± 0.37 MPa.

The addition of a high-temperature stabiliser improved the
mechanical properties of CAC at low temperatures, reduced the
formation of C3ASH4 in the cement paste at high temperatures,
and improved the strength of the cement paste after high-
temperature curing.

After the C1 cement slurry system was cured at high
temperatures in a CO2 corrosive environment, the cement
paste structure was still relatively dense. Main hydration
products were C12A7, C2AS and other high-temperature
resistant and dense structure phases, and no CaCO3 was found.

Compared with the C3 cement slurry system, the C1 cement
slurry system had better high-temperature resistance and

corrosion resistance, and it was more suitable for application
under conditions of a burning reservoir in heavy oil thermal
recovery.
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