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a b s t r a c t

The increasing energy demand has pushed oil and gas exploration and development limits to extremely
challenging and harsher HTHP (High Temperature and High Pressure) environments. Maintaining
wellbore integrity in these environments, particularly in HPHT reservoirs with corrosive gases, presents a
significant challenge. Robust risk evaluation and mitigation strategies are required to address these
reservoirs' safety, economic, and environmental uncertainties. This study investigates chemo-mechanical
properties degradations of class G oil well cement blended with silica fume, liquid silica, and latex when
exposed to high temperature (150 �C) and high partial pressure of CO2 saturated brine. The result shows
that these admixtures surround the cement grains and fill the interstitial spaces between the cement
particles to form a dense crystal system of CeSeH. Consequently, the cement's percentage of pore voids,
permeability, and the content of alkali compounds reduce, resulting in increased resistance to CO2

corrosion. Liquid silica, a specially prepared silica suspension, is a more effective alternative to silica fume
in protecting oil well cement against CO2 chemical degradation. Micro-indentation analysis shows a
significant deterioration in the mechanical properties of the cement, including average elastic modulus
and hardness, particularly in the outer zones in direct contact with corrosive fluids. This study highlights
the significance of incorporating admixtures to mitigate the effects of CO2 corrosion in HPHT environ-
ments and provides a valuable technique for quantitatively evaluating the mechanical-chemical degra-
dation of cement sheath.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

The global energy demand continues to grow, driving the en-
ergy sector to explore increasingly challenging environments. With
most easily accessible resources depleted, attention has turned to
previously classified inaccessible oil and gas resources, including
deep offshore and ultra-deep high-pressure, high-temperature
(HPHT) reservoirs. These resources present inherent challenges,
and their successful and cost-effective development depends on
well design and construction. Maintaining zonal isolation and
safeguarding well-completion systems is essential to prevent
y Elsevier B.V. on behalf of KeAi Co
process safety breaches. However, maintaining the integrity of
wells drilled in sour gas HPHT reservoirs is challenging due to
corrosive gases, particularly H2S and CO2 (Carpenter, 2022; Wei
et al., 2015; Li et al., 2016; Kiran et al., 2017). When cement is
exposed to CO2 saturated-brine environment, a series of physico-
chemical reactions occur (Carroll et al., 2016), as shown in Eqs.
(1)e(5) (Duguid and Scherer, 2010; Gu et al., 2017; Kutchko et al.,
2007).

Initially, CO2 dissolves in water, producing unstable carbonic
acid, further dissociating and releasing carbonate ions (CO3

2�) and
hydrogen Hþ. The cement's portlandite (CH) phase is assumed to
react first, producing a sparingly soluble calcium carbonate pre-
cipitate. As the reaction proceeds, a thin layer of carbonate may be
formed on the surface of portlandite and subsequently limit any
further reactions. However, the depletion of portlandite phases on
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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Table 1
Composition of different cement formulations.

Mix No. Types of Additives wt%

15 (Base Mix) Silica fume 40
Fluid-loss additive 6
Retarder 0.5

16 (Base Mix þ Other additives) Liquid silicon 10
20 (Base Mix þ Other additives) Latex 16
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the cement matrix gradually decreases the solution's pH, and thus
bicarbonate ions become the dominant species. As a result, the
dissolution of calcium on the abundant cement hydration products
(silicate phases) takes effects leaving behind SiO2ðamorphousÞ
(amorphous silica gel).

CO2ðgÞ þH2O4H2CO3ðaqÞ4Hþ
ðaqÞ þ HCO�

3ðaqÞ42Hþ
ðaqÞ þ CO2�

3ðaqÞ
(1)

CaðOHÞ2ðsÞþ2Hþ
ðaqÞþCO2�

3ðaqÞ4CaCO3ðsÞþ2H2O (2)

CSHðsÞþ2Hþ
ðaqÞ þCO2�

3 ðaqÞ4CaCO3ðsÞþH2Oþ SiO2ðamorphousÞ
(3)

CaCO3ðsÞþCO2ðaqÞþH2O4Ca2þaq þ2HCO�
3ðaqÞ (4)

Hþ
aqþCaCO3ðaqÞ4Ca2þaq þHCO�

3ðaqÞ (5)

Due to carbonation, cement sheath microstructural properties,
including porosity, transport properties, and mechanical strength,
are altered (Kutchko et al., 2009; Zhang et al., 2020a, b). In recent
years, research has been conducted to investigate the effect of
carbonation on cement's mechanical properties and to develop
new cement systems that can withstand carbonation. Todorovic
et al. (2020) investigated the mechanical properties of a novel
cement systemwith an expandable agent in carbonated brine. The
results showed that the mechanical properties of the cement sys-
tem were significantly affected by long-term aging in carbonated
brine. Chavez Panduro et al. (2020) studied the carbonation of
Portland cement in real-time 3D observations at CO2 storage con-
ditions. The study employed X-ray microtomography to visualize
and quantify the carbonation process in cement samples. The re-
sults showed that the carbonation of cement was heterogeneous,
with the process starting from the surface and progressing inward.
The carbonation process resulted in the formation of calcium car-
bonate crystals, reducing the pore size and increasing the cement
density. Carbonation depth has generally been adopted as a key
indicator for predicting the long-term integrity of cement-based
materials. Spraying phenolphthalein indicator has been the con-
ventional method to determine carbonation depth (Chang and
Chen, 2006). However, studies have challenged this concept by
demonstrating that a partially carbonated zone occurs where pH is
problematic to detect using a phenolphthalein indicator (Parrott,
1987).

Various models have been developed to predict the extent of
carbonation of cement sheaths in oil and gas wells. Several of these
models use a diffusion-controlled mechanism to describe the
transport of CO2 in the cement (Huet et al., 2010). With the current
growth in computing power, more complex numerical modeling of
cement degradation can be performed to provide comprehensive
and accurate mathematical models for predicting oil well cement
integrity. Gherardi et al. (2012) utilized numerical simulations to
predict the evolution of fluid chemistry and mineral alteration in
the cement of an idealized abandoned wellbore in the Paris Basin,
France, where CO2 geological disposal is under consideration. The
simulations revealed that the interaction of cement with acid fluids
from the reservoir caused severe mineralogical alteration of the
cement, resulting in a two-stage evolution of the porous cement
matrix. The first stage, termed the "clogging" stage, was charac-
terized by decreased porosity due to calcite precipitation. The
second stage was a reopening of porosity related to the disap-
pearance of primary cement phases and the re-dissolution of
1120
secondary minerals such as zeolites.
This study comprehensively investigates the changes inmaterial

properties of various cement formulations when exposed to CO2-
saturated brine. The analysis is conducted through micro-
indentation and visual examination techniques to gain a deeper
understanding of the behavior of cement formulations in CO2-
corrosive gas environments. One of the primary applications of this
research is in enhancing wellbore integrity. Cement sheath failure
can lead to sustained casing pressure, which poses a significant risk
to wellbore integrity. Understanding the mechanical properties of
different cement formulations under CO2-corrosive gas conditions
is crucial.

Micro-indentation analysis is used to determine the mechanical
properties of the samples before and after carbonation at different
zones. This technique allows for the accurate characterization of
changes in mechanical properties such as hardness and elastic
modulus (Woirgard et al., 1998; Constantinides et al., 2003; Han
et al., 2012a; Zhang et al., 2020a, b). X-ray diffraction analysis
(XRD), SEM analysis, and phenolphthalein tests are conducted to
examine the degree of carbonation and identify any mineralogical
changes that may occur. The findings of this study have significant
implications for enhancing wellbore integrity and preventing cas-
ing pressure buildup and can provide valuable insights into the
behavior of cement systems in HPHT corrosive gas reservoirs.

2. Materials and methods

2.1. Preparation of samples

Three batches of cement slurry were prepared separately by
mixing class G cement with water and other additives, as shown in
Table 1. The API (API 10B-2013) guideline defines class G slurry as
100 parts of dry cement by weight to 44 parts of mixing water by
weight. Cement and water were added to the mixing devices ac-
cording to the ratios stipulated in the API guideline. After attaining
the required slurry consistency, we poured the mixture into cubes
measuring 50 mm � 50 mm � 50 mm, which were then machined
and cored after curing to create ø 25 mm by 50 mm in length core
samples.

2.2. CO2 - saturated brine chemical degradation test

Core samples from each batch group were placed in a high-
temperature-high-pressure autoclave containing 2000 mL of syn-
thetic brine to simulate the reservoir brine composition. Then, ni-
trogen was injected into the vessel for 2 h to deoxidize.
Subsequently, the temperature was raised to 150 �C, and the brine
was saturated with CO2 at a pressure of 4 MPa. The test parameters
are sourced from the actual downhole condition of a southwest oil
field in China, a typically high-temperature, high-pressure (HTHP)
well (Shadravan and Amani, 2012; Phi et al., 2019). The CO2 reaction
was then allowed to take place for four weeks. The pressure was
maintained at 4 MPa throughout the reaction period. The freshly
reacted core sample surfaces were then sprayed with phenol-
phthalein indicator.
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2.3. Porosity and permeability test

The experiment involved measuring the permeability and
porosity of cement samples before being subjected to chemical
degradation. Porosity was measured using a Helium porosimeter
(KXD-III), which takes advantage of the molecular size of Helium to
enter rapidly the micropore system. The core sample was placed in
a holder, the pressure was applied, and Helium from a reference
chamber expanded into the pore volume. Equilibrium pressure was
measured, and pore volume was estimated. Permeability was
measured using the transient pressure pulse method (PDP-200)
before and after the reaction with CO2. This method involved
applying a confining pressure load and generating a pressure pulse
to allow gas to flow across the sample. The computer system
continuously monitored real-time pressure changes and calculated
sample permeability based on upstream and downstream pressure
attenuation curves. The fully automated system enables automatic
control, data acquisition, processing, and test report generation.

Next, the carbonation process was initiated, and the specimens
were allowed to react with CO2 for a specific time. Following the
completion of the reaction, the samples underwent a drying pro-
cess at 65 �C for 32 h to eliminate any surplus moisture and guar-
antee complete dryness before evaluating their porosity and
permeability. Subsequently, the samples were subjected to the
same pressure gradient to calculate their permeability, and the
porosity was again determined using the same methodology as
before. By comparing the porosity and permeability obtained
before and after the reaction, the change in the microstructure of
the cement samples resulting from the carbonation reaction was
evaluated quantitatively.

2.4. Uniaxial compressive strength test

The compression strength of the samples was determined using
a TAW-1000 computerized electrohydraulic servo pressure loading
system with a maximum load capacity of 1000 kN. The system
consists of several components, including a load cell that measures
the force applied to the sample, a hydraulic pump system that
applies the load, a central control unit that regulates the system,
and a couple of sensors that monitor the sample's deformation
during loading. Before testing, the samples were placed inside a
polyethylene sleeve to protect them from external influences, and
gauges were carefully attached to measure circumferential and
axial deformations during loading. After preparation, the sample
was placed on the apparatus, and the linear vertical displacement
transducer was adjusted to align the load cell piston with the
sample. Loading then commenced at a 0.2 mm/min rate until the
specimen failed. Once the sample failed, the loading was manually
stopped, and the test data was saved for further analysis. The
procedure was repeated for samples before and after CO2 corrosion
to compare the compression strength results.

2.5. Microstructural analysis

2.5.1. Indentation test
Small pieces of cement obtained after the CO2 reaction were

immersed in an isopropanol solution for 24 h to stop further CO2
reactions. Then they were dried and embedded in epoxy resin in
3 cm diameter holders (Fig. 1). The sample surfaces were manually
polished with medium, fine, ultra-fine SiC grade sandpapers to
decrease their surface roughness. After polishing, the surfaces were
cleaned off the polishing suspension and other particles.

The micromechanical properties of the dressed samples were
then studied by UMT Multi-Specimen Test System (Bruker Nano.,
USA) testing device. It was measured by pressing an indenter into
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the sample and recording the penetration depth and applied load
simultaneously. Cyclic loading and unloading indentation tests
were performed, increasing the maximum load at a constant rate of
10 N/min as the indenter penetrated the test specimen. Upon
reaching the pre-set maximum value, the load was held at its
maximum value for about 10 s before unloading the specimen at
the same rate. Typically, cementitious materials show a large
scatter of material properties compared to other homogeneous
materials. Thus, several points were tested in the same character-
istic region to ensure the accuracy and validity.

A typical micro-indentation load-displacement curve and a
schematic representation of the micro-indentation test are shown
in Fig. 2a and b. Where Pmax denotes peak indentation load, ht
represents resultant impression depth, and hmax indicates peak
load indentation depth. Unloading stiffness (S) and hardness (H)
can be obtained using the expressions shown below:

H¼ Pmax

A
(6)

S¼DP
Dh

¼ 2ffiffiffiffi
p

p Er
ffiffiffi
A

p
(7)

where 1
Er ¼ ð1�y2Þ

E þ ð1�y2i Þ
Ei

, E ¼ ð1 � y2Þ
h
1
Er
� 1�y2i

Ei

i�1
, Ei&yi are

indenter tip parameters, A ¼ Projected contact area at peak load,
Er ¼ Reduced modulus, and y&E are sample's Poisson's ratio and
Young's modulus, respectively (Table 2).

2.5.2. SEM-EDS imaging
Scanning Electronmicroscopy (SEM) imaging was performed on

the samples with a Hitachi TM3030 SEM device to provide visual
information on the microscopic characteristics of their surfaces.
The SEM equipment was operated in high vacuum mode to ensure
high-resolution imaging. During imaging, the SEM equipment was
coupled with Energy-Dispersive X-ray Spectroscopy (EDS, Quan-
tax70) to provide elemental identification of typical elements on
the periodic table. The EDS spectrum provides information on the
relative abundance of elements on the sample's surface. After SEM
imaging and EDS analysis, the resulting images and spectra were
interpreted to extract relevant information about the sample.

2.5.3. X-ray diffraction (XRD)
Before the analysis, the samples were first finely ground and

homogenized. A BRUKER D8 FOCUS X X-ray diffractometer with
high power (18 kW) and power rated 20e60 kV, 2e80 mA (sta-
bility: ±0.005%) was used in this study. It consists of three main
elements: A sample holder, an X-ray tube, and an X-ray detector.
The ground samples were placed on glass slides and placed on the
holder. The test was then started by activating the cathode ray tube,
and the intensity of the diffracted X-rays was continuously
recorded.

3. Experimental results and discussion

3.1. Appearance and radial carbonation depth

The images in Fig. 3 provide visual evidence of the effects of high
temperature (150 �C) and high partial pressure of CO2-saturated
brine (4 MPa) exposure on core samples of oil well cement blended
with different additives. It can be seen in the first row that before
exposure, the core samples have a dark grey color and a uniform
texture, indicating a homogeneous cementmatrix. After four weeks
of exposure, the samples show a noticeable color change, turning
from dark grey to yellowish-brown. The texture of the samples also



Fig. 1. Micro-indentation specimens in epoxy resin.

Fig. 2. (a) Typical micro-indentation load-depth curve. (b) schematic representation of the micro-indentation test.

Table 2
Micro-indentation test parameters.

Parameter Pmax, N y Ei , GPa yi

Value 30 0.26 1141 0.07
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becomes more irregular. We applied a special indicator called
phenolphthalein to examine the changes in the cement samples
further. The indicator is colorless in solutions with a pH below 9 and
turns pink in solutions with a pH above 9 (Mobin and Muthupriya,
2016; Bruckdorfer, 1986). When the indicator was sprayed on the
freshly cut core surfaces of the reacted samples, it turned pink in
the inner part of the samples, indicating that the inner part had a
higher pH value.

In contrast, the outer part of the samples remained colorless,
indicating a lower pH value, which is consistent with the decom-
position of CeSeH into silica gel. Typically, the pH of cement pore
fluid is about 13. However, in the process of CO2 dissociation, the
bicarbonate ions (HCO3

�) are formed and react with cement hy-
dration products, such as calcium silicate hydrate (CeSeH), leading
to their decomposition into a mixture of calcite (CaCO3) and
amorphous silica gel (Duguid, 2009). Understanding the effects of
CO2 on cement properties is critical for the long-term performance
1122
of wellbore cement. The observed changes in the cement samples
in this study suggest that exposure to high temperatures and CO2
can lead to the deterioration of cement integrity, potentially
compromising wellbore integrity and increasing the risk of leakage
and environmental damage.

The carbonation depth of different cement formulations was
measured at 14 and 28-day intervals to evaluate their susceptibility
to CO2 corrosion. The results showed that Mix 15, a silica fume
blend, had a carbonation depth of about 3.24 mm after 14 days,
which increased by about 47% (4.79 mm) on the 28th day. Similarly,
Mix 16, a liquid silica blend, had a carbonation depth of about
1.67 mm on day 14, which increased by more than 48% by the 28th
day. This increase indicates that thematerials continued to undergo
carbonation, suggesting that it was more susceptible to corrosion
than the latex-blended cement. In contrast, the latex-blended
cement showed the least radial carbonation depth (Fig. 4). The
results suggest that adding different additives to oil well cement
can significantly affect its resistance to CO2-induced carbonation.
The silica fume and liquid silica blends show lower carbonation
resistance than the latex-blended cement, likely due to its ability to
form a more dense matrix with superior CO2 corrosion resistance
properties.



Fig. 3. Samples appearance before and after corrosion (first row: Before corrosion; second row: after corrosion; third row: radial corrosion depth).

Fig. 4. Comparison of carbonation depth of different mixes after the reaction.
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3.2. Effects of CO2 exposure on compressive strength, porosity, and
permeability

After 4-weeks of exposure to CO2-saturated brine, all the sam-
ples showed a reduction in strength, as shown in Fig. 5a. The 10%
liquid silica mix (Mix 16) experienced the highest decrease in
compressive strength (about 26%), followed by the latex mix (Mix
20) and 10% silica fume mix (Mix 15), whose strengths dropped by
18% and 13%, respectively. The permeability of Mix 16 relatively
decreased after exposure to CO2-saturated brine, while that of Mix
15 and 20 increased. As shown in Fig. 5b, Mix 15 exhibited a 600%
increase in permeability and an approximately 44% decrease in
porosity (Fig. 5c). In comparison, Mix 20 experienced a consider-
ably higher decrease in porosity (86%) and a relatively small in-
crease in permeability (70%). Overall, Mix 16 exhibited superior
1123
qualities as demonstrated by changes in properties after exposure,
as summarized in Fig. 5d. The change in permeability and porosity
of different mixes after reaction can be attributed to various factors,
such as the type and number of reactants, reaction conditions, and
the resulting mineralogy and microstructure of the products. In the
case of Mix 15 and Mix 20, the increase in permeability after the
reaction could be due to the alteration of the existing mineralogy,
which results in a more open and interconnected pore network.
This can increase the size and number of pores, allowing for easier
fluid flow and higher permeability. Additionally, the reaction may
have caused some degree of compaction or compression of the
sample, which could contribute to the observed increase in
permeability.

On the other hand, the decrease in permeability observed inMix
16 could be due to a reduction in pore size or the formation of more
complex mineral structures that impede fluid flow. The small liquid
silica particles surround the cement grains and fill the interstitial
spaces between the larger cement particles. Subsequently, a dense
crystal system of CeSeH is formed in these sites, reducing the
percentage of interconnected pore voids. As for the porosity
changes, Mix 15 and Mix 20 may have undergone a reduction in
porosity due to the formation of new mineral phases or the alter-
ation of existing phases. The reaction may have resulted in the
filling or clogging of some of the pores, leading to decreased
porosity. In contrast, Mix 16 may have experienced a slight increase
in porosity due to the opening up of more pore space due to the
reaction. It is important to note that the specific mechanism behind
the observed changes in permeability and porosity will depend on
the specific composition of the mixes and the conditions under
which the reaction occurred.

In temperatures above 100 �C, pure Portland cement produces a
poorly crystalline low permeability and high compressive strength
CeSeH (II) phase. It is assumed that the corrosion CeSeH (II) phase
is decomposed into a-C2SH (a-dicalcium silicate hydrate) due to the



Fig. 5. Comparison of cement properties before and after CO2 corrosion. (a): Uniaxial compressive strength (UCS). (b): Permeability. (c): porosity and change rate. (d): Percentage
change in uniaxial compressive strength (UCS), permeability, and porosity.
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absence of protective matters to prevent the deterioration of
strength, resulting in poor performance compared with CeSeH
after decomposition. However, adding admixtures such as silica
and latex protects cement's mechanical and transport properties
from deterioration. These admixtures are quite effective due to
their small particle sizes, reactivity, and chemical composition.

When liquid silica is added to cement, it reacts with calcium
hydroxide to produce a stable cementitious compound (secondary
calcium silicate gel). The liquid silica chemical reaction is initiated
when ionic species, including OH�, Ca2þ, Kþ, and Naþ, are released
into the pore fluid of hydrated cement. In the presence of OH� in
the pore fluid, silica dissolves, producing silanol compounds
(H2SiO4, H3SiO4, H4SiO4) which then readily react with Ca2þ and
OH� to produce secondary calcium silicate hydrate (CSH) as shown
in Eq. (10) (Mueller and Dillenbeck, 1991).

H4SiO4ðaqÞ þ Ca2þðaqÞ þ 2OH�/n1CaO � SiO � n2H2OðsÞ
(10)

This cement transformation enhances its strength simply
because Ca(OH)2 liberated during cement hydration is consumed to
produce high-strength crystalline calcium silicate phases. Besides
improving cement strength, silica admixtures reduce cement
porosity, permeability, and its content of alkali compounds, all of
which are critical properties in a CO2-corrosive environment
(Sadrmomtazi et al., 2018; Murtaza et al., 2013). Due to their small
sizes, liquid and silica fume particles surround the cement grains
and fill the interstitial spaces between the larger cement particles.
Subsequently, a dense crystal system of CeSeH is formed in these
sites, reducing the percentage of pore voids. In turn, the perme-
ability of the set cement pastes decreases. Although silica fume is a
1124
good anti-corrosion admixture, it is believed that a high amount of
silica can negatively affect cement properties (Vogt et al., 2021).
This study demonstrates that liquid silica could be an effective
alternative to silica fume.

Latex is an emulsified polymer material usually in the form of
emulsion suspensions of very small spherical polymer particles
(0.05e0.5 mm). The addition of a latex-based emulsion to cement-
based materials can result in a significant improvement in
compressive strength. This improvement is thought to be due to
forming of a thin film of the latex-based emulsion around the
cement hydration products. This film prevents direct contact be-
tween the hydration products and corrosive CO2, which can impede
the growth and propagation of microcracks. As a result, the cement
exhibits a lower degree of deterioration over time, leading to better
performance and longer service life. The film generated by the
latex-based emulsion around the hydration products acts as a
barrier between the cement hydration products and the sur-
rounding environment (Jiao et al., 2016), including corrosive CO2
and other factors that can causemicrocracks to form and propagate.
The film generated by the latex-based emulsion helps maintain the
cement's structural integrity and reduces the risk of compressive
strength decline by preventing the propagation of microcracks. In
other words, the film helps to prevent further damage to the
cement structure, which in turn helps maintain the material's
compressive strength. It is important to note that the effectiveness
of latex-based emulsions in improving cement-based materials'
compressive strength depends on the type and proportion of the
emulsion used. This mechanism explains why Mix 20 exhibited a
lower compressive strength decrease. Nevertheless, further in-
vestigations are required to determine the proportions of these
admixtures that can provide optimal results.



Fig. 6. Indentation load versus displacement curves for outer and inner zones. (a): Mix 15. (b) Mix 16. (c) Mix 20.
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3.3. Effects of CO2 reaction on indentation depth and cement micro-
structural properties

The nanoindentation test can effectively measure the mechan-
ical properties of cementitious materials (Zhu and Bartos, 2000;
Maragh et al., 2021). In addition, this test can provide a quantitative
analysis of the micromechanical properties of various cement
phases (Han et al., 2012b; Dejong and Ulm, 2007). As we have
observed, exposure of cement to CO2 results in the alteration of
properties of cement hydration products. Major studies in this area
mainly focus on altering mechanical and transport properties.
However, nanoindentation analysis can provide us with a better
understanding of micro-mechanical changes. In cement studies,
this technology can be used to investigate the properties of cement
hydration and carbonation products such as Ca(OH)2, high-density
hydrated calcium silicate (HD-CSH), and low-density calcium sili-
cate hydrate (LD-CSH) (Li et al., 2021; Zhang et al., 2019). The me-
chanical properties of CeSeH are said to decrease significantly after
leaching and contaminant decalcification. Therefore, as chemical
degradation progresses, different layers with different phase
compositions will have varying micromechanical properties.

Fig. 6 shows the load against displacement curves of the
indentation test of the three mixes. Mix 16 (Fig. 6b) outer layer
shows a maximum penetration depth at a peak load of about
70 mm, while Mix 15 (Fig. 6a) and Mix 20 (Fig. 6c) are 115 mm and
110 mm, respectively, indicating that Mix 15 and 20 outer zones
become relatively soft after corrosion. It is also evident that the rate
of change of the microstructure of Mix 16 after exposure to CO2-
saturated brine is relatively slow.

The mechanical properties of sample cross-section can vary
significantly at small scales, making it difficult to obtain accurate
and reliable measurements from a single point on the surface of a
Fig. 7. Comparison of micro-indentation results of cement paste's hydration and carbonizatio
outer and inner zone.
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material. This heterogeneity was accounted for by performing
micro-indentation measurements at multiple points on a sample
surface, and the average value and error bars were calculated. Using
Oliver and Pharr's method (Oliver and Pharr, 1992), the average
elastic modulus and hardness are calculated from the load versus
displacement curves (Fig. 7a and b). The result shows that different
cement phases have different micromechanical properties. In
addition, compared with the carbonation product (CaCO3), the
elastic modulus and hardness of the hydration products (Ca (OH)2
and CSH) are significantly different. The elastic modulus for the
outer zone of Mix 15, Mix 16, and Mix 20 are 24.99 GPa, 29.73 GPa,
and 18.03 GPa, respectively. It can also be seen that the outer zone
of Mix 16 possesses a high hardness of about 1.26 GPa compared to
0.99 and 0.58 GPa for Mix 15 and Mix 20, respectively. Generally,
the outer and inner zones of Mix 16 exhibited high hardness and
elastic modulus. TheMix 20 exhibited relatively small hardness and
elastic modulus. As such, most of the indenter displacement in Mix
20 is accommodated plastically (Fig. 6c); thus, its percentage re-
covery on unloading is small compared to Mix 16. The elastic
modulus results obtained using the micro-indentation test are
similar to those obtained by the conventional triaxial test. Upon
exposure to a corrosive environment, the degree of change in
cement microstructural properties varies with zones. Zhang et al.
(2013) showed that the rim region of the 35-vol% pozzolan sam-
ples exhibited a higher microhardness than that of the core region
for the same sample. As we have demonstrated, significant dete-
rioration occurs in zones in direct contact with corrosive fluids.
However, It is important to note that the wetting behavior of CO2

droplets can change the strength of solid-liquid attraction, as
demonstrated by Wu et al. (2020), and merit consideration in
future research.
n corrosion products. (a): Young modulus of the outer and inner zone. (b): Hardness of



Fig. 8. Surface micro-morphology images of inner and outer layers. (a): the corroded outer layer of Mix16. (b): dense inner layer of Mix 16. (c): the corroded outer layer of Mix 20.
(d): dense inner layer of Mix 20.
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3.4. SEM and XRD analysis

SEM and XRD analysis of the specimens confirms that the
exposure of cement samples to CO2-saturated brine altered their
microstructural properties. As shown in SEMmicrograph images in
Fig. 8, the specimens' outer zones became more porous after
exposure. However, the inner zones remained relatively dense,
with fewer voids and pore spaces. These results conform with
indentation test data and support porosity and permeability
changes observed after exposure. Essentially, after extended
Fig. 9. XRD pattern of cement inner and outer layers after CO2 environmental corrosion. (a):
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exposure to a corrosive environment, the dissolution of cement
hydration products and precipitation of carbonation products oc-
curs within the cement matrix. These processes alter the internal
microstructure leading to a loose and porous matrix with a sig-
nificant change in its average elastic modulus and hardness noted
in the outer and inner zones.

XRD tests are useful for analyzing the crystalline phase of the
cement samples. Miao et al. (2020) used X-ray computed micro-
tomography to characterize the microstructure alteration of well-
bore cement under geologic carbon storage, proposing a framework
Mix 16 (with 10% liquid silica cement). (b): Mix 20 (with 16% latex cement outer layer).
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for fast CT image registration and carbonate shell morphology
quantification (Miao et al., 2020). Each phase has a unique char-
acteristic peak intensity proportional to its concentration. When
ordinary Portland cement is mixed with admixtures, the concen-
tration of its hydration products changes significantly. Similarly,
when exposed to CO2 environments, the hydration products are
transformed into carbonation products, and their concentration
decreases. The XRD of the outer zones of both Mix16 and Mix 20
shows a high content of CaCO3 and no traces of CSH (Fig. 9). The
absence of calcium hydroxide (CH) and reduction of the other hy-
dration peaks affirm the corrosion of the outer layers and the
alteration of cement microstructure when immersed in CO2 satu-
rated brine. Generally, the decomposition of cement hydration
products, particularly the CeSeH phase, and the resultant increase
of microporosity largely contribute to the loss of stiffness in the
outer layers. As expected, the inner zones have large quantities of
calcium silicate hydrate (CeSeH) and no carbonation products,
which explains why these zones have superior mechanical
properties.
4. Conclusions

In this study, a series of experiments were performed to deter-
mine the effects of chemo-mechanical degradation on the proper-
ties of different oil well cement formulations. The influences of CO2
on mechanical, transport, and microstructural characteristics of
well oil cement modified with Silica fume, liquid silica, and latex
were studied. The findings could be useful in designing cement-
based materials that are more corrosion-resistant and can main-
tain their performance over time. The following conclusions can be
drawn.

(1) Strength retrogression control admixtures refine the cement
pore structure by surrounding its grains and occupying in-
terstices between cement hydration products, thus densi-
fying its matrix.

(2) Silica fume and liquid silica produce additional CeSeH by
pozzolanic reaction reducing the C/S ratio. However, the
CeSeH produced by silica fume are thermodynamically
unstable and thus transform to low-strength CeSeH phases.
Liquid silica is an effective alternative to silica fume in sour
gas HPHT wells. Moreover, managing and eliminating the
health and environmental risk associated with dry blending
is easier.

(3) The findings suggest that the micromechanical properties of
different cement phases vary, with the elastic modulus and
hardness of the hydration products (Ca(OH)2 and CeSeH)
being significantly different from those of the carbonation
product (CaCO3). The outer and inner zones of cementMix 16
exhibit high hardness and elastic modulus. Mix 20 displays
relatively small hardness and elastic modulus, indicating that
most of the indenter displacement in Mix 20 is accommo-
dated plastically.

(4) This analysis demonstrates that the micro-indentation test
can provide a useful method for evaluating the mechanical-
chemical degradation of cement.
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