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A B S T R A C T

From our work, significant progress has been made in understanding the degradation of cement-casing systems.
The CO2 degradation process was evaluated in specimens with a large interfacial defect, such as large annular
spaces, voids and/or channels, which may be the result of a poor cementing job. From the experiments showing
no interfacial defect, no signs of degradation were observed, while from experiments showing interfacial defect,
both the cement and steel undergo significant degradation. In the well casing, the CO2-rich brine affects the steel
phase, leaching Fe2+ ions into solution and promoting FeCO3 precipitation on the material surface, while on the
cement sheath, two processes are occurring: (i) the portlandite dissolution and (ii) the cement carbonation
process. Then, iron (Fe2+) starts to migrate into the cement structure, compromising the material’s self-healing
and pore-blocking features, while calcium (Ca2+) starts to compose the corrosion film from the formation of
mixed carbonates (FexCayCO3) so reducing the corrosion layer’s protection. Finally, both ions (Ca2+ and Fe2+)
become so abundant in the material vicinity that they may form calcium carbonate (CaCO3) on the corrosion
layer and iron carbonate (FeCO3) in the cement matrix. Thus, from our results, the degradation mechanisms of
the cement-casing system in CO2-rich brine was revised.

1. Introduction

Currently, Carbon Capture and Storage (CCS) is the only viable
technology proven to partially mitigate the gaseous emissions from
large point sources (Lavrov and Torsæter, 2018; Tiong et al., 2019).
Through the implementation of CCS, it is possible to conduct long-term
CO2 geological storage and reduce the impact of global warming. CCS
can be considered as a transition technology since it is a method which
requires intensive use of materials and energy, however, once it is
implemented, a billion tonnes of CO2 emission per year could be
avoided (Metz et al., 2005; Tiong et al., 2019).

In order to ensure the effectiveness of the carbon storage process for
hundreds to thousands of years, it is necessary to properly choose the

host geological formation (Barlet-Gouédard et al., 2009; Carey et al.,
2010). In this context, the Intergovernmental Panel on Climate Change
(IPCC) points out that coal seams, depleted oil and gas fields, and deep
saline aquifers should be adequate subsurface reservoirs for CCS op-
erations (Koukouzas et al., 2017; Metz et al., 2005). Among them,
saline aquifers show the highest storage capacity while at the same
time, they are widespread over the world (Laumb et al., 2016; Metz
et al., 2005).

As long-term CO2 storage is the objective of CCS projects (Guthrie
et al., 2018), it is possible to point out that fluid leakage is the main
perceived risk associated with these projects (Iyer et al., 2018; Onishi
et al., 2019). In this context, the wellbore integrity is identified as the
most critical issue to the CCS infrastructure since it may provide a
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pathway for fluid to escape from the subsurface environment to shallow
formations or, in the worst scenario, back to the surface (Bagheri et al.,
2018; Li and Nygaard, 2018). Thus, preserving the wellbore integrity
throughout the project's operational life cycle (construction, injection,
monitoring and abandonment) is a key issue for CCS effectiveness
(Omosebi et al., 2017; Postma et al., 2019).

In CCS operations, drilling and completion of wells are crucial steps
to access the host reservoir (Ahdaya et al., 2019). The wells are basi-
cally composed of a steel casing protected by a cement sheath (Garcia
Fernandez et al., 2019; Tremosa et al., 2017). In the completion step,
the cementation operations involve the removal of drilling mud and the
filling of the annular space between the formation and steel casing with
cement paste, to stabilize the well structure and provide the hydraulic
seal after cement curing (Omosebi et al., 2016; Wakeel et al., 2019).
After reaching the CCS reservoir, the CO2 storage operation will be
conducted by the injection of supercritical CO2 (scCO2) through the
drilled well (Lesti et al., 2013).

While an effective geological formation-cement-casing bond is re-
sponsible for preventing undesirable fluids migration (Kiran et al.,
2017; Omosebi et al., 2016), materials applied in well construction
(cement and steel casing) may be susceptible to chemical and physical
changes over time (Kiran et al., 2017; Tiong et al., 2019). Carbonic acid
(H2CO3) resulting from CO2 dissolution in brine is especially aggressive
to the wellbore materials, being responsible for deep changes in the
cement matrix and causing steel casing corrosion, thus significantly
compromising the integrity of the cement-casing interface (Carroll
et al., 2016; Celia et al., 2015).

The cement-casing interface is a critical point of the wellbore in-
jection system (Ajayi and Gupta, 2019). Integrity failures such as poor
primary cementing and formation of defects such as fractures, micro-
annuli, mud channels and gaps, facilitate the migration of corrosive
fluids along the well structure and can result in leakage paths (Carroll
et al., 2016; Kiran et al., 2017). In this context, several groups have
conducted field surveys to assess the integrity of full-scale wells oper-
ating for years or decades in CCS storage site conditions (Carey et al.,
2007; Crow et al., 2010; Duguid et al., 2017, 2014).

The full-scale wellbores of SACROC (Carey et al., 2007), CCP2
project (Crow et al., 2010), Weyburn (Hawkes and Gardner, 2013),
Cranfield (Duguid et al., 2017, 2014), Ketzin (Gawel et al., 2017) and
Mont Terri Rock Laboratory (Manceau et al., 2016) were extensively
studied by means of logging techniques and direct wellbore core sam-
pling. Different types of defects (e.g. casing corrosion, microannuli, and
cement alteration) can affect the well integrity and have been identified
in all full-scale projects (Carey et al., 2007; Crow et al., 2010; Duguid
et al., 2017, 2014; Gawel et al., 2017; Manceau et al., 2016). Although
none of the authors report a definitive compromise in the integrity of
the monitored CCS well, it is known that these defects can lead from a
workover operation to a complete stop in the injection process.

Currently, most studies only focus on one of the wellbore system
materials (formation-cement-casing) and, although significant work has
been done to assess the integrity of the formation-cement interface
(Silva and Milestone, 2018a, 2018b), there is a lack of information
about the integrity of the cement-casing interface and how the mate-
rials interact during the CO2 degradation process (Jobard et al., 2018;
Tremosa et al., 2017). Studies of cement carbonation (Bihua et al.,
2018; Koukouzas et al., 2017) and steel casing corrosion (Nešić, 2007)
are numerous. However, the evaluation of the cement-casing interface
integrity is significantly limited (Asahara et al., 2013; Carey et al.,
2010, 2009; Mito et al., 2015; Nakano et al., 2016, 2014; Ren et al.,
2016; Wolterbeek et al., 2016, 2013; Wolterbeek and Raoof, 2018).
Among them, only three works simulate interface degradation in the
presence of wellbore defects (microannuli) and CO2-rich fluids in dy-
namic (Carey et al., 2010, 2009) or static (Wolterbeek et al., 2013)
systems, considering the simultaneous occurrence of cement carbona-
tion and steel corrosion.

Whereas there is an important lack of data about the cement-casing

degradation dynamics in the presence of a wellbore defect, the present
work proposes a study on the cement-casing interface system, with and
without an interfacial defect between the wellbore materials. In addi-
tion, the interaction of material exchange flows between the cement
and casing under a CO2-rich brine, simulating a saline aquifer storage
environment, is inducted and evaluated. Thus, from our study, the
degradation dynamics of the cement-casing system in CO2-rich brine
was revised and the importance of the results is discussed in the light of
the perspectives of using carbon capture and storage as a technology to
partially mitigate greenhouse gas emissions.

2. Materials and methods

The present work evaluates the integrity of the cement-casing in-
terface system under wet degradation conditions by CO2-rich brine
operating at supercritical conditions. Since CCS research has been
widely promoted in Brazil, with special emphasis on Petrobras (Iglesias
et al., 2015), the experimental setups (brine composition, temperature
and pressure) simulate the conditions of the saline aquifer from Paraná-
Basin (Brazil). This aquifer has been extensively studied and is pointed
out as a potential storage site for CCS projects (Ketzer et al., 2009;
Machado et al., 2013).

2.1. Sample preparation

The materials applied to obtain the cement-casing composites are
class G cement and the API 5CT N80 steel. The detailed composition of
class G cement (Table S1) and of the N80 Steel (Table S2) are presented
in the Supplementary Material. The samples (24 specimens) were pre-
pared in order to assess the cement-casing interface degradation dy-
namics, with (21 specimens) and without (3 specimens) wellbore de-
fect, while a synthetic brine solution was applied to simulate the aquifer
environment. Thus, the different scenarios identified in full-scale wells,
with and without the presence of an interfacial failure, can be eval-
uated.

2.1.1. Synthetic aquifer brine
The brine samples from the aquifer (Paraná-Basin) were collected in

the municipality of São João do Sul in the state of Santa Catarina. The
well was drilled with a depth of approximately 900m deep by the
Mineral Resources Research Company (Companhia de Pesquisa de
Recursos Minerais - CPRM), a Brazilian Federal Government Agency.
This wellbore accesses the Rio Bonito formation featuring proper por-
osity, permeability and depth for CO2 storage (Machado et al., 2013;
Rockett et al., 2011). The site location is presented in Fig. S1 in the
Supplementary Material. The brine was sampled following the En-
vironmental Protection Agency (U.S. EPA) recommendations and its
composition analyzed at Eurofins | Alac laboratory (Garibaldi, RS -
Brazil).

After the brine composition determination, a synthetic saline solu-
tion was prepared from reagents with analytical grade, simulating the
concentrations found in the geological formation environment (saline
aquifer from Paraná-Basin, Rio Bonito formation). The experimental
procedures used sodium chloride, potassium chloride, calcium sulfate,
calcium chloride, strontium chloride, magnesium chloride, and sodium
bicarbonate as chemical reagents to prepare the synthetic saline solu-
tion and Table 1 presents the compositions of the saline aquifer and
synthetic solution brines.

2.1.2. Cement paste
Preparation of the class G cement paste cores was carried out ac-

cording to American Petroleum Institute - API 10A (2002) with a 0.44
water/cement ratio, no use of additives, and cured under a thermostatic
bath (60 °C and atmospheric pressure) for 8 h. A constant speed API
mixer (CTE model 7000) was applied to mix cement with water, and
subsequently the cement slurry was transferred to PVC molds, as
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represented in Fig. S2 of the Supplementary Material. The cement paste
specimens are 25mm in diameter x 50mm in height. After 8 h of
thermal curing the specimens reached an average compression re-
sistance of 33.4 ± 2.8MPa.

2.1.3. N80 steel bar
The API N80 steel cores were prepared by reducing the dimensions

to values of 8× 8×30mm followed by sanding the surface with
sandpaper (220, 320, 400, 600 and 1200 grit) and washing with
deionized water. Finally, the steel cores were degreased by immersing
the steel samples in acetone for 5min in an ultrasonic bath. In order to
evaluate the steel microstructure by means of optical microscopy, the
material surface was treated with Nital alcoholic solution (3% HNO3)
and the results are presented in the Supplementary Material, Fig. S3.

2.1.4. Cement-casing specimens
Cement-casing specimens are divided into bonding and no-bonding

defect specimens, as represented in Fig. 1. The specimens, showing no
interfacial defect (Fig. 1A), were prepared to demonstrate the im-
portance of the cement-casing bond in the presence of aggressive media
such as CO2-rich brine at supercritical conditions. Thus, these speci-
mens were made by inserting the steel core at the center of a cylindrical
PVC mold, followed by filling of the annular space with cement paste
and thermostatic cure.

However, the specimens showing interfacial defect (Fig. 1B and C)
were prepared by the insertion of N80 steel bar into a pre-cured class G
cement core (25mm Ø x 50mm height) with a centralized drilled hole
(11mm Ø x 30mm deep). The steel bar insertion results in two dis-
tinctive interfacial regions, in which Region 1 presents a perfect cement-
casing bonding while Region 2 presents an interfacial gap of approxi-
mately 1.5 mm. Thus, in the present work, the CO2 degradation process
was evaluated in specimens with a large interfacial defect, such as large

annular spaces, voids and/or channels, which may be the result of a
poor cementing job.

The CO2 degradation of the formation-cement-casing system (ma-
terials and interfaces) are usually evaluated in the literature under
quasi-static conditions in large pressurized vessels with temperature
control (Teodoriu and Bello, 2020). The quasi-static state simulates a
condition in which the reaction medium undergoes little mechanical
disturbance, with low fluid flows, but which allows material exchange
between the cement-casing system through diffusive processes induced
by the concentration gradient of chemicals. Thus, it can be considered
that assessing the CO2 degradation process in the quasi-static state is
appropriate, since many of the cementation defects (e.g. voids, mud
channels, small fractures) are not extensive enough to allow consider-
able fluid flows, and that most of the literature evaluates the integrity of
the well materials in a static environment (Bagheri et al., 2018;
Teodoriu and Bello, 2020). To simulate the quasi-static condition in the
wet carbonation experiments, the top of the cement-casing specimens
showing interfacial defect was kept open to allow a material exchange
flow with the reactive medium.

2.2. Wet carbonation experiments

The quasi-static environment is reported as the most appropriate
model to simulate the well condition dynamics in a CCS storage site
(Bagheri et al., 2018), since no continuous fluid channels seem to be
widespread in these geological formations (Lavrov, 2018). Thus, the
wet degradation experiments in the presence of CO2-rich brine were
carried out under quasi-static conditions and CO2 in the supercritical
state (15MPa and 70 °C).

The standardized exposure times were 48–360–720 h and the re-
action medium was previously de-aerated by purging with nitrogen gas.
In all the wet carbonation degradation experiments, the cement-casing
specimens had the same age at the beginning of the procedure. The
reaction system representation is shown in Fig. S4 in the Supplementary
Material.

2.3. Sample characterization

Cement paste, steel and brine samples were characterized by optical
microscopy, scanning electron microscopy with energy dispersive
spectroscopy (SEM-EDS), inductively coupled plasma optical emission
spectrometry (ICP-OES) and electrochemical analysis, as briefly de-
scribed below.

2.3.1. Surface and degradation/corrosion products analysis
From microscopic analysis, information was obtained about the

surface morphologies of the initial materials, cement paste degradation
products, and the corrosion product layers formed on the steel. Cement,

Table 1
Brine composition of the saline aquifer and respective synthetic solution.

Chemical element Brine (mg⋅L−1) Synthetic brine (mg⋅L−1)

Sodium (Na+) 7,866 5,864
Potassium (K+) 125 125
Calcium (Ca2+) 2,153 2,066
Magnesium (Mg2+) 4 4
Aluminium (Al3+) ND –
Iron (Fe2+ and Fe3+) ND –
Manganese (Mn2+) 0.8 0
Strontium (Sr2+) 63 66
Chloride (Cl−) 11,334 11,516
Sulphate (SO4

2−) 608 635
Bicarbonate (HCO3

−) NQ 2,033
Total salinity 22,154 22,309

ND - Not Detected and NQ - Not Quantified.

Fig. 1. Cement-casing specimen applied for wet degradation experiments in CO2-rich brine: (A) cement-casing specimen showing no interfacial defect (B) perspective
view of the cement-casing specimen showing interfacial defect and (C) front view of the cement-casing specimen showing interfacial defect.
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steel and cement-casing specimens optical microscopic analysis used a
PMG3 (Olympus) microscope, while SEM-EDS analysis used XL 30
(Philips) equipment. In the present work, EDS analyses were performed
in area and line scan mode. SEM-EDS line scan analysis allows the es-
timation of the elemental mass fraction of calcium (Ca), silicon (Si),
carbon (C), iron (Fe) and oxygen (O) in the cement and steel phases.
These analyses are useful to evaluate the material exchange flow in the
cement-casing carbonation process giving support to the discussion
about wellbore material degradation process dynamics in the presence
of interfacial defect.

2.3.2. Degraded layer analysis
The determination of cement and steel degraded layer thicknesses

was carried out based on optical and SEM microscopy images using
ImageJ® image processing and analysis software. For each specimen, at
least 40 measurements were performed to obtain the average results of
their degraded layer thickness. The scheme of the degraded layer eva-
luation is presented in Fig. 2.

Cement degraded layer thicknesses (composed of carbonated and
bicarbonated zones) were measured from the longitudinal section of the
cement cores after removing the steel bar, as shown in Fig. 2A. Cor-
rosion layer thickness measurements were performed using SEM images
of N80 steel cross sections, as shown in Fig. 2B. In addition, the total
thickness of the corrosion film, the inner and outer layers of the cor-
rosion scale, are exemplified in the Supplementary Material Fig. S5.

2.3.3. Synthetic brine analysis
Ca2+ and Fe2+ analysis of the initial (before carbonation) and final

(after carbonation) brine solution were determined by inductively
coupled plasma optical emission spectrometry (ICP-OES) in an out-
sourced laboratory.

2.3.4. Steel electrochemical analysis
After the wet degradation experiments, steel cores from the speci-

mens showing interfacial defect were removed, washed with deionized
water and stored in a vacuum desiccator. The potentiodynamic polar-
ization tests were performed on model 273A potentiostat/galvanostat
(EG&G Princeton Applied Research) to evaluate the influence of the
degraded layer on the material corrosion resistance. Measurements
were performed at room temperature in a standardized medium
(naturally aerated and static conditions) with a 0.05M NaCl electrolyte.
For comparison purposes, a reference sample (polished and non-de-
graded API N80 steel core) was analyzed in the same way.
Potentiodynamic polarization analyzes were performed immediately
after the completion of the CO2 degradation tests and sample pre-
paration.

Before the polarization test, open-circuit potential (OCP) was
monitored during the first hour to observe the stability behavior of the
corrosion layer formed on the steel surface. Then, polarization curves
were obtained with a scan rate of 1mV per second, from −200mV to

+300mV, with respect to OCP. Finally, potentiodynamic polarization
data were treated using CorrView ™ software to obtain the corrosion
potential (Ecorr - mV), the corrosion current density (icorr - μA/cm²),
the polarization resistance (PR - Ωcm²) and the corrosion rates (CR -
mm/year), following ASTM G3-14 (ASTM International, 2019) and
ASTM-G102 (ASTM International, 2015).

2.3.5. Thermogravimetric analyzes
The thermogravimetric analysis (TGA) was used to identify the

presence of calcium carbonates in the solid precipitates formed after the
CO2 degradation experiments. The precipitate was previously dried,
and the analysis was performed on the SDT Q-600 of the TA instru-
ments.

2.4. Cement-casing reactions

There is a consensus based on field and laboratory data that both
cement and steel materials are susceptible to changes in CO2-rich media
in CCS sites (Bai et al., 2015b). Additionally, it is pointed out that
wellbore interfaces (geological formation-cement-casing) are fragile
points of the isolation systems (Kiran et al., 2017; Lorek et al., 2016).
Thus, the cement-casing system presenting interfacial defect can be
represented as a quasi-static system with a dynamic flux of material
between the cement, steel and CO2-rich brine phases. Thus, it is im-
portant to represent the most important reactions involved throughout
the wet carbonation process.

The wet carbonation process starts from CO2 dissolution in water,
with the consequent production of H2CO3(l), HCO3

−
(l) and /or CO3

2-
(1),

depending on the medium’s pH (Bai et al., 2015a; Duguid et al., 2011).
These reactions are represented by Eq. 1.

+ ↔ ↔ + ↔ +
− + − +CO H O H CO HCO H CO H2g l l l l l l2( ) 2 ( ) 2 3( ) 3 ( ) ( ) 3 ( )

2
( ) (1)

2.4.1. Cement paste carbonation
Cement paste carbonation processes are widely known and the main

reactions lead to the degradation of the Ca(OH)2 or portlandite (CH)
and calcium silicate hydrate (C-S-H) phases, to produce different cal-
cium carbonate (CaCO3) polymorphs such as calcite, aragonite and
vaterite (Duguid et al., 2011; Koukouzas et al., 2017). These reactions
are represented by Eqs. 2–7.

+ + → +
− +Ca OH CO H CaCO H O( ) 2 2s l l s l2( ) 3 ( )

2
( ) 3( ) 2 ( ) (2)

+ + → +
− +Ca OH HCO H CaCO H O( ) 2s l l s l2( ) 3 ( ) ( ) 3( ) 2 ( ) (3)

− − + + → +
− +CO H CaCO SiO OHC S H 2s l l s x x s( ) 3 ( )

2
( ) 3( ) ( ) (4)

− − + + → +
− +HCO H CaCO SiO OHC S H s l l s x x s( ) 3 ( ) ( ) 3( ) ( ) (5)

+ + ↔ +
+ −CaCO CO H O Ca HCOs g l l3 ( ) 2 ( ) 2 ( )

2
3 ( ) (6)

Fig. 2. Scheme of degraded layer evaluation at the cement-casing interfaces: (A) cement paste carbonation and (B) N80 steel corrosion layer.
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+ ↔ + +
+ +CaCO H CO H O Ca2s l g l3 ( ) ( ) 2 ( ) 2 ( )

2 (7)

2.4.2. Steel casing corrosion
Steel corrosion in CO2-rich environments has also been well docu-

mented in the literature with corrosion rates reaching 20mm/year
(Choi et al., 2013). Corrosion can occur in different ways, which are
homogeneous corrosion which must have a maximum rate of 0.1 mm/
year, or concentrated (pitting corrosion) that should be avoided
(Pfennig et al., 2017, 2013). Thus, the cement-casing bonding quality is
a fundamental aspect of the wellbore integrity, since the cement acts as
a protective element of the casing surface (Bai et al., 2015a; Pfennig
et al., 2013).

The corrosion process in CO2-rich environments forms a siderite
(FeCO3) layer on the steel surface as the main corrosion product, but
other materials may also be present, according to Eqs. 8–12 (Carey
et al., 2010; Nešić, 2007; Pfennig et al., 2017). The siderite layer shows
protective features which may reduce the corrosion rate and prevent
significant losses of wellbore the casing integrity (Pfennig and
Kranzmann, 2018).

→ +
+ −Fe Fe e2s l( ) ( )

2 (8)

+ →
+ −Fe CO FeCOl l s( )

2
3 ( )
2

3( ) (9)

+ →
+ −H e H2l g( ) 2( ) (10)

+ →
+ −Fe HCO Fe HCO s2 ( )2 ( )l l( )

2
3 ( ) 3 (11)

→ + +Fe HCO s FeCO CO H O( )2 ( ) s l l3 3( ) 2( ) 2 ( ) (12)

2.4.3. Cement-casing interface
Most studies focus only on one of the wellbore system materials

(cement or casing or formation). Thus, there is lack of information on
how these systems interact throughout the degradation process (Jobard
et al., 2018; Tremosa et al., 2017). Thus, the mass flow exchange be-
tween the cement and casing materials, and the reactions of the cement-
casing system have been insufficiently studied by the researchers and
are poorly reported in the literature. Thus, in addition to the previously
detailed reactions, this dynamic process results in the formation of
mixed iron and calcium carbonates in both phases (cement and steel),
as represented by Eq. 13.

+ + →
+ + −xFe yCa CO Fe Ca COl l l x y s( )

2
( )
2

3 ( )
2

3( ) (13)

The presence of mixed carbonates (FexCayCO3, where x+ y=1)
has already been identified at the cement-casing interface. However,
only a few reports are found in literature (Carey et al., 2010;
Wolterbeek et al., 2013). These degradation products range from almost
pure FeCO3 to almost pure CaCO3 as iron (Fe2+) and calcium (Ca2+)
concentrations evolve with time and medium mineral saturation (Carey
et al., 2010; Ding et al., 2009; Navabzadeh Esmaeely et al., 2013).
Mixed carbonate formation may change the corrosion layer protective
nature and the self-healing cement ability (Navabzadeh Esmaeely et al.,
2013; Wolterbeek et al., 2013).

2.5. Data analysis

Univariate statistical methods are sometimes inefficient in complex
system evaluations such as cement-casing interface systems. Thus,
considering the amount of experimental data, Correlation Analysis (CA)
and Principal Component Analysis (PCA) were performed using the
Solo+MIA software (Eigenvector Research) to perform data analysis
in order to improve our understanding of the CO2 degradation process
of the cement-casing system. PCA is an exploratory analysis tool applied
to put together large datasets in a small dimensional space. The data
structure is represented by uncorrelated variables, orthogonally plotted
against each other, called principal components (PCs) (Rocha et al.,
2012; Vasanthavigar et al., 2013). Through this approach, the most
valuable information (explained variance) is extracted and represented
by the Score (sample projection) and Loading (variable influence)
graphics. Since the data are presented in different units, it was neces-
sary to perform the data scaling followed by the mean centering process
to assign similar weights to each of the variables in the PCA.

3. Results and discussion

3.1. Cement-casing system: showing no interfacial defect

Wet carbonation of cement-casing specimens showing no interfacial
defect were evaluated firstly. These experiments simulate a condition in
which well drilling, and completion processes result in a perfect
bonding between the cement and casing along the wellbore. Such car-
bonation experiments were performed for 168 h, 15MPa and 70 °C, and
the results are presented in Fig. 3.

From optical microscopy analysis, no signs of degradation or fluid
intrusion were observed along the cement-casing interface, with the

Fig. 3. Cement-casing interfaces of the sample showing no interfacial defect: (A) degraded cement layer and (B) Interface presenting no signs of steel corrosion.
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outer layer degradation of the cement only being noticeable. For these
specimens, cement and steel integrity in the interface were preserved,
meaning that the wellbore integrity is assured. Similar results were
found from field (Carey et al., 2007; Duguid et al., 2014) and laboratory
scale experiments (Mito et al., 2015; Nakano et al., 2016; Ren et al.,
2016) indicating that perfectly bonded cement-casing interfaces may
efficiently protect the casing against CO2 induced degradation and act
as a barrier to prevent CO2 leakage from the geological formation (Beck
et al., 2016; Carroll et al., 2016).

However, other studies indicate that the cement-casing interface
may lose its integrity over time in aggressive environments (Lorek et al.,
2016; Ren et al., 2016) whereas field data show that interfacial defects
are present to some extent of all wells evaluated (Carey et al., 2007;
Duguid et al., 2014; Hawkes and Gardner, 2013). Thus, since interfacial
defects between the cement and casing are frequent, it is necessary to
study these systems in the presence of corrosive fluids and an interfacial
gap between these materials and to consider the mass exchange be-
tween the cement and casing phases as well.

3.2. Cement-casing system: showing interfacial defect

The interfacial gap used in the specimens (approximately 1.5 mm) is
larger than those previously evaluated in different experimental works
showing interfacial gaps of the order of a few micrometers (Carey et al.,
2010, 2009; Wolterbeek et al., 2013). Since the system is evaluated in a
quasi-static environment, both phases (cement and steel) can sig-
nificantly influence the pH and ions concentration between the inter-
facial spaces. Fig. 4 illustrates the result of the wet degradation for a
sample showing interfacial defect in CO2-rich brine after 720 h of ex-
posure.

After the steel core removal from specimens, samples were eval-
uated by means of optical and SEM microscopy. After removing the
steel core, the longitudinal sections of cement paste cylinders which
underwent 48 h, 360 h and 720 h of exposure to CO2-rich brine, are
shown in Fig. S6 of the Supplementary Material. CO2-rich brine
medium promotes generalized changes in the cement paste and steel
core, from a dark-colored layer in the cement to a black scale on the
steel core surface. Regarding Region 2 (Fig. 4), which represents the
area showing interfacial defect, signs of deep changes in the cement
phase and the presence of CaCO3 precipitated on the cement surface
can be seen. The presence of calcium carbonate was confirmed by
means of thermogravimetric analysis (Fig. S7). In Fig. 4C, chemically
altered layer features, constituted by carbonated and bicarbonated
zones, are observed. Also, as observed in experiments showing no in-
terfacial defect, Region 1 showed no significant signs of degradation
(Fig. 4A and B), reinforcing once again the mutual protective aspects
related to cement and steel casing.

In addition, the results indicate signs of material exchange between
the cement, brine and steel phases, from reddish-colored areas observed
on the cement surface, white precipitates on the steel surface and
changes in concentration of calcium (Ca2+) and iron (Fe2+) ions in the
solution (Fig. S8 in the Supplementary Material). The reddish

precipitates were previously attributed to the presence of iron in the
medium (Carey et al., 2007; Wolterbeek et al., 2013), whereas the
presence of white crystals on the steel surface indicates the formation of
CaCO3 on the corrosion layer (Navabzadeh Esmaeely et al., 2013).
From the ICP-OES results (Fig. S8) we may observe a progressive re-
duction of Ca2+ concentration in solution, suggesting the occurrence of
precipitation in the form of carbonates. Otherwise, iron (Fe2+) con-
centration in brine solution indicates that an initial period of steel
dissolution and a consequent increase of Fe2+ is followed by ion re-
duction caused by precipitation.

3.2.1. Degraded layer evaluation
The material resistance over time presents great importance for the

CCS wellbore integrity. Thus, the exposure time influence in both the
cement degradation evolution and steel corrosion layer were evaluated
by means of SEM (Fig. 5).

From SEM images, the results show that chemically altered layer
increases over time for both materials (cement and steel). The average
altered cement layer depths (carbonated zone+ bicarbonated zone) at
different exposure times are 0.35mm (48 h), 0.89mm (360 h) and
0.91mm (720 h), whereas the total corroded layer (outer layer+ inner
layer) are 24.60 μm (48 h), 26.19 μm (360 h) and 31.42 μm (720 h).
Table 2 details information about the layer thicknesses of the degraded
cement and corroded steel.

Regarding the cement paste, initially the carbonation front advances
significantly into the cement matrix (Fig. 5A and B). As CO2-rich brine
percolates through the porous cement structure, CaCO3 formation from
the consumption of portlandite and C-S-H is observed (Duguid et al.,
2011; Koukouzas et al., 2017). These reactions (Eqs. 2–5) show the
effect of reducing cement porosity since CaCO3 acts as an expansive
pore blocking agent (Fig. 5B) and starts to fill the voids (Bagheri et al.,
2018; Tiong et al., 2019). Thus, the reduction of porosity prevents
further advances in the cement degradation front. Finally, once the Ca
(OH)2 content is depleted, pore fluid pH reduces, favoring the forma-
tion of bicarbonate ions and allowing carbonate dissolution (Eq. 6 and
7), thus resulting in a highly porous bicarbonated zone (Fig. 5C)
(Barlet-Gouédard et al., 2007; Bjørge et al., 2019). The bicarbonation
reaction is considered the most critical reaction for the cement paste
integrity since this highly porous layer allows the flow of CO2-rich brine
along the interface and exposes the steel casing to corrosive fluids
(Bjørge et al., 2019; Duguid and Scherer, 2010).

Fig. 5D–F show SEM images of steel core cross sections after de-
gradation experiments for 48 h, 360 h and 720 h, respectively. In the
present study, only homogeneous corrosion was observed without signs
of pitting corrosion. From the images we may obtain the corrosion layer
thicknesses as well as observe its morphological features. Similarly,
casing corrosion presents a higher initial rate, reducing with the CO2-
rich brine exposure time. Corrosion rate reduction is usually attributed
to the formation of a protective layer composed mainly of iron carbo-
nate (FeCO3). This may reduce the corrosion rates from around 20mm/
year to less than 0.1 mm/year (Navabzadeh Esmaeely et al., 2013;
Pfennig et al., 2013). A number of corrosion rates are described in the

Fig. 4. Cement-casing interfaces of the sample showing interfacial defect: (A) Front view of the cement core, (B) cement-casing interface cross-section SEM image and
(C) cement degraded layer cross-section SEM image.
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literature since protective characteristics of the corrosion film present
direct relationships with texture, porosity and compaction of the de-
posited layer on the steel surface (Choi et al., 2013; Navabzadeh
Esmaeely et al., 2013).

Regarding steel cores, we may observe the corrosion layer divided
into two layers. In the present work, only the corrosion layers (inner or
outer) were measured and eventual changes in the total dimensions of
the steel cores due to the presence of precipitates or the dissolution of
the corrosion products were not evaluated. The outer layer is composed
of external corrosion products deposited over the steel surface whereas
the inner layer comprises the corrosion front advancing towards the
center of the steel core. From SEM images we may see that the outer
layer shows more uniform textures than the inner layer. Moreover, the
outer/inner thickness layer ratio presents higher values in short ex-
posure time experiments, whereas this layer ratio reduces in longer
time experiments. Nešić (2007) observed the same behavior and stated
that the system can continue to suffer corrosion even with the presence
of corrosion product films. In addition, the outer/inner layer thickness
oscillation indicates the existence of corrosion film dissolution and re-
precipitation processes.

3.2.2. Degradation/corrosion products at cement-casing interface
Morphology and porosity in wellbore materials play key roles in

cement and steel bonding (Silva and Milestone, 2018b). Both properties
can be altered as the degradation in CO2-rich brine progresses, defi-
nitely compromising the cement-casing cohesion and wellbore integrity
(Bagheri et al., 2018; Koukouzas et al., 2017). Fig. 6 presents SEM
images from cement paste (Fig. 6A, C and E) and steel surface (Fig. 6B,
D and F) obtained in the interface defect region for each exposure time
evaluated.

From Figures (6A to 6 F) we may observe that cement and steel
surfaces in the interfacial region change with time. Precipitate
morphologies observed in the cement surface at shorter times (48 h -
Fig. 6A) present crystalline structures related to CaCO3 polymorphs.

Otherwise, the precipitates obtained at longer exposure times (Fig. 6C
and E) present amorphous features, showing signs of mineral dissolu-
tion from the cement surface. From Figs. (6 B, D and F), we may observe
that in the first 48 h of reaction (Fig. 6B) the corrosion layer formed on
the steel surface irregularly covers the casing material. However, pre-
cipitates obtained at longer exposure times (Fig. 6D and F) present
porous and less compacted features, meaning that these corrosion
products may be less protective than those formed at a shorter time. In
addition, precipitates observed in the cement at shorter times (Fig. 6A),
and steel submitted to 720 h (Fig. 6F) of wet degradation, have similar
morphologies, indicating the formation of polymorphic CaCO3 on the
steel surface.

Aiming to identify the elemental precipitate composition on the
cement and steel surfaces in the interface defect region, EDS analysis
was performed on the sample surfaces shown on the SEM images in
Fig. 6. The material surface elemental composition is detailed in
Table 3, and a graphical representation is presented in the Supple-
mentary Material (Fig. S9).

EDS results (acquired by area) show the elemental precipitate pro-
files in the degraded material surface (cement and steel) at different
exposure times in CO2-rich brine. According to Table 3, both iron (Fe)
and calcium (Ca) are identified on the surface of cement and steel
materials at all degradation exposure times. In addition, a tendency of
Ca reduction and Fe increase is observed on the cement surface as ex-
posure times increase. Conversely, as exposure times increase, the
precipitate profiles on the steel surface change from Fe-rich to Ca-rich
materials. Thus, elemental composition suggests the formation of mixed
iron and calcium carbonates (FexCayCO3) on the surface of both ma-
terials indicating material exchange flows among the cement, steel and
CO2-rich brine. These mixed carbonates have been previously identified
as composing the precipitate fraction on cement and steel exposed to
CO2, Ca2+ and Fe2+ rich media (Alsaiari et al., 2008; Carey et al., 2010;
Navabzadeh Esmaeely et al., 2013). Even considering that EDS analysis
is a semi-quantitative method, variations in the elemental composition
on the cement-casing system along the exposure time to the CO2-rich
brine were identified.

3.2.3. Electrochemical analysis of steel
After evaluating the corrosion film morphology and chemical

composition, open-circuit potential (OCP) analysis and potentiody-
namic polarization measurements were applied in order to evaluate the
protectiveness of the corrosion layer (Fig. 7). The electrochemical be-
havior can be correlated with the corrosion film’s properties such as
permeability, covering regularity, thickness and protective effective-
ness.

After all wet carbonation experiments, the steel bar was removed

Fig. 5. Evolution of the corrosion and degraded layers at the cement-casing interface at different exposure times. Cement after (A) 48 h, (B) 360 h, and (C) 720 h; steel
core after (D) 48 h, (E) 360 h and (F) 720 h.

Table 2
Degradation layer results of the cement-casing interface materials.

Material Parameters Time

0 h 48 h 360 h 720 h

Cement Total carbonated layer (mm) 0.000 0.3571 0.8993 0.9113
Bicarbonated layer (μm) 0.00 0.10 0.10 285.19

Steel Outer layer (μm) 0 21.95 14.56 17.65
Inner layer (μm) 0 2.65 11.63 13.77
Total corroded layer (μm) 0 24.60 26.19 31.42
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from the cement cylinders and left immersed for 1 h in 0.05M NaCl
solution. From Fig. 7A, we may observe that all corrosion films formed
on the steel surface shift the OCP to more positive values when com-
pared to the reference, showing the following decreasing order in OCP
values: 360 h>48 h>720 h > Reference. This feature indicates that
the corrosion product protection efficiency improves at first
(0 h–360 h). In contrast, for long exposure times (720 h), the corrosion
film presents no adequate stability and begins to lose its casing pro-
tection efficiency against corrosion. In general, the OCP results point
out that all steel cores exposed to the CO2-rich brine show less active

OCP than those obtained by the reference.
The results of potentiodynamic polarization tests (Fig. 7B) show

corrosion potentials in the following increasing order:
360 h < 48 h < 720 h < Reference. These results confirm the pre-
vious observation that, after an initial metal surface passivation period
(0 h–360 h), an inversion in the corrosion film protection tendency
takes place for specimens exposed to CO2-rich brine at longer exposures
times. The results of corrosion potential (Ecorr), corrosion current
(icorr), polarization resistance (PR) and corrosion rate (CR), obtained
from potentiodynamic polarization data, are presented in Table 4.

Results of corrosion potential, corrosion current density, polariza-
tion resistance and corrosion rate are related to one another, confirming
the statements about the corrosion film morphology and its influence
over the corrosion rates obtained for the samples at different exposure
times: Reference (0.1081mm/year)> 720 h (0.0037mm/year)> 48 h
(0.0003mm/year)> 360 h (0.0001mm/year). From the electro-
chemical results, we can assume that the inner and outer corrosion
layer growth and dissolution cycles may be affecting the film’s ability to
protect the steel from further corrosion. Thus, there is a need to eval-
uate the cement-casing interface system looking at the dynamics be-
tween the material phases (cement and steel) and the medium (CO2-
rich brine) as well as material exchange flows along the exposure time.
However, as a consequence, assessment of the dissolution cycles of the
corrosion products on the corrosion rates, resulting from the outer /
inner layer thickness oscillation, must be evaluated and modeled in

Fig. 6. Degraded layer morphology of the cement-casing interface at different CO2-rich brine exposure times: cement after (A) 48 h, (C) 360 h and (E) 720 h; and steel
after (B) 48 h, (D) 360 h and (F) 720 h.

Table 3
EDS elemental results of the cement-casing interface materials.

Material Parameters Time

0 h 48 h 360 h 720 h

Cement C-Fe (%) – 6.09 32.72 29.23
C-C (%) – 1.67 2.31 1.64
C-O (%) – 39.77 28.96 37.72
C-Ca (%) – 52.47 36.01 31.3

Steel S-Fe (%) – 44.32 54.51 32.09
S-C (%) – 1.17 1.31 2.16
S-O (%) – 26.49 22.66 31.19
S-Ca (%) – 26.28 19.37 34.55

C - cement phase and S - steel phase.
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future works with a greater number of experiments and longer de-
gradation times.

3.2.4. SEM-EDS line scan analysis
Fig. 8 shows SEM-EDS line scan analyses for cement (Fig. 8A) and

steel (Fig. 8B) phases from the unaltered zone to the degraded inter-
facial zone. In the present work, these analyses were useful to confirm
the previous statements about the material exchange flow in the ce-
ment-casing carbonation process so giving support to the discussion
about wellbore material degradation process dynamics in the presence
of interfacial defects.

In the cement SEM-EDS line scan (Fig. 8A), point number one (1)
corresponds to the beginning of the carbonated zone, point number two
(2) corresponds to the beginning of the bicarbonated zone and point
number three (3) is the periphery of the cement paste core in the ce-
ment-casing interfacial region. Before the carbonated zone, we observe
that there is a Ca content decrease and a Si content increase in relation

Fig. 7. N80 steel electrochemical features after different exposure times along wet carbonation experiments: (A) open-circuit potential and (B) potentiodynamic
polarization curves.

Table 4
Electrochemical results of the N80 steel cores.

Parameters Time

0 h 48 h 360 h 720 h

Ecorr (mV) −535 −369 −316 −404
icorr (μA/cm²) 9.360 0.028 0.010 0.319
1PR (Ωcm²) 2.8× 103 9.3× 105 2.6× 106 8.2× 104
2CR (mm/year) 0.1081 0.0003 0.0001 0.0037

1 PR - polarization resistance.
2 CR - corrosion rate.
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to the unaltered cement paste, indicating portlandite dissolution and
relative enrichment of the C-S-H phase (Koukouzas et al., 2017). From
point one (1) to point two (2), the Ca content shows a tendency to
increase due to the carbonation process. Since CaCO3 partially fills the
porosity of the cement paste, the relative calcium (Ca) concentration of
the carbonate zone increases (Tiong et al., 2019). However, as scanning
advances through the bicarbonated zone to the interfacial defect region
(from point 2–3), the Ca content reduces, and Si content increases due
to the bicarbonation process involving the carbonate dissolution and
formation of amorphous silica. In addition, the Fe content increases
near the interfacial defect region indicating Fe ions migration from the
corroded steel surface to the cement matrix, being subsequently fixed
by precipitation in carbonate form (Tremosa et al., 2017; Wolterbeek
et al., 2013).

On the steel SEM-EDS line scan (Fig. 8B) point one (1) corresponds
to the non-corroded steel in the vicinity of the film’s inner layer; point
two (2) to the beginning of the corrosion product’s inner layer; point
three (3) to the beginning of the corrosion product’s outer layer; and
point four (4) to the region between the outer layer of the corrosion
product film and the epoxy resin employed for the metallographic inlay.
From EDS elemental results, it can be observed that in point one (1) the
steel matrix is perfectly preserved and presents the highest Fe count.
From point one (1) to point two (2), the Fe profile shows a decreasing
tendency along the corrosion film. In this zone, the Ca content is still
low, but its concentration is not negligible meaning that the fluids are
able to percolate through the corrosion film. The region from point two
(2) to point three (3) represents the transition between the inner and
outer corrosion layer, showing an inversion in the Fe and Ca con-
centrations. This means that the mixed carbonate (FexCayCO3) changes
its profile from Fe-rich carbonate to Ca-rich carbonate during the de-
gradation process. This behavior continues until the outer layer
boundary (point 4) meaning that Ca leached from the cement matrix

can migrate to the steel surface and precipitate as calcium carbonate
(CaCO3) and mixed Fe-Ca carbonate (FexCayCO3).

This data corroborates with results previously presented by
Wolterbeek and co-authors (2013) showing that steel corrosion in a
CO2-rich medium is influenced by the cement sheath, resulting in the
formation of corrosion products with different protective features.
These corrosion layers present a broad composition ranging from iron
carbonate (FeCO3), passing through different compositions of mixed
carbonates (FexCayCO3) and finally forming calcium carbonate (CaCO3)
at the material boundary. As the Ca and Fe availability in the medium
changes when mineral saturation is reached, Fe2+ ions are replaced by
Ca2+ ions resulting in the formation of mixed carbonates. Unlike iron
carbonate (FeCO3), mixed (FexCayCO3) and calcium (CaCO3) carbo-
nates present a low protective capacity and, as the protective film un-
dergoes dissolution/reprecipitation processes, it allows the corrosion
front to advance through the steel surface (Esmaeely et al., 2013;
Navabzadeh Esmaeely et al., 2013). Thus, as the protective film changes
its profile, the medium loses its ability to prevent corrosion and de-
pending on the local dynamics, it can result in the formation of loca-
lized corrosion (pitting corrosion) possibly compromising the integrity
of the casing.

In addition to calcium effects on the corrosion film, we may observe
the consequences of the iron migration into the cement matrix as well.
It is detailed in the literature that iron may inhibit the calcite (CaCO3)
formation along the carbonation process, and thus favors the formation
of other CaCO3 polymorphs such as aragonite and vaterite (Alsaiari
et al., 2008; Wolterbeek et al., 2013). Among the disadvantages of
calcite formation inhibition are: (i) reduction in the cement self-healing
capacity and (ii) reduction in the pore block efficiency of the cement
carbonation products. Both disadvantages reduce the cement potential
to withstand the intrusion of acidic fluids into its matrix resulting in a
quicker loss of wellbore integrity. Based on Figs. 6, S11 (Supplementary

Fig. 8. SEM-EDS line scan analysis of the cement-casing interfaces after exposure to CO2-rich brine: (A) cement phase and (B) steel phase.
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Material) and EDS analysis, only the presence of aragonite and vaterite
CaCO3 polymorphs and mixed carbonates (FexCayCO3) can be observed.
However, the identity of the CaCO3 polymorphs and other minerals
must be evaluated in future works using more accurate methods, such
as X-ray diffraction analysis.

3.2.5. Data analysis
In the present work, data analysis was performed using correlation

analysis (Fig. S10 and Table S3 on the Supplementary Material) and the
PCA (Fig. 9) applying the degraded layer data (Table 2), the EDS ele-
mental profile (Table 3) and the electrochemical data (Table 4) of
specimens exposed to CO2-rich brine degradation (48 h, 360 h and
720 h). For brevity, only the most important correlations are discussed
in the present work, however, numerical linear relationship results
among the parameters are detailed in Table S3 in the Supplementary
Material.

From the PCA results, only two principal components (PC 1–60.3 %
and PC 2–39.6 %) represent 99.9 % of the data set explained variance.
In addition, according to the PCA biplot we may correlate the 48 h
specimens with higher values of calcium fraction in the cement (C-Ca)
and a thicker outer corrosion layer, while the 360 h specimens correlate
with a higher iron fraction in the steel (S-Fe), greater corrosion po-
tential (Ecorr) and elevated polarization resistance (PR), and the 720 h
specimens correlate with a higher corrosion rate (CR), greater iron
fraction in the cement (C-Fe) and thicker carbonated (CL), bicarbonated
(BL) and inner corrosion layers.

In conjunction with the correlation analysis (Fig. S10 and Table S3),
these features indicate that at short exposure times (48 h), part of the Ca
precipitates in the cement matrix, increasing its relative fraction on the
cement surface while, at the same time, the Ca from the portlandite
dissolution migrates to the steel surface composing the outer corrosion
layer. At intermediate exposure times (360 h), the lowest corrosion rate
(0.0001mm/year) could be explained by the formation of a protective
iron carbonate (FeCO3) layer, mostly composing the inner corrosion
layer. For longer exposure times (720 h), higher corrosion rates are

correlated to an increase in the protective (inner) and non-protective
(outer) corrosion layers, which means that the combination of the
corrosion products confers less protection against the advance of the
corrosion front. In addition, from the positive correlation between the
iron fraction in the cement (C-Fe) with the inner corrosion layer
thickness (R²= 0.95, according to Table S3), we may state that iron
ions (Fe) in the cement matrix come from the inner layer dissolution as
the degradation front advances.

3.2.6. Dynamic flux through the cement, steel and CO2-rich brine phases
Up to date, there is significant lack of data about cement-casing

degradation dynamics in the presence of wellbore interfacial defects.
Results previously discussed were based on significantly small inter-
facial gap spacings (μm) (Wolterbeek et al., 2013) and, from the present
work, we have identified that a similar profile was observed for much
larger gap spacings (approx. 1.5mm). Some defects may result in si-
milar spacings between the cement and casing including: (i) drilling or
operational damage to the cement sheath, (ii) wellbore completion
failures, (iii) void spaces, (iv) severe fractures and (v) mud or gas
channels. These defects are the same that makes CO2-rich fluids migrate
through the cement matrix, possibly reaching shallower wellbore sec-
tions.

Thus, based on the present work and data previously obtained from
the literature, Fig. 10 revises the processes and dynamics of the cement-
casing degradation in the presence of CO2-rich brine in an interfacial
defect. The EDS line scan data (Fig. 8A and B) supports the assumption
that the formation order of the degraded products on the material
surface is: (i) CaCO3 → FexCayCO3 → and FeCO3 for the cement, and (ii)
FeCO3 → FexCayCO3 → CaCO3 for the steel.

From Fig. 10, the wet degradation process starts with CO2 dissolu-
tion in brine forming carbonate (CO3

2−) and bicarbonate (HCO3-) ions.
As these ions diffuse through the interfacial defect and reach the ma-
terials surface (cement and steel), the degradation process begins. In the
first moment, the CO2-rich brine affects the steel surface more in-
tensively, resulting in casing corrosion, leaching Fe2+ ions into solution

Fig. 9. Principal component analysis of degradation, elemental and electrochemical results of the cement-casing interfacial system.
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and inducing the FeCO3 precipitation on the steel surface. This corro-
sion layer presents protective features and can delay further advances
of the corrosion front. Otherwise, on the cement surface two processes
are occurring: (i) the dissolution of portlandite in the solution, in-
creasing the pH and Ca concentration in the medium and (ii) the car-
bonation process of the cement, forming calcium carbonate (CaCO3)
and thus reducing the material porosity.

Then, as the degradation process progresses, the flow of calcium
ions from the cement matrix (Zone I) to near the steel (Zone II), and the
flow of iron ions from the steel casing (Zone II) to near the cement
(Zone I), becomes significant. At a given moment, Fe starts to migrate
into the cement structure compromising the material’s self-healing and
pore-blocking, and Ca begins to compose the corrosion film from the
formation of mixed carbonates (FexCayCO3), thus compromising the
corrosion layer protection efficiency. Finally, both ions (Ca2+ and
Fe2+) become so abundant in the material vicinity that it is possible to
form calcium carbonates (CaCO3) on the corrosion layer and iron car-
bonate (FeCO3) precipitates in the cement matrix. At this point, the
system may completely lose its ability to withstand further advances of
the degradation process.

4. Conclusions

From the experiments showing no interfacial defect, no signs of
degradation or fluid intrusion were observed along the cement-casing
interface, meaning that a perfectly bonded cement can efficiently pro-
tect the steel casing against CO2 degradation, acting as a barrier to
prevent CO2 leakage from the CCS storage formation. Already, from the
experiments showing interfacial defect, both cement and steel undergo
significant degradation processes. From our results we found that CO2-
rich brine first affects the steel surface, resulting in the leaching of Fe2+

ions into solution and inducing the FeCO3 precipitation on the steel
surface. This corrosion layer presents protective features and can delay
further advances of the corrosion front. Otherwise, two processes occur
on the cement surface: (i) the dissolution of portlandite increasing the
pH and the calcium (Ca) concentration in the medium, and (ii) the
cement carbonation process resulting in the formation of calcium car-
bonate (CaCO3), thus reducing the material porosity.

As the degradation process evolves, the iron (Fe) ions starts to mi-
grate into the cement structure, compromising the material self-healing
and pore-blocking features, while the calcium (Ca) ions begin to com-
pose the corrosion film from the formation of mixed carbonates
(FexCayCO3), compromising the corrosion layer protection efficiency.
Finally, both ions (Ca2+ and Fe2+) become so abundant in the mate-
rial’s vicinity that they may form calcium carbonates (CaCO3) on the
corrosion layer and precipitate iron carbonate (FeCO3) in the cement
matrix. At this point, the system may completely lose its ability to
withstand further advances of the degradation process.

From our work, significant advances are obtained on the study of
the degradation of cement-casing systems showing interfacial defect in
a quasi-static medium under CO2-rich environments. In addition, we
may conclude that the formation-cement-casing system should be
jointly studied, since significant interactive parameters were identified.
However, future works should simulate the influence of other para-
meters that can alter the dynamics of the CO2 degradation process of
the cement-casing system with interfacial defects such as: (i) the cement
hydration time, (ii) the influence of the casing steel alloy type, (iii) the
presence of other fluids like mud and spacer in the voids, instead of
brine, (iv) evaluate the process under different conditions of tempera-
ture, pressure and time, and (v) study the degradation process con-
sidering the existence of a dynamic fluid flow between the cement-
casing interface (simulating a leak of CO2).
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