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The corrosion behavior, mechanical properties, and microstructural evolution of a concrete/P110 casing
steel system were studied in a simulated, CO.-saturated formation water under different CO> partial
pressures. It has been found that the corrosion and mechanical properties of the cement and the
cement/casing interface were affected by both cement hydration and CO: corrosion, making the
performance of the cement matrix and the interfacial transition zone improve initially and then
deteriorate with time. The corrosion resistance of the casing steel reduced with increasing the immersion
time and CO pressure. The degradation of cement and cement/casing interface was aggravated under
the high CO pressure, which assisted the formation of a defected corrosion product layer (predominantly
FexCai1-xCOz) and led to severer corrosion on the casing steel surface.
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1. INTRODUCTION

In the oil and gas industry, the life of cement/casing system is of great significance for the safe
exploitation of oil and gas resources. The well cement normally consists of many pores where a highly
alkaline pore liquid presents, facilitating the passivation of casing steel wrapped by the cement ring [1-
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4]. Therefore, the casing steel in the cement could retain its corrosion resistance before the breakdown
of the passive film [5, 6].

In recent years, many countries start to focus on deep wells and ultra-deep wells due to the lack
of the oil and gas resources. The resources in the deep and ultra-deep wells are covered with a salt-
gypsum layer, where the brine cement slurry is extensively used to prevent wellbore collapse due to a
large amount of salt dissolved into the slurry [7]. The concentration of salt in the brine cement slurry has
a significant effect on the properties of the cement and casing steel [8-10]. The high salt content (with a
NaCl content of ~ 36% by weight of water) in saturated brine cement slurry retards the hydration,
decreases the strength development, and increases the permeability of the cement. The passivation of the
casing steel is reduced due to the high content of CI" in the surrounding cement [9]. As is reported, semi-
saturated brine cement slurry has the potential to yield the greatest desired properties of the cement,
which is beneficial to the well integrity [11, 12]. Also, a lower tendency of the passive film breakdown
on the casing steel is expected using the semi-saturated brine cement slurry.

The corrosion of the cement/casing is detrimental to the safe exploitation of oil and gas resources
in the deep wells and ultra-deep wells [13, 14]. Although many efforts have been made on the corrosion
research of oil well cement and/or casing steel, the corrosion mechanism of cement/casing system,
especially the interface stability between cement and casing steel, are scarcely reported [15-22].

Carbon dioxide (CO.), which is distributed in various oil and natural gases, has been
acknowledged to be a major corrosion source for the failure of cement and casing steels. CO> is corrosive
to cement under the appropriate humidity (relative humidity higher than 50%) and pressure [12], which
decreases the alkalinity of the electrolyte in the cement pores and the strength of cement ring, and
increases the porosity of the cement ring. In the presence of CO2, a layer of non-protective FeCO3
corrosion products would form on the steel surface, which will induce the formation of localized
corrosion depending on the coverage rate and integrity of the FeCOs layer [23-27]. In addition, the
corrosion rate of steel was found relatively low when the CO, concentration or partial pressure is high
[28]. It was because the scale that formed on the steel was denser and had superior surface coverage,
which results in a decrease in the corrosion rate. For a saturated brine cement/casing system in COo-
saturated formation water, however, the casing steel surface and the interface between cement and casing
steel were found deteriorated after 2-month of corrosion [9]. The above literature review indicates that
CO2 could either accelerate or decelerate the corrosion rate of the steel depending on its partial pressure.
The corrosion mechanism of the steel in a cement/steel system is not well established [22, 29]. To the
authors’ knowledge, no studies have been reported about the effect of CO2and its partial pressure on the
corrosion of a semi-saturated brine cement concrete/ P110 casing steel system in the simulated formation
water.

In this work, a semi-saturated brine cement concrete/P110 casing steel system was used to study
its corrosion evolution in a synthetic formation water saturated with CO,. Specially, the effect of CO>
pressure on the corrosion of cement/casing and the instability phenomenon at the interface of
cement/casing will be investigated.
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2. EXPERIMENTAL

2.1 Sample preparation

Aksu G-grade cement and P110 casing steel were used to prepare the cement concrete/casing
steel system. The composition of the semi-saturated brine cement slurry is as follows (in gram): cement:
520, water: 222, salt: 15, ganister: 130, microsilicon: 26, dispersant: 30.72, and anti-gas channeling
agent: 10.14. For the cement/casing system, a casing steel with a diameter of 10 mm and working end
length of 40 mm was coated with the cement concrete, as shown in Figure 1 (a). One end of the casing
steel has an external thread which was attached with a copper wire for electrochemical measurement.
With the addition of a defoaming agent, the cement slurry was stirred vigorously, and then poured and
solidified in a mold with the P110 steel located in the center under the controlled temperature of 80°C.
The cement samples with a diameter of 50 mm and length of 110 mm were demolded after curing for 24
hours. Note that the term cement/casing refers to cement concrete/casing steel or concrete/casing steel
in this work.
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Figure 1. Sketch map of the cement/casing sample for (a) immersion and electrochemical measurement,
and (b) mechanical tests.

2.2 Immersion test

The immersion test was performed in a static autoclave. The composition of the simulated
formation water was as follows: Na*: 1941.55, K*: 72.12, Ca?*: 140.28, Mg?*: 82.05, Cl: 2430.88,
HCOs: 280.04 and SO4%*: 120.02 (in mg/l). The simulated formation water was poured into the
autoclave, and then N> gas was bubbled for 4 h to remove oxygen before CO2 was introduced in the
autoclave. The solution was purged with CO> for 4 h to make it saturated with CO>. Two different CO>
pressures were employed in the tests to investigate the CO> effect: 1) under normal pressure, i.e. CO>
pressure was 0.1 MPa, and 2) under high pressure (8 MPa, CO partial pressure was 2 MPa, and N2
balanced). The temperature was controlled at 80°C. The prepared cement/casing samples were immersed
in the aforementioned autoclaves for 10-60 days.
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2.3 Electrochemical test

Electrochemical tests were carried out with the PGSTAT302N Autolab electrochemical
workstation. A three-electrode system was employed with the cement/casing sample as a working
electrode, the platinum plate as an auxiliary electrode, and the saturated calomel electrode (SCE) as a
reference electrode. After each immersion test for 10-60 days, the sample was removed and then quickly
assembled in the three-electrode cell for electrochemical testing. The testing solution was the simulated
formation water saturated with CO: at a controlled temperature of 80°C. The surface area of the casing
steel was 12.56 cm?. The AC impedance test (EIS) was performed at the open circuit potential (OCP),
and the EIS scanning frequency ranged from 100 kHz to 10 mHz with an AC amplitude of 10 mV (peak-
to-zero). At least three tests were carried out for each condition to ensure the reproducibility.

2.4 Mechanical test

The threaded part of the cement/casing sample was exposed (Figure 1 (b)) and connected by a
special fixture, and the other end of the sample was connected by a sleeve. A pull-out method was utilized
to measure the shearing force of the interface between the cement and the casing steel by a material
mechanical testing machine. The maximum tensile stress was recorded and then converted into the
interfacial shear strength to evaluate the cementation strength of the interface. Vickers hardness of the
cement ring and the area near the interface between cement and casing steel (i.e. the interfacial transition
zone) was measured after the cement sample was transversely sectioned and polished. The load for the
measurement was 300 gf, and the duration was 10 s. Compressive strength test of the corroded samples
was carried out using a pressure tester. The compressive strength was calculated with the maximum
compressive stress recorded at the cracking of the cement and the original cross-sectional area of the test
sample. Afterwards, the fracture surface of the failed cement samples was observed using SEM. For each
test, at least two samples were used to ensure the reproducibility.

2.5 Post-test analysis

After the tests, microstructural evolution of the cement stone and casing steel was observed by
ZEISS EVO MAI15 scanning electron microscope (SEM) equipped with an energy spectrometer (EDS)
at an acceleration voltage of 20 kV. The composition of the corrosion products on the steel surface was
measured by Raman spectroscopy with a measurement range of 200 cm™-1200 cm™ and a step size of 2
cmt, Afterwards, the corrosion products were measured by x-ray photoelectron spectroscopy (XPS)
with the efficiency and energy voltage of 12 kV, and the vacuum degree during sputtering of 2.0 x 10”7
mba.
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3. RESULTS AND DISCUSSION

3.1 Electrochemical impedance spectroscopy (EIS) analysis

Figure 2 shows the EIS curves of samples with different immersion time under normal pressure.
During the entire course of corrosion, the Nyquist plots consist of two capacitive loops respectively in
the high and medium-frequency ranges and a diffusion tail in the low-frequency range (Figure 2 (a)). It
has been well accepted that the high-frequency capacitive loop represents the microstructural variation
of the cement [30]. The medium or low-frequency capacitive loop reflects the dissolution processes at
the steel/cement interface. The low-frequency diffusion tail is related to the diffusion process of
corrosive species, indicating the corrosion process is controlled by the diffusion of corrosive species
through the cement layer or passivation film of the casing steel [31]. It can be found that the high-
frequency capacitive loops enlarge first and then shrink with prolonging the immersion time, whereas
the low-frequency capacitive loops keep decreasing with time. These results reveal that the corrosion
rate of the casing steel is increasing with time although its outer cement can block the solution to some
extent.
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Figure 2. Electrochemical impedance spectra of samples in CO»-saturated formation water at 80°C after
immersion with various immersion time under normal pressure: (a) Nyquist plots and (b) an
enlargement of image (a)

In order to fit the EIS data, a simple electrochemical equivalent circuit model was utilized, as
shown in Figure 3 [32]. Rsis the solution resistance; Rc and Qc are respectively the resistance and
constant phase element (CPE) of the cement layer; Rct and Qai are respectively the charge transfer
resistance and CPE of the electric double layer on the surface of the casing steel. W is the Warburg
impedance describing the transport of corrosive species. CPE is used in this work as a substitute for a
capacitor to compensate for the nonideal capacitive response. The CPE impedance can be expressed as:
Zcre=[Q(jw)n] %, where Q is the constant of CPE, o is the angular frequency, and n is the dispersion
coefficient of CPE (0<n<I) [33]. According to the proposed equivalent circuit model, all the EIS curves
were fitted and the fitting parameters are listed in Table 1. The resistance of the cement layer (Rc) is 304
Q cm? at the immersion time of 10 days. It increases with time and reaches a maximum value of 1785
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Q cm? at 40 days, and then declines slowly to 1254 Q cm? at 60 days. The corrosion of cement is
influenced by both the hydration and carbonation processes of cement [22, 32, 34]. The former process
improves while the latter decreases the stability and corrosion resistance of the cement layer. When the
immersion time is less than 40 days, the hydration process is dominant, which makes the cement
structure become denser with time. When the time exceeds 40 days, the hydration process may slow
down and the carbonation of cement becomes the dominant process. The carbonation destroys the
original structure of the cement, leading to an increase of porosity and permeability of the cement. For
instance, the COz-related species could react with the hydration product Ca(OH). to form CaCOs and
even Ca(HCO:z),, depending on the concentration of CO- [32]. The charge transfer resistance (Rct) shows
a maximum value of 15.9 kQ cm? at the immersion time of 10 days, and then it decreases gradually with
time. After 60 days of immersion, the value decreases to 3.5 kQ cm?. The decrease in the Re can be
rationalized as follows: 1) a passivation film was formed on the casing steel surface in the highly alkaline
environment (pore solution of the cement) in the early stage, which reduces the corrosion rate [2, 3]; 2)
with prolonging the immersion time, the penetration of corrosive species such as CO3%", HCO3™ and CI
from solution to the interface of cement/casing could occur, which breaks the passivation film [35]; and
3) the carbonation process decreases the pH of the electrolyte trapped around the steel, which further
increases the corrosion rate of the casing steel [36].
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Figure 3. Equivalent circuit model of the samples in different corrosion stages

Table 1. Fitting results of the EIS for samples in CO»-saturated formation water at 80°C after immersion
with various immersion time under normal pressure.

. Re W
Time Rs Qc Re Qui 052 X°%10
@  (©Qemd) (Ssecemd) " (@Qem?) (S-secem?) M an%) (s'sec) fem™ * 4
10 318 14x10° 057 304 38x10° 047 15930  13x10° 371
20 326 70x10° 033 1126  46x10¢ 066 15530  8.1x10¢ 125
30 483 26x10° 036 1550  24x10¢ 050 15180  8.2x10%  1.00
40 359 86x10° 026 1785  18x10¢ 058 8039  11x10°  3.62
50 407  56x10° 031 1475  15x10¢ 060 7100  9.0x10% 149
60 498 11x10° 039 1254  88x10° 068 3473  7.4x10% 331

Figure 4 shows the EIS curves of samples with different immersion time under the high pressure.
Two capacitive loops respectively in the high and medium-frequency ranges and a diffusion tail in the
low-frequency range are visible in the Nyquist plots, which is similar to the feature of the plots under
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the normal pressure. The variation trends of the high-frequency and medium-frequency capacitive loops
with immersion time are also consistent with that under the normal pressure.
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Figure 4. Electrochemical impedance spectra of samples in CO»-saturated formation water at 80°C after
immersion with various immersion time under high pressure: (a) Nyquist plots and (b) an
enlargement of image (a)

Table 2. Fitting results of the EIS for samples in CO>-saturated formation water at 80°C after immersion
with various immersion time under high pressure.

. W
Time Rs Qc Rc Qui Ret 0.5 4
@  (@cm?) (Ssec¥em?) " (Qem?) (S-secem?d) M (Qom?) (S'Se‘?f) fem - x*x10
10 244 24x10° 051 322 36x10° 069 4271 20x10°  3.00
20 259 16x10° 053 326  65x10¢ 041 4200  29x10%  0.99
30 343 96x10° 031 1227  99x10° 087 2737  62x10% 237
40 276 17x10% 027 983 46x10° 067 2628  41x10% 352
50 502 18x10° 044 954  52x10° 048 871  13x10% 282

60 527 2.0x10° 0.44 932 9.5x10* 0.30 839 4.9x10° 1.86

The same electrochemical equivalent circuit model (Figure 3) was used to fit the EIS data and
the fitting parameters are listed in Table 2. The R¢ value is 322 Q cm? (10 days) and increases to the
maximum value of 1227 Q cm? at 30 days. Then, it decreases gradually to 932 Q cm? at 60 days.
Compared with that under the normal pressure, it takes less time to reach the maximum value under the
high pressure. In addition, the Rc values of the latter are always smaller than that of the former when the
immersion time has exceeded 20 days. It may be because high pressure could accelerate the hydration
and carbonation processes of cement [29, 34]. The carbonation process is more pronounced under the
high pressure (with a high partial pressure of CO>), thereby reducing the corrosion resistance of the
cement. The Ret shows a maximum value of 4.3 kQ cm? (10 days), and then decreases gradually with
time. After 60 days of immersion, it decreases to 0.8 kQ cm? which is only 0.24 times as compared to
that under the normal pressure. During the entire course of corrosion, the R¢t value under the high
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pressure is less than one third as compared to that under the normal pressure. These results imply that
the high pressure facilitates not only the carbonation process of cement but also the diffusion of CO.-
related species and CI" through the cement, which would cause a faster accumulation of CO»-related
species and CI" at the interface of cement/casing and degradation of the casing steel.

3.2 Mechanical properties evaluation

3.2.1 Shear strength

Figure 5 shows the variation of interfacial shear strength for the cement/casing system with time.
Under normal pressure condition, the interfacial shear strength between the cement and casing steel
increases and reaches a maximum value of 2.4 MPa at 40 days of immersion. It clearly reveals that the
cementing ability between the cement and casing gradually increased for the first 40 days. It implies that
the interface of cement/casing may be only marginally damaged due to the carbonation in the first 40
days. On the contrary, the bonding strength between cement and casing should increase owing to the
hydration of cement, which could be verified by the morphology variation of the interface of
cement/casing later. After 40 days of immersion, the value of interfacial shear strength decreases with
time. It means the carbonation of cement and corrosion attack of casing steel have become dominant
after 40 days, which severely corrodes the interface and decreases the cementing ability between the
cement and casing steel. In comparison to the EIS results, the variation trend of interfacial shear strength
is consistent with that of the R values. It suggests that the degradation of interfacial shear strength begins
when the cement cannot provide sufficient protection, whereby corrosion initiates at the cement/casing
interface.
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Figure 5. Variation of shear strength of cement/casing system after immersion in CO.-saturated
formation water with different immersion time under normal and high pressure conditions
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Under the high pressure, a similar trend of the shear strength is observed as that under the normal
pressure. The differences are that it takes less time (30 days) for the interfacial shear strength to reach
the transition point (transition from strengthening to weakening), and the strength values are invariably
smaller under the high pressure. After 60 days under the high pressure, the interfacial shear strength
decreases to 0.86 MPa, which implies that the cementation strength at the interface of cement/casing is
basically lost. It manifests that high pressure accelerates the penetration rate of CO»-related species and
CI" in the cement, which reduces the time for them to reach and accumulate at the interface, leading to
much severer corrosion at the interface [37]. This is consistent with the electrochemical result that the
decrease of R¢t value with time for the sample under the high pressure is more pronounced (Table 1 and
Table 2).

3.2.2 Cement microhardness

It has been reported that a loose and weak transition zone exists at the interface between cement
and casing steel, which contains a large number of easily erodible Ca(OH). crystals, highly alkaline C-
S-H gel and unhydrated cement particles [38]. In order to reveal the difference in mechanical property
between the interfacial transition zone and matrix of cement, the variations of microhardness in the two
different regions are shown in Figure 6. Under normal pressure condition, the microhardness values of
both the cement matrix and the interfacial transition zone tend to increase slowly up to 40 days, and then
decrease with time. Based on the analysis of hydration and carbonation characteristics of the cement in
the corrosion process in the CO.-containing formation water [39], it is believed that both the hydration
and carbonation processes have an impact on the performance of the cement. For the first 40 days of
immersion, the microhardness increases when the hydration of cement is dominant, which increases the
density and stability of the cement. After 40 days of immersion, the density of cement declines due to
the carbonation-induced pores or defects in the cement, leading to a decrease in the microhardness [32].
These analyses could be verified later by the microstructural evolution of the cement stone with
immersion time. It is also found that the microhardness of the cement matrix is always higher than that
of the interfacial transition zone, as shown in Figure 6 (a). The lower hardness of the interfacial transition
zone is mainly ascribed to: 1) the hydration degree of the interfacial transition zone is lower than that of
the matrix in the early stage of immersion, and 2) COz-related species penetrate through the cement and
largely accumulates in the interfacial transition zone in the later stage of immersion, which causes severe
corrosion and degradation of cement in the interfacial transition zone.

Under the high-pressure condition, the value of microhardness also increases initially and then
decreases with time, as shown in Figure 6 (b). The microhardness of the interfacial transition zone is
invariably lower than that of the matrix of cement. However, the microhardness of both cement matrix
and the interfacial transition zone reaches the maximum value at the time of 30 days, which is shorter
than the time used under the normal pressure. In addition, the microhardness values of both cement
matrix and the interfacial transition zone are higher under the high pressure than that under normal
pressure during the entire course of immersion. It clearly indicates that high pressure increases the rate
and extent of hydration of the cement [34], leading to higher microhardness values. However, the high
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pressure (with a high CO- partial pressure) also increases the carbonation rate of cement and the diffusion
rate of CO»-related species through the cement, resulting in an earlier degradation of the cement as well
as the interfacial transition zone.
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Figure 6. Variation of microhardness of cement stone after immersion in CO2-saturated formation water
with different immersion time: (a) under normal pressure condition, and (b) under high pressure
condition

3.2.3 Compressive strength

Figure 7 shows the variation of compressive strength for the cement stone with time under normal
and high pressure. The compressive strength of cement increases slowly till 40 days of immersion and
then declines with time under the normal pressure, which is consistent with the trend of its
microhardness. The explanation of this trend is similar to that of the microhardness. In the initial stage
of immersion, the rapid hydration and hardening of cement increase the compressive strength with time,
whereas the carbonation caused a reduction in the strength is negligible because the carbonation process
is limited to the outer layer of cement stone (could be validated with the microstructural evolution of
cement stone in the following Figure 8). After 40 days of immersion, carbonation has become the
predominant process whereas the cement hydration rate has reduced, the combined effect of which
decreases the compressive strength. Similar results were reported by Zhang et al. [9]. They found that
the maximum compressive strength of a saturated brine cement concrete was at ~ 40 days of immersion
under the normal pressure, and then it degraded with increasing immersion time [9]. Under the high
pressure, the compressive strength of cement reaches its maximum value after 30 days of immersion
which is shorter than that under the normal pressure (40 days). After 30 days of immersion, the
compressive strength decreases with time. It is interesting that the compressive strength under the high
pressure is higher than that under the normal pressure before 20 days of immersion, whereas the
compressive strength of the former is lower than that of the latter after 30 days of immersion. It is
generally accepted that the compressive strength of concrete increases sharply before ~ 30 days of curing
because of the hydration, and then its value increases slowly with time [34, 40, 41]. The carbonation
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process normally could result in a strong decrease of resistivity and higher porosities of the concrete,
which accelerates the conversion of carbonates into bicarbonates, and therefore leads to the degradation
of the concrete strength [32, 42, 43]. These facts manifest that the high pressure is beneficial for the fast
hydration and hardening of the cement which increases the compressive strength [14, 34]. However, it
also accelerates the carbonation process and permeation of CO.-related species in the cement, which
deteriorates the compressive strength rapidly [32].
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Figure 7. Variation of compressive strength of cement stone after immersion in CO»-saturated formation
water with different immersion time under normal and high pressure conditions

3.3 Microstructural evolution during the test

3.3.1 Fracture surface morphology of the cement stone

Figure 8 shows the fracture surface morphology of the cement stone after immersion for various
times under the normal pressure condition. The fracture surface morphologies are similar both in the
interfacial transition zone and the matrix of cement stone after 10 days of immersion, indicating the
corrosion has not significantly affected the cement matrix and the interfacial transition zone (Figure 8
(a-b)). After 30 days of immersion, bonded CaCOs could only be occasionally found on the cement
matrix, as shown in Figure 8 (d). In this stage, a small amount of CaCO3 could be formed because of the
low concentration of the CO»-related species in the cement matrix. The chemical reaction mechanism is
shown in Eq. (1) [44].

Ca(OH),+ HCO3+H" - CaCO;3+2H,0 (1)

Wigand et al. indicated that the formation of a small amount of CaCOs was beneficial if it had
reduced the density of the pores in concrete [13]. However, a further carbonation and leaching effect
would cause dissolution of the concrete and therefore increase the density of pores in the concrete [32,
45].

The penetration and accumulation of CO.-related species will increase its concentration in the
cement, thereby decreasing the pH value and the stability of the calcium silicate hydrate (CSH) and
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ettringite (Eq. (2)) [13]. After 40 days of immersion, micro pores are visible in the matrix of the cement
stone because of the carbonation and leaching of the cement (Egs. (3-4)), as shown in Figure 8 (f) [32].
The pores are enlarged and become more appreciable at the time of 60 days (Figure 8 (h)), which destroys
the effectiveness of the cement. The relevant reactions can be expressed by Egs. (2)-(4) [13].

CSH+H' + HCO; - CaCO;+Si0,+ H,0 (2)
CO,+ H,0 + CaCO; — Ca(HCO3), (3)
Ca(HCO;),+Ca(OH), - 2CaCO;+2H,0 (4)

After 40 days of immersion, few strip-like crystals could be observed in the interfacial transition
zone, as shown in Figure 8 (e). EDS result shows that it consists mainly C, O and Ca and a small amount
of Si and CI (Table 3). Based on atomic ratio calculation, the main composition of the crystal is
determined to be CaCOz, which is in good agreement with previous results [46]. It implies that the
decrease of cementation strength resulting from the carbonation of the cement must have affected the
interface of cement/casing after 40 days of immersion, which is consistent with the results of interfacial
shear strength. In previous research, it was found that the interfacial transition zone started to degrade
after about 30 days of immersion in the formation water containing CO.. After 60 days of immersion, a
large number of CaCOs precipitates were visible in the interfacial transition zone while the basic
structure of the cement matrix had been severely damaged [9].
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Figure 8. Fracture surface morphology of the cement stone at different locations after immersion in
CO»-saturated formation water at 80°C under normal pressure: (a) 10 d, interfacial transition
zone; (b) 10 d, matrix; (c) 30 d, interfacial transition zone; (d) 30 d, matrix; (e) 40 d, interfacial
transition zone; (f) 40 d, matrix; (g) 60 d, interfacial transition zone; and (h) 60 d, matrix.

Table 3. EDS result of the strip-like crystals in the interfacial transition zone

Element C O Ca Si ClI
wt-% 106 458 356 6.1 1.9
at- % 18.1 58.3 181 44 1.1
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Figure 9. Fracture surface morphology of the cement stone at different locations after immersion in
COg-saturated formation water at 80°C under high pressure: (a) 10 d, interfacial transition zone;
(b) 10 d, matrix; (c) 30 d, interfacial transition zone; (d) 30 d, matrix; (e) 40 d, interfacial
transition zone; (f) 40 d, matrix; (g) 60 d, interfacial transition zone; and (h) 60 d, matrix.

Figure 9 presents the fracture surface morphology of the cement stone after immersion for
various times under the high pressure condition. The matrix of the cement stone is denser and more
uniform at 10 days under the high pressure as compared to that under the normal pressure (Figure 9 (b)),
indicating that high pressure promotes the hydration process of cement [14, 34]. At the immersion time
of 30 days, the matrix of the cement stone is extremely dense (Figure 9 (d)), which is consistent with the
highest mechanical strength obtained at 30 days. At the same time, a few CaCO3 and pores are visible
in the interfacial transition zone (Figure 9 (c)). It further validates high pressure not only promotes the
hydration of cement, but also accelerates the diffusion rate of CO»-related species through the cement.
Barlet-Gouedard et al. reported that the degradation of concrete was rapid when exposed to CO»-
saturated formation water at high CO> pressures [45]. They determined that the concrete was not resistant
enough to CO»-saturated electrolyte because the dissolution process after the initial carbonation would
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lead to the formation of pores and further decrease the density of the concrete [45]. Under the high
pressure condition, the CO»-related species could reach the interfacial transition zone faster and
predominantly accumulate at the interface of cement and casing steel [45]. According to the analysis of
interfacial shear strength, the bonding strength between cement and casing steel is the highest at the time
of 30 days (Figure 5), indicating that the amount of CO»-related species accumulated in the interfacial
transition zone is not enough to cause severe damage to the interface. After 40 days of immersion, micro-
pores are visible in the matrix (Figure 9 (f)). In addition, more CaCO3 and pores are observed in the
interfacial transition zone (Figure 9 (e)), indicating the accumulation of COz-related species in the
interfacial transition zone becomes pronounced, which may destabilize the interface of cement/casing.
At the time of 60 days, the cement stone matrix becomes more porous, and more pores and CaCOs3 exist
in the interfacial transition zone, indicating that a large amount of CO2-related species has accumulated
in the interfacial transition zone, and the carbonation of cement and corrosion of casing steel have
basically destroyed the interface of cement/casing (Figure 9 (g)). It is obvious that the carbonation
process in the interfacial transition zone is much severer under the high pressure as compared to that
under the normal pressure [29]. Similar results were reported in the literatures [29, 32, 42, 43, 45].

3.3.2 Corrosion morphology of the casing steel after the test

-

X e Y-J
residwés - «

Figure 10. SEM observation of casing steel after immersion in CO»-saturated formation water at 80°C
for 60 days under (a) normal pressure, and (b) high pressure

Figure 10 shows the morphology of the casing steel removed from the cement stone after 60 days
of immersion. The steel surface is composed of a layer of flat and compact corrosion products when
tested under the normal pressure (Figure 10 (a)). Under the high pressure, the corrosion product layer is
extremely rough accompanied with many cracks and some residual cement particles or CaCOs3 from the
interfacial transition zone (Figure 10 (b)).

Generally, a layer of FeCOs scale could form on the surface when the steel is exposed to the
COg-saturated oilfield formation water. The corrosion performance of the steel depends on the integrity
and compactness of the scale, which is affected by temperature, pressure, and testing time [23]. When
the scale is cracked, a galvanic effect exists between the steel surface (anode) and the scale-covered
region (cathode) [47-49]. The big cathode vs. small anode geometry accelerates the local corrosion
reaction, whereby corrosion pits formation is prone to occur [50-54]. Tavares et al. reported that a layer
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of FexCa1xCOs with many defects would form with the presence of CaCOs, which assisted the formation
of pits on the steel surface [55]. In addition, the formation of a FexCa1xCOs compound will compromise
the protective properties of the corrosion scale because the replace of Fe by Ca induces a high stress in
the lattice of FexCai1xCOsz [55, 56]. Therefore, the overwhelming accumulation of CaCOs in the
interfacial transition zone under the high CO; partial pressure, could assist the formation of defected and
rough corrosion product layer on the casing steel surface, leading to a high tendency of corrosion.

3.4 Corrosion products analysis of the casing steel

Energy spectrum, Raman spectra, and x-ray photoelectron spectroscopy were used to determine
the composition of corrosion products on the surface of casing steel after 60 days of corrosion under the
high pressure. According to EDS analysis, the corrosion products are composed of mainly Fe, C, O, Ca,

and Si, as shown in Figure 11.
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Figure 11. EDS results of corrosion products on the steel surface after immersion in CO.-saturated
formation water at 80°C under high pressure
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Figure 12. Raman spectrum of the corrosion products on the steel surface after immersion in CO»-
saturated formation water at 80°C under high pressure
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Figure 12 shows Raman spectrum analysis of the corrosion products on the surface of the casing
steel. Raman characteristic peaks of 667 cm™ and 1084 cm™ have been observed, which correspond to
the characteristic peak of FesO4 and FeCOs (or CaCOg), respectively [57-59]. As is reported, the peaks
at about 276, 734, and 1084 cm™ indicate the presence of FeCOs, and the peaks at about 281, 712, and
1084 cm'* indicate the presence of CaCO3[59, 60]. The peaks at about 288, 320, 420, 550, and 667 cm"
!indicate the presence of Fe3O4 [61]. It manifests that the corrosion products are predominantly FeCOs,
CaCOg, and Fe304 when the casing steel is exposed to the CO»-saturated oilfield formation water under
the high pressure. The coexistence of FeCOz and CaCOs suggests the presence of a layer of FexCa1-xCO3
(iron and calcium carbonate) scale on the steel surface under the high CO- pressure, which is consistent
with previously results [55, 56].

Figure 13. shows x-ray photoelectron spectroscopy (XPS) analysis result of the corrosion product
on the surface of casing steel. The full spectrum shows that the corrosion products are mainly composed
of O, Fe, C, Cl, and Ca (Figure 13 (a)). The XPS spectrum of O is divided into three fitted peaks, as
shown in Figure 13 (b). The binding energies are, respectively, 530.6 eV, 531.4 eV, and 531.6 eV, of
which 530.6 eV corresponds to O%, 531.4 eV corresponds to O in CO3?, and 531.6 eV corresponds to
O in OH". The XPS spectrum of Fe can also be divided into three fitted peaks, where 709.2 eV
corresponds to Fe?*, 710.2 eV corresponds to Fe in FeCly, and 711.0 eV corresponds to Fe3* [62, 63].
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Figure 13. XPS spectrum and peak fitting of the corrosion products at casing steel surface after
immersion in CO»-saturated formation water at 80°C under high pressure: (a) full spectrum; (b)

O spectrum; and (c) Fe spectrum

From the above analysis, the surface corrosion products of casing steel are mainly composed of
FeCOs (with FexCa1-xCOs3), Fes0a, and a small amount of Fe(OH).. Note that the detected FeCl; is an
intermediate product generated during the catalytic corrosion of steel by CI". The corrosion mechanism
of steel by CI" is elaborated below to rationalize the presence of FesOs, Fe(OH),, and FeCl; in the
corrosion products [64, 65].

Fe — Fe* +2e (5)

2CI'+Fe** = FeCl, (6)
FeCl,+2H,0 — Fe(OH),+2CI'+2H" (7)
6FeCl,+0,+6H,0 — 2Fe;0,+12C1 +12H" (8)

It is worth noting that the testing solution was purged with CO,, where O, was removed
completely. However, the Oz-related corrosion process can exist in the following scenarios: 1) during
the cement/casing sample preparation process when ClI- and Oz were available in the cement; 2) after
corrosion but before mechanical testing, corrosion continues as long as the cement was wet and exposed
to the air; and 3) after all the tests, the casing steel surface could inevitably suffer further corrosion due
to the concurrent effect of water vapor and Oz in the atmospheric air. Therefore, a small number of iron
oxides, such as Fez0s, could be detected in the corrosion products.

SEM observation has suggested that a layer of FeCO3 (with FexCai1xCOs) scale forms on the
steel surface after exposure to the CO»-saturated oilfield formation water. In this work, the corrosion
behavior of casing steel in the cement/casing system is predominantly affected by the CO3, besides the
Cl" as discussed above. The corrosion mechanism related to CO- is shown in Figure 14 [36].
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Figure 14. lllustration of steel corrosion in an agueous solution saturated with CO>

When the simulated formation water was purged with CO2 gas, carbonic acid (H.CO3) will be
generated through the following reaction:

CO2 + H20 < H2COs3 9

The H,CO3 will be dissociated into HCO3™ and carbonate COs? by the processes:
H.CO3 <> H" + HCOs" (10)

HCOs < H' + COs* (112)

The Fe?* is prone to be generated through Reaction (5). With increasing the concentration of Fe2*
and COs?%, the precipitation of FeCOj3 can readily occur by Reaction (12):

Fe?* + CO3* — FeCO3 (12)

The iron and calcium carbonate (FexCa1-xCO3) could be formed through the following reactions:
Fe?* + Ca?" + CO3> — FexCa1xCOs (13)

Fe?* + Ca** + HCO3s — FexCai1xCOs + H* (14)

The Ca?* was either from the diffusion from solution to the cement/casing interface, or from the
product of carbonation process of the cement (Reaction (3)). Note that a high concentration of HCO3
will accelerate the formation of FexCai1.xCOs (Reaction (14)).

Based on EIS analysis, the Rc and Rt values are quite small after 60 days of immersion, thereby
promoting the diffusion of COz-related species through the cement and dissolution of the steel. The
accumulated CO»-related species at the interface of cement/casing accelerate the corrosion rate of the
steel and lead to the precipitation of FeCO3z when the concentration of Fe?* and COs? is high enough.
The structure and property of the FeCOs affect the further corrosion of the steel. A high pressure (or
partial pressure) of CO2 means a higher solubility of CO- in solution, whereby the diffusion-driven force
of CO is larger, resulting in a higher concentration of CO,-related species (COs?* and HCOg3) at the
cement/casing interface. The higher concentration of HCO3z  would induce the formation of FexCa1-x«CO3
(through Reaction (14)) and acidify the interface. The severe corrosion and appreciable precipitation of
CaCO:s in the interfacial transition zone would increase the stress and hence impact the integrity of the
formed FeCOs (with FexCai1xCOz) layer on the steel surface (Figure 9). In addition, the vast
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accumulation of CaCOzg in the interfacial transition zone could further assist the formation of FexCax-
xCO3z products with defects on the casing steel surface [55]. Under these circumstances, the corrosion
product layer on the steel surface is much rougher and composed of more defects under the high CO»
pressure, whereby the corrosion severity of the steel is greatly enhanced (Figure 10).

It has been reported that the FeCOs or FexCai1xCOs products are prone to precipitate at flawed
locations of corrosion product scale where Fe?" ions will be accumulated gradually [47]. The
precipitation could create a capped enclosure that blocks the path of mass transport to and from the
surrounding solution, thereby promoting the formation of pits [47]. The anodic dissolution of steel
continues because the flow of electrons from the steel surface to the cathodic regions is possible in the
presence of a flawed corrosion product layer. The increase in the concentration of Fe?* ions and the
subsequent hydrolysis of Fe?* ions, could increase the concentration of H* ions in the localized area
where CI” ions are prone to accumulate to maintain the charge balance (Eg. 15).

Fe’*+2H,0 - Fe(OH),+2H" (15)

The above processes would increase the acidity of the localized areas where the dissolution of
steel and a fast formation of pits would be significantly enhanced [66, 67]. Under the high pressure of
CO», the cement matrix will be porous due to the carbonation process, facilitating the diffusion of CI" to
the interface of cement/casing [68]. The accumulation of CI™ at the interface further deteriorates the
corrosion performance of the casing steel (such as increasing the pitting tendency). Therefore, the casing
steel was severely corroded after immersion under the high pressure of CO..

4. CONCLUSIONS

The corrosion behavior and mechanical properties of a concrete/P110 casing steel system were
studied in a simulated, CO»-saturated formation water under different CO> partial pressures. Main
findings from the investigation have been drawn below:

(1) The corrosion behavior of cement is influenced by both the hydration and carbonation
processes, which makes the corrosion resistance of cement increase initially and then decline gradually.
The corrosion resistance of the casing steel invariably decreases with immersion time. With an increase
in the CO- pressure, the reduction in corrosion resistance of cement and the casing steel is much more
noticeable.

(2) The interfacial transition zone and the matrix of cement show the same trend in the decrease
of the mechanical properties, including interfacial shear strength, micro-hardness, and compressive
strength. The properties of interfacial transition zone and matrix of cement begin to decrease when the
carbonation process is dominant.

(3) The structure of cement becomes dense due to the hydration of cement, whereas the
carbonation process will introduce pores and defects in the cement. CaCO3 precipitation and pore-
formation in the interfacial transition zone reduce the cementation strength at the cement/casing
interface.

(4) The composition of the corrosion products on the casing steel surface is mainly FexCaixCOs,
Fe30a4, and a small amount of Fe(OH)..
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(5) With an increase in the CO> partial pressure, the degradation of cement and cement/casing

interface was aggravated, which assisted the formation of a defected corrosion product layer and led to
severer corrosion on the casing steel surface.
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