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HIGHLIGHTS GRAPHICAL ABSTRACT

e The corrosion of API L80 steel was
investigated in COy-rich brine at HPHT.

e The corrosion scale properties formed in
different environments are discussed.

e General corrosion rates are highest at
lower temperature.

e FeCO3 scales are composed for two
layers which provide different steel
protection.

e Corrosion scales can act as a barrier to
the diffusion of ionic species.

ARTICLE INFO ABSTRACT

Keywords: The corrosion of API L80 steel used for oil wellbore is investigated in CO-rich brine at high pressure and
Steel corro§ion temperature. The effect of protective corrosion scales associated with different variables in CO, environments is
€O, corrosion also discussed. Analyses of corrosion products formed on steel surface is conducted using FE-SEM/EDS, Raman

High pressure

- spectroscopy and XRD. Potentiodynamic polarization and EIS are performed on corroded specimens and elec-
Scale properties

trical equivalent circuit is proposed to describe the behavior of scales. Mass loss tests conducted on specimens
corroded at 50 °C and 90 °C in brine saturated with CO; at 15 MPa showed that corrosion rates are higher at
lower temperatures. The scales formed on the steel surface are predominantly composed of FeCO3 enriched with
calcium. The electrochemical protective performance of the scales is enhanced with increasing temperature. It
was concluded that a long-term satisfactory performance of the scale also depends on the time and temperature
of exposure to CO, environment.

1. Introduction especially in aqueous environments with dissolved gases such as CO,
HsS and O, [1-3]. CO, may originate from the natural composition of
Steel corrosion is still an issue of concern for the oil industry, the reserve and/or from COs injections, used for Enhanced Oil Recovery
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Table 1
Chemical composition of the L80 API steel for casing and tubing.
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Elements (wt%)

C Si Mn P S Cr Mo

Ni Al Co Cu Ti Fe

0.257 0.18 1.07 0.006

0.002 0.31 0.05

0.01 0.048 0.005 0.005 0.046 balance

(EOR) and Carbon Capture and Storage (CCS) purposes [4-6]. The water
depth of offshore oil production increased with advanced technology,
going from shallow to ultra-deep water. One example of ultra-deep
water exploration is the discovery of huge volumes of light oil (28-30
degrees API) in the pre-salt reservoirs in Santos Basin, Brazil. Compared
to other oil fields, the corrosion control in the pre-salt is more critical
because the oil is extracted with brine and high CO; content (more than
60% CO- in some fields) at high pressure [7,8]. Therefore, these reser-
voir conditions have significant potential to induce high levels of cor-
rosivity. Considering that operating conditions have grown in
complexity, it is fundamental to understand the corrosive process in
order to selecting steels and developing new materials for application in
the oil industry [9]. Besides, there is great interest in obtaining corrosion
data in conditions that cause high severity of corrosion, expected in the
pre-salt environment.

It is known that approximately 60% of failures in oil fields in-
stallations are related to CO5 corrosion, mainly due to incorrect corro-
sion prediction and low corrosion resistance of commonly used steels,
such as carbon steel and high strength low alloy steel (HSLA) [10,11].
CO4, corrosion is a complex process, whose mechanisms need to be better
understood due to the many interdependent variables involved [11,12].
Although more than 70% of current oil and gas fields around the world
are being explored at high depths and consequently high pressures [3,
13-15], there are relatively few publications addressing CO2 steel
corrosion in environments with these conditions. Depending on envi-
ronmental factors and variables such as temperature, CO5 partial pres-
sure, pH and exposure time, among others, the steel may suffer from
corrosion at low rate due to the formation of a protective layer of iron
carbonate (FeCOj3) on its surface [16-19]. Furthermore, it has widely
reported that the chemical composition and microstructural arrays, e.g.
grain sizes, dendritic spacings, among others factors, obtained by using
distinct manufacturing routes have an important role on the resulting
material properties [20,21]. The steel CO2-corrosion behavior is also
significantly affected by the microstructural parameters and by the
resulting corrosion products layer [11,22-24]. The process of growth of
the FeCOs layer is typically described using the following reactions:

CO; + HyO — HyCO4 (€)]
H,CO3 — H" + HCO3 (2)
HCO3— H' + 03} (3)
2H" +2¢— H, 4
Fe — Fe?t 4 2¢ (5)
Fe?" + CO3 — FeCO; (6)

Thus, the global reaction of CO; corrosion can be described by Eq. 7:
CO; + Hy0 + Fe — FeCOs + Hy (@]

As mentioned above, iron carbonate (FeCO3) plays a crucial role in
defining the CO, corrosion rate of steel. Research in the CO, corrosion
field has been focusing mainly on the study of stability, microstructure
and composition of scale formed by corrosion products [15,25,26]. The
electrochemical properties of these corrosion products also influence
steel protection, once the scale may act as a diffusion barrier to elec-
trochemically active species involved in cathodic reactions [14,27,28].
However, most studies that use electrochemical techniques to investi-
gate the formation of iron carbonate during the corrosion process are

Fig. 1. Microstructure of the API 5CT steel constituted by acicular ferrite,
bainite and globular carbides. 3% (v/v) Nital etch.

conducted at atmospheric pressure or at low CO, pressures [29,30].
There are limited studies that use electrochemical techniques to inves-
tigate anti-corrosion properties of the scales previously formed on the
steel surface in CO; rich environments at high pressure and high tem-
perature (above CO; critical point, which is at 7.38 MPa and 31.1 °C)
and for long exposure periods [31]. Wu et al. [32] used the electro-
chemical impedance spectroscopy (EIS) technique to obtain information
about the behavior of COy corrosion using carbon steel specimens
pre-corroded in water saturated with supercritical CO3, but under
environmental conditions different from those of the present work. The
results showed that the scale protective properties were enhanced with
the increase of the exposure time (4-144 h) and temperature [28]. In
this context, the objective of this study is to evaluate the performance of
an API 5CT steel, grade L80, used for casing or tubing in a COy-rich
environment, with a focus on determining the properties of corrosion
product scales. Brine of similar chemical composition to the water of
pre-salt formations was used and the corrosion tests were performed at
high pressure (15 MPa) and for long exposure periods (7 and 30 days).
After the corrosion induction, analyses of microstructure and composi-
tion of corrosion products scales were correlated to the results of elec-
trochemical properties in aerated NaySO4 solution to better reveal the
anti-corrosion properties of scales formed on the steel surface.

2. Experimental procedures
2.1. Materials

The steel specimens used in this study were obtained from a section
of a L80 API 5CT steel used for casing or tubing. The chemical compo-
sition of the steel, obtained by optical emission spectrometry (OES), is
shown in Table 1. The values in Table 1 correspond to average of three
measurements. The steel chemical composition is according with the
specification of API 5CT [33]. The microstructure is constituted by
acicular ferrite, bainite and globular carbides (FesC) precipitated at
grain boundaries (Fig. 1).
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Table 2

Chemical composition of the brine.
Salt Concentration
(Reagent grade) (mg.L™h)
NaCl 11,400
KCl 442
CaCl,.2 H,0 74
MgCl,.6 H,0 72

Vessel heater
Brine
Steel specimens

— Teflon table

Fig. 2. Schematic arrangement of corrosion tests in Parr autoclave.

Prior to the corrosion tests, the prismatic specimens with dimensions
of approximately 9x9x6mm were ground with SiC papers in the
sequence # 220, # 320, #400, #600 and #1200, cleaned with acetone
in an ultrasound bath for 5 min and subsequently weighed using a
0.0001 g precision balance.

The composition of the brine, used in corrosion tests, is presented in
Table 2. The reagents were weighed in a 0.0001 g precision balance.
This composition is similar to the brine of pre-salt formations in Santos
Basin, Brazil. The brine pH is 6.09 at NTP (normal temperature and
pressure). However, the corrosion tests were designed to reproduce pHs
equivalent to those found in pre-salt formations in Santos Basin. The pHs
of brine saturated with CO, at 15 MPa calculated by thermodynamic
model [34] are 3.05 and 3.15 at 50 °C and 90 °C, respectively.

2.2. Autoclave CO; corrosion tests to prepare corrosion product scales

The CO5 corrosion tests to form corrosion product scales were con-
ducted in a 1L pressure vessel made of titanium alloy (Ti-6Al-4 V).
Three prismatic specimens of approximately 9x9x6mm were placed on
a Teflon® table (with openings to allow the contact of specimens with
solution) into the vessel, as illustrated in Fig. 2. For each individual test,
the brine volume was 300 mL. Before pressurizing the system, the brine
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was deaerated by N5 bubbling for one hour, followed by CO5 bubbling
for another hour. The corrosion tests were performed at temperatures of
50 £+ 0.5 °C and 90 + 0.5 °C, for periods of 7 and 30 days. The vessel
was heated to desired temperature, and the system was pressurized with
CO32 99.9% purity (Air Products) to achieve 15 + 1.0 MPa. This exper-
imental arrangement creates two phases into the vessel, CO5 saturated
brine at lower part of the vessel and wet supercritical CO, at upper part
of the vessel. The specimens were immersed in CO, saturated brine
phase. The COq-rich phase at the top of the vessel supplies the CO»
consumption during the corrosion process ensuring that the pH remains
stable during the corrosion tests. The corrosion tests were performed in
static conditions (no flow or brine stirring).

After the corrosion test period, the vessel was depressurized and the
steel specimens were washed with Mili-Q water, acetone, dried with hot
air and maintained in desiccator for further analysis.

2.3. Determination of CO; corrosion rates

Mass loss tests were conducted according to ASTM G1-03 (standard
practice for preparing, cleaning, and evaluating corrosion on test spec-
imens) [35] to obtain general corrosion rates. The scale formed under
CO; environments was removed from the surface of specimens by im-
mersion in acid solution (HCI and distilled water at 1:1 proportion with
addition of 3.5 g.L.”! hexamethylenetetramine) at room temperature.
Each specimen was submerged in the solution for 30 s, washed in
distilled water and acetone, dried and weighed using a 0.0001 g preci-
sion balance. This procedure was repeated for at least 20 times until
constant mass loss was observed. The general corrosion rate (CR) was
determined by Eq. 8.

R — K.Aw

“ iy ©)

K is a constant (for mm.y ' is 8.76 x10%), Aw is weight loss in grams,
A is the surface area of specimen in cm?, t is the time of exposure in
hours, and p is density of steel.

2.4. Characterization of corrosion scales formed under CO2 environment

2.4.1. Analyses of morphology and composition of scales

The morphology and thickness of scales grown on the steel surface
were investigated by using field emission scanning electron microscopy
(FE-SEM), model Inspect F50-FEI. The chemical composition of the
corrosion scales on specimen surface was analyzed by EDS using FE-SEM
and by X-ray diffraction (XRD) on a D8 Advance Bruker AXS 6-20
diffractometer with a copper radiation source (Cu Ko, A = 1.5406 A) and
a secondary monochromator, operating at 40 kV and 40 mA. Raman
spectroscopy was also performed, using a Horiba LabRAM HR800 Evo-
lution equipment using a radiation source with a solid-state laser oper-
ating at 532 nm with an output power of 20 mW, a spectrograph with a
600 lines.mm ! grating. Raman spectroscopy was used at a 10x
magnitude lens with 50% filter and wavelength range of
100-1800 cm ™.

2.4.2. Electrochemical analyses

Potentiodynamic polarization (PP) and electrochemical impedance
spectroscopy (EIS) were conducted to obtain information about the
electrochemical properties of the corrosion scale in terms of steel pro-
tection. The measurements were carried out by Autolab PGSTAT 302 N
potentiostat, at atmospheric pressure and room temperature, using a
classical three-electrode configuration: a working electrode (steel
covered with scale), saturated calomel reference electrode and a plat-
inum auxiliary electrode. It is important to mention that is difficult to
carry out electrochemical measurement in autoclave once it requires
special electrodes that can withstand high pressure (15 MPa).

Electrochemical measurements were performed using the CO; pre-
corroded specimens embedded in epoxy resin to allow an exposed
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area of 0.5 cm?. The electrical contact was done using a copper wire and
silver bond. A 0.1 M NaSO4 solution, pH= 6, was used as electrolyte.
This solution was chosen because it is a strong ionic electrolyte and
offers low corrosivity level to steel with low tendency to promote
localized attack allowing better evaluation of the scale properties as
barrier for ion migration towards steel substrate. The main chemical
reaction involves the iron dissolution to forms iron sulfate [36].
Although the NaySO4 electrolyte is less corrosive, the FeCO3 formed in
the autoclave test could dissolve during the electrochemical measure-
ments because the saturation degree of FeCO3 would be less than 1 (low
temperature, presence of Oy, and absence of CO,). Furthermore, the
potentiodynamic test was carried out in the potential range of — 1 and
1 V in relation to open circuit potential (OCP), which also could disturb
the stability of FeCOs during the potential scan. The electrochemical
tests were carried out under aerated conditions using a scan rate of
1 mV.s L. It is remarked that potential scan rate has an important role in
order to minimize the effects of distortion in Tafel slopes and corrosion
current density analyses, as previously reported [37-39]. However,
based on these reports, the adopted 1 mV/s has no deleterious effects on
those Tafel extrapolations to determine the corrosion current densities
of the examined samples. All values of potential (E) are referred in
relation to the saturated calomel electrode (SCE) potential.

EIS spectra were obtained, in relation to OCP, after 1 h, 24 h and
168 h of immersion in 0.1 M NaySO4 with a sinusoidal potential exci-
tation of 10 mV rms amplitude, in the frequency range from 100 kHz to
10 mHz, using 9 points per decade. The analysis of the impedance data
involved the fitting to an equivalent circuit model that best represents
the physical phenomena involved in the performance of scales as an
anti-corrosion coating protector. The fitting of the impedance data to the
electrical equivalent circuits was done using Zview® software.

The corrosion rates of steels in CO, environments depend on the
formation of FeCOg corrosion product scales and their protective char-
acteristics. Thus, the durability of the scales is an important property to
predict the evolution of corrosion over time and it can be obtained from
EIS results. To examine the different characteristics of FeCO3 corrosion
product scales formed at different temperatures and immersion times,
the coefficients of degradation over time of the corrosion product scales
in NaySOy4 solution were calculated with Eq. 9 [40].

_ 12|,
D, = —log (%)f 9

where Dy is the degradation coefficient, |Z|; is the impedance at t time; |
Z|o is the initial impedance; and f the frequency (Hz). Usually, a low
frequency (equal or close to the minimum frequency) is used for D¢
calculation to obtain a |Z| value that represents the contributions of the
various processes occurring in the specimen.

The D; determination in aerated Na»SO4 solution is useful to measure
the scale stability and to estimate its capability to protect the steel when
exposure to CO, environment.

As FesC is an electronic conductor, there are possibility of galvanic
coupling between the steel substrate and the layer of undissolved Fe3C
[41]. The scanning vibrating electrode technique (SVET) was used to
monitor the local activity of corrosion process of scale-covered steel
when in presence of an artificial mechanical damage in the scale,
examining possible galvanic couple formation between steel and scale. A
typical aerated 0.05 M NaCl solution (pH 6.5) was used as electrolyte
due to its low conductivity (5.26 mS.cm) which is required by this
technique. The specimen was embedded in epoxy resin with an exposed
surface area of 1 mm?, delimited using the mixture of beeswax and co-
lophony. An artificial defect (pinhole), with an area of about 1.2 x 10*
um, was created in the corrosion scale using a needle-shaped tool to
reach the steel surface. SVET measurements were performed using
commercially produced equipment and corresponding software (Appli-
cable Electronics™ and ScienceWares™, respectively). The local current
density distributions were recorded every hour in a grid of 21 x 21
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Fig. 3. General corrosion rates of steel exposed to CO, saturated brine for
different temperatures and exposure times obtained by mass loss tests.

points during 24 h of immersion. An insulated Pt-Ir probe (Micro-
Probes™) was used as a vibrating microprobe, after deposition of plat-
inum black on its tip to a spherical shape of 10 um diameter. The
amplitude of vibration (pick-to-pick) was 20 um. The probe was
vibrating in both, vertical (Y) and horizontal (X) directions, but only the
vertical component was considered for analysis.

3. Results and discussion
3.1. Corrosion rates obtained by mass loss tests

Fig. 3 shows general corrosion rates calculated by mass loss for
different conditions of corrosion. The corrosion rates are in the range of
those reported in literature for similar environmental conditions, which
usually are less than 10 mm.y ' [42,43]. CO, corrosion tests were
conducted at two different temperatures (50 °C and 90 °C), presenting
the highest corrosion rates in those conducted at lower temperature (<
1.7 mm.y ! for 50 °C and 0.08 mm.y ! for 90 °C). The solubility of CO
in water decreases as temperature increases, for temperatures up to
100 °C. Consequently, CO3 solubility in brine is higher at 50 °C than at
90 °C, with solubility values at 15 MPa of 1.17 mol.kg™! and 0.97 mol.
kg™, respectively, providing a slight increasing on pH with temperature
(3.05 at 50 °C and 3.15 and 90 °C) [34]. Nevertheless, the temperature
accelerates all processes involved in corrosion (electrochemical, chem-
ical, transport, among others). Therefore, in the absence of protective
corrosion layers, it would be expected from this perspective that the
corrosion rate would increase continuously with temperature. However,
an increase in temperature may reduce the corrosion rate if it promotes
the formation of a protective corrosion scale. In addition, the kinetics of
FeCOs precipitation is an important factor in the protection properties of
corrosion product layers. FeCOj3 solubility decreases, and its precipita-
tion occurs much faster at higher temperatures [15,42,43]. Other au-
thors have also reported a decrease in corrosion rates with an increase in
temperature [32,44,45]. With exposure time of 7 and 30 days, the tests
performed at 50 °C showed a decrease in the corrosion rate with time,
while the tests performed at 90 °C showed an increase. These results can
be related to the scale protection properties of the substrate, since the
corrosion rate is higher at lower temperature and then the scale is
formed earlier acting as a barrier against corrosion.

3.2. Morphology and composition of corrosion scales

The morphologies of corrosion scales formed on steel surface in brine
saturated with CO2 and the respective EDS analyses are shown in Fig. 4.
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Fig. 4. Morphology and elemental composition of scales formed on steel surface due to exposure to CO, saturated brine. a) 50°C, 7 days; b) 50°C, 30 days; c) 90°C, 7

days; d) 90°C, 30 days.

The steel surface of all specimens was entirely covered by the corrosion
product scale due to long time of corrosion tests. Wang et al. (2022) [42]
observed that in similar condition of temperature and pressure (90 °C
and 14 MPa) the scales already covered the steel surface in 24 h of
exposure. The scale morphology is typical of carbonate crystals,
constituted by prismatic crystals that are uniformly distributed on the
surface with very few and small gaps between them. Characteristic
peaks of O, C Fe and Ca elements are present in the EDS spectra of scales,
indicating that most of the scales are composed of iron carbonate
enriched with calcium. Table 3 shows the estimated compositions of the

scales, based on the EDS and XDR results. Ca was detected by EDS in all
specimens, except for those exposed to CO5 saturated brine at 90 °C for 7
days probably due to detection limit provided by this technique. As the
Ca?* transport from brine to form carbonates on the steel surface is a
time and temperature dependent process, it is expected to have higher
Ca content in the scales formed at higher temperature and longer period.
On the other side, the propensity of Ca dissolution from mixed carbon-
ates also accelerates once the energy for loosing Ca is lower than losing
Fe [38]. Ca is incorporated in iron carbonate lattice as a substitutional
element. It has been reported that the incorporation of this element may
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Table 3

Composition of scales formed on steel surface in CO, saturated brine estimated

by EDS and XRF.

Scale growth conditions

(FexCa; xCO3)
Calculated from EDS

(FexCa; xCO3)
Calculated from XRD*

50 °C, 7 days
50 °C, 30 days
90 °C, 7 days
90 °C, 30 days

Feo,08Ca0.02C03
Feo.08Ca0.02C03
FeCO3**

Fep.94Ca0,06C03

Feo.04Ca0.06C03
Feo.01Ca0.00C03
Fep.99Ca0,01C03
Feo.99Cag.01C03

* Calculated by siderite d(;04) displacement
" Ca non-detected

affect the steel corrosion rate [46-49].

Raman spectra combined with XRD pattern (Fig. 5) confirmed that
the scales consist mainly of FeCOs. All specimens presented peaks of
similar wavelengths in the Raman spectra (Fig. 5(a)), regardless of
temperature and exposure time. It can be observed through the XRD
pattern (Fig. 5(b)) that there is a small displacement of the diffraction
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peaks to the left and an increase of the interplanar spacing in relation to
standard spectra of the siderite (FeCO3), which may be associated with
the presence of substitutional calcium in the lattice of FeCOs, as also
indicated by EDS analysis (Table 3). This slight change on the angle of
interplanar diffraction (d) is probably due to the difference in Ca and Fe
atomic radius [46]. The increase of d-spacing for the plane (104) of
iron-calcium carbonate for all experimental conditions is also shown in
Table 3. The calculated Ca amount from XDR can be estimated more
accurately than EDS, which is a semi-quantitative technique.

Fig. 6 presents the images obtained by FE-SEM of cross sections of
scales. The scales are composed of two layers (inner and outer layers).
The inner layer is microstructurally distinct from the outer layer.
Constituted of cementite skeleton (Fe3C) and other carbides, the inner
layer is probably associated with the preferential dissolution of ferrite.
Cementite forms preferential low-overpotential cathodic sites and favors
hydrogen evolution. This leads to formation of microgalvanic cells be-
tween carbides and ferrite, resulting in selective dissolution of ferrite
and increasing the corrosion rate [51]. On the other hand, cementite
may act as an additional diffusion barrier for corrosive species to reach

Intensity / a.u.
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Fig. 5. (a) Raman spectra and (b) XRD pattern (pattern number 83-1764 from International Centre for Diffraction Data- ICDD [50]) of scale formed on steel surface

in CO, saturated brine at 15 MPa for different temperatures and exposure times.




N.F. Lopes et al. The Journal of Supercritical Fluids 194 (2023) 105834

oy

Outer layer

Inner layer

Steel

Fig. 6. FE-SEM images of cross section and EDS spectra of the scales formed on steel surface in CO, saturated brine for different temperatures and exposure periods:
(a) 50 °C- 7 days. (b) 50 °C- 30 days. (c) 90 °C- 7 days. (d) 90 °C- 30 days.

Table 4
Average thickness of scales formed on the steel surface.
Scale growth conditions Average thickness (um)
50 °C - 7 days 151 + 14
50 °C - 30 days 75+7
90 °C - 7 days 63+8
90 °C - 30 days 74+8 Corroded steel

(carbide skeletons)

des

Fig. 8. Mechanism of FeCO; scale layers formation on the steel surface. (a)
Uncorroded steel. (b) Steel corrosion by preferential ferrite dissolution. (c)
FeCOj precipitation within carbide skeletons forming the inner layer. (d) (Fe,
Fig. 7. EDS line scan of cross section of the scale formed on steel surface in CO, Ca)COs precipitation forming the outer layer.

saturated brine, 50 °C for 30 days.

the steel surface, leading to a slight decrease in the corrosion rate.
Additionally, the FE-SEM images of Fig. 6 show that the interface be-
tween the two layers is less obvious in specimens immersed in COy
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1.0 vy e S e O . G increase in thickness exhibited for this specific scale might be explained

50°C - 7 days by inner layer low compactness, since the FE-SEM images present large

—— 50°C - 30 days gaps associated with lack of filling between carbide structures with

054 90°C - 7 days 1 carbonates (Fig. 6(a)). The scale compactness is dependent on temper-

—90°C - 30 days ature and corrosion time. It agrees with the reported results in literature

w e [43], showing that scales become more compact with corrosion time and
8 0.0——H5LAsteel _,;’_; 7 with increasing on temperature and exposure time.

4 / EDS line scan analysis (Fig. 7) of the inner and outer layers showed

> the different compositions of the layers. The outer layer showed an in-

w s i crease of Ca in the direction of the sample edge. The XRD and Raman

results corroborated the FE-SEM analysis (Fig. 7), indicating that the

1.0 | innermost layer of the corrosion product is formed by steel corrosion and

; the outermost layer results from the redepositing of the FeCO3 with the

N substitutional calcium in the crystalline lattice. The mechanism for

ST m—— S . S : 1 o FeCOs precipitation, forming two layers, is illustrated in Fig. 8, where

10" 10° 107 10% 10° the preferential dissolution of ferrite occurs and the formation of a

i/ Acm? FeCOj scale between the carbide skeletons creates the inner corrosion

product layer. Then, the formation of the outer layer occurs by precip-

Fig. 9. Polarization curves in 0.1 M NaySO4 solution for iron carbonate scales itation of iron carbonate as a result of high concentration of iron ions in

(scale-covered steel) formed in CO, saturated brine in different experimental the corrosive medium.

conditions, compared with bare steel.

. . 3.3. Electrochemical properties of corrosion scales
medium for 7 days when compared to the ones that were immersed for
30 days. The scales present some gaps between the crystals in the inner
layer which is more evident in scale formed at 50 °C for 7 days (Fig. 5
(a)), indicating that it could offer poor protection to the steel. However,
it is known that the protection offered by the scales depends not only on
the pore size and density, but also on the pore connectivity [52]. The
scales thickness (Table 4) was very similar in all growth conditions
(ranging from 63 to 75 pm), with exception of the specimen exposed to
50 °C for 7 days, where the scale was two times thicker (151 um). The

The polarization curves (Fig. 9) show the electrochemical perfor-
mance of scales formed on CO; corroded steel surface at different
environmental conditions, in comparison with uncorroded steel. Table 5
shows the respective electrochemical parameters, obtained from Tafel
analysis. All scales offered steel corrosion protection in 0.1 M NaySO4.
However, the electrochemical properties of scales formed at 90 °C
indicate that they are more protective to the steel surface than the ones
formed at 50 °C, considering the same period of exposure to COgz

Table 5
Electrochemical parameters in 0.1 M Na,SO4 and corrosion rate obtained from polarization curves for scales formed on the steel surface in CO, saturated brine at
15 MPa.

Scale growth conditions pa [l Ecorr icorr R, CR

(V.dec ™) (V.dec ™ (mV) (pA.cm’z) (k.cm?) (mm.y’l)
HSLA steel 0.037 0.214 -574 (+ 38) 310 (+ 20) 1.6 (+ 0.11) 3.69 (+ 0.24)
50 °C, 7 days 0.820 0.299 -617 (+1.7) 110 (+ 3) 13.13 (+ 0.04) 1.28 (+ 0.003)
50 °C, 30 days 2.728 1.293 -533 (+ 0.6) 1.94 (+ 0.04) 833.71 (+ 1.00) 2.2 (+0.002) x1072
90 °C, 7 days 1.701 2.081 -413 (+ 0.8) 1.53 (+ 0.05) 259.64 (+ 0.52) 6.2 (+ 0.002) x1072
90 °C, 30 days 1.36 1.00 -442 (+1.3) 0.086 (+ 0.002) 1.72 (+ 0.05) x10° 1.0 (+0.3)x107*

fa and pc= Tafel slopes; Ecor= Corrosion potential; icorr= Corrosion current density; R, = Polarization resistance; CR= Corrosion rate.

-30000 10°

( } * 50°C-Td E CNLS fitting (b} e 50°C.Td
a ¥ 50°C-30d “ M ¥ 50°C-30d
s S0°C-7d E o M""‘m,‘ + 90°C-7d
e 90°C-30d £ + ° -
CNLS fitting = _
2 etk
N
-20000 + — [
- [0 ST AT TTT W T M e I nen
£ 10 10" 10° 10" 102 10® 10t 10f
E Frequency / Hz
¢]
N 60
-10000 NOVENE S e}
+* * r
4 = o 40 - - ;. W
Mad . @ o ", v
. = 30 g e by o7
o + £ T *o, y
X = 2004 'i.... *oa, SN
-10 .-zl ”ﬁm :: b
0 y | i 0 T IR YT BEATET 17T B .% ul i L
0 10000 20000 30000 1% 10" 10 10" 10* 10 10*  10°
Z' | ohm cm? Frequency / Hz
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Fig. 11. Bode and phase angles diagrams for scales grown in CO, saturated brine for different immersion times in 0.1 M Na,SO4 solution. (a) 50 °C, 7 days; (b) 50 °C,

30 days; (c) 90 °C, 7 days and (d) 90 °C, 30 days.

medium. Scales formed at 90 °C led to lower current densities (icorr),
higher polarization resistance (Rp) and less active corrosion potentials
(Ecorr)- The polarization curves show that exposure time in CO; medium
influences the electrochemical scale properties and increases steel pro-
tection with time. Similar electrochemical performance of scales is ex-
pected in CO2 medium at high pressure, once 1ow icorr, high R;, and less
active E¢or are related to less porous and more compact scale, which can
strengthen its protective capacity making it difficult for the corrosive
agent to reach the substrate, as also observed by Wu et al., 2004 and Hua
etal., 2019 [16,28]. According to polarization curve, the scale formed at
50 °C in 7 days exhibited the lowest protection properties, which can be
related to the high porosity of the scale, as seen in the FE-SEM image of
Fig. 5(a).

An EIS study was conducted to assess the electrochemical properties
of scales and to provide more information about anti-corrosion perfor-
mance since it is a non-steady technique and very surface sensitive,
which makes many changes visible when compared to polarization
technique. The EIS measurements were carried out for different im-
mersion times (1 h, 24 h, and 168 h) in Na;SO4 solution.

The Nyquist and Bode diagrams obtained from EIS for all steel

samples covered with distinct scales after immersion in 0.1 M NaySO4
for 168 h are shown in Fig. 10. Nyquist plot (Fig. 10(a)) of the scale
formed at 50 °C/7 days show two capacitive semicircles, characterizing
active corrosion at the interface when scale is exposed to the electrolyte.
This behavior is typical of a material covered by a porous layer with low
protective characteristics, in which corrosion of the substrate occurs at
the base of the layer pores [39]. The scale formed at the same temper-
ature but during a longer period (30 days) presents a diffusive behavior,
which is justified on the equivalent circuit fitting (Table 7) by CPEipner
with n = 0.5 (Warburg impedance response). The first arc at high fre-
quency range can be attributed to charge transfer, associated with the
effect of electric double layer capacitance of the corrosive medium/-
corrosion products surface interface. The linear tail at low frequency
range may indicate a finite thickness layer diffusion process related
mainly with the fact that more compact scale was formed in CO; envi-
ronment, showing a shielding effect on mass transport of reactants and
products. The Nyquist plots of scales formed at 90 °C (Fig. 10(a)) show a
single semicircle for both periods of growth (7 and 30 days). This
impedance behavior for scales growth at higher temperature (90 °C) is
related to formation of scales more compact and denser than at 50 °C
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Table 6

Impedance modulus |Z| at low frequency (0.1 Hz) and degradation coefficient
for scales formed in CO, saturated brine in function of immersion time in 0.1 M
NaySO4 solution.

Scale growth |Z| Degradation coefficient
conditions (Q.cm?)
1h 24h 168 h 24h 168 h
50°C,7days  8(+£05) 7(+£0.2) 7(+0.2) 0.05 0.03
x10° x10° x10° (& 0.08) (& 0.05)
50°C, 30 days 9(+£0.4) 5(+0.2) 1(+x03) 0.3 0.8
x10* x10* x10* (+ 0.05) (+0.2)
90°C, 7days  4(£0.3) 2(+0.2) 2(+03) 0.2 0.2
x10* x10* x10* (4 0.08) (+0.2)
90°C,30days 3(+£0.3) 8(+0.9) 4(+x05) 05 0.9
x10* x10° x10° (+ 0.06) (+0.1)

due to the high rate of FeCO3 nucleation and growth, as can be seen in
the FE-SEM images (Fig. 5). However, the radius of the capacitive
semicircle decreases in scale formed at 90 °C/30 days when compared to
90 °C/7 days, which can be related that the protective character of the
scale degrades with the increase of the immersion time. The decrease of
capacitive semicircle may be an indicator of electrolyte migration
through the porous of scale. In the low frequency region, the phase angle
(Fig. 11(c) and (d)) of the scales grown at 90 °C initially increases and
then gradually decreases. This aspect also indicates that the corrosion
resistance initially increases and then weakens probably related to the
migration of corrosive medium through the porous in scale. In accor-
dance with the results of the polarization curves, the EIS confirmed a
higher impedance of scales formed at 90 °C than of those formed at
50 °C. Although in this present investigation the number of the times
constant was not determined, the number of times constant could be
determined from EIS plot shown in Fig. 10, as previously reported [37,
53]. Based on this, it is speculated that both planar and porous electrode
behavior are dominating the resulting electrochemical behavior of the
examined samples. Also, their corresponding domains (predominantly
planar or porous) are modifying with both temperature and time of
immersion carried out. However, another systematic investigation
should be provided in order to elucidate and clarify these modification
electrochemical domains.

The evolution of the impedance results over time (1 h, 24 h, 168 h)
was also investigated for distinct scales to calculate the corresponding
scales degradation coefficients. The electrochemical properties of steel
covered with scales grown at 50 °C and 90 °C for 7 and 30 days, in
function of immersion time in NaySOy, are presented by Bode diagrams
in Fig. 11. The evolution of the impedance modulus |Z| at low fre-
quencies and degradation coefficients of scales over time are shown in
Table 6. The scales impedance values ranged from 8 x 10°to 9 x 10* Q.
cm ™2 after 1 h of immersion and decreased with the immersion time in
NaySO4, which means that scales can reduce protective capability.

Table 7
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Scales grown for longer periods showed higher degradation coefficients.
Considering longer immersion times in electrolyte (168 h), the scale
grown at 90 °C and 7 days showed the best quality of scale. The scale
that presented a higher degradation coefficient was the one grown at
90 °C for 30 days. Despite the scales showed degradation with time, they
provide certain protection against steel corrosion. The level of protec-
tion will depend on the environmental conditions the scales were
growth. FeCOg scale covering steel surface after exposed to CO, corro-
sion environment in anaerobic condition was promptly examined by X-
ray photoelectron spectroscopy (XPS) technique by Heuer and Stubbins
[54]. They observed decomposition product (Fe;O3) which was associ-
ated to FeCO3 chemical instability in air Table 7.

The use of electrical equivalent circuits is a classical approach to
elucidate EIS data. Since an equivalent circuit is used in order to
determine the simulated values and compare with experimental data, a
CNLS (complex non-linear least squares) simulation is used, as previ-
ously reported [37,53,55,56]. The analysis of parameters from equiva-
lent circuit fitting can provide information about resistance and
capacitance of coating material, charge transfer resistance and
double-layer capacitance. Several equivalent circuits were tested, with
the aim of getting the best fitting to the experimental results but also of
finding a circuit with a physical meaning that better represents the
double layer scale. The electrical equivalent circuit chosen was proposed
by Tribollet and Orazem [57] providing good fitting. The same equiv-
alent circuit was used by Wei et al. [34] and Gao et al. [58] for FeCO3
scales with duplex layer structure. This equivalent electrical circuit of

Fig. 12. Electrical equivalent circuit of the impedance for substrate coated by
scale composed by two superimposed porous layers. CPEgu.,: outer layer
capacitance; CPE;,,: inner layer capacitance; CPEq4;: double layer capacitance;
Rpore/outer: POTES outer layer resistance; Rpore/inner: POTES inner layer resistance;
R charge transfer resistance.

Electrochemical parameters obtained from equivalent circuit fitting of scales formed on the steel surface in CO, saturated brine in 0.1 M NaySO,.

Scale growth conditions 50 °C, 7 days 50 °C, 30 days 90 °C, 7 days 90 °C, 30 days
CPEouter Y, 8.06 (+ 0.64) 10.9 (£ 0.2) 244 (£ 0.22) 3100 (+ 0.02)
(x1077 F.em™ 25" 1)
n 0.689 (£ 0.009) 0.630 (& 0.02) 0.568 (+ 0.10) 0.520 (£ 0.01)
Rpore/outer (Q.cmz) 718 (£ 11) 650 (+ 29) 11,326 (+ 89) 1360 (+ 110)
CPEinner Y, 8.17 (£ 0.25) 7.67 (£ 0.22) 0.86 (+ 0.24) 15.1 (+ 0.23)

o
(x107° F.em %" 1)
n

0.617 (4 0.007)

Rpore/inner (Q.cm?) 2056 (+ 57)
CPEq Yo 7.40 (& 0.24)
(x10* F.em 25" 1)
n 0.570 (+ 0.01)
Ret (Q.cm?) 3563 (+ 94)
b 3.5x107°

0.580 (4 0.007)
2810 (+ 59)
0.677 (+ 0.05)

0.760 (£ 0.01)
2161 (£ 75)
1.12x 1074

0.820 (+ 0.04)
61,452 (£ 74)
0.437 (+ 0.003)

0.678 (< 0.001)
35,205 (& 740)
3.30 x 1074

0.760 (£ 0.03)
12,626 (+ 266)
5.09 (£ 0.013)

0.930 (& 0.02)
10,479 (& 1343)
1.05 x 1074

¥? = chi-squared

10



N.F. Lopes et al.

.
I'd.l.a‘-xg

dodn hta

The Journal of Supercritical Fluids 194 (2023) 105834

Fig. 13. Sample surface activity images and current density distributions for scale formed in CO, saturated brine at 90 °C and 30 days. (a) After 15 min of immersion
in in 0.1 M NaySOy4 solution. (b) After 24 h of immersion in 0.1 M NaySO4 solution. X and Y correspond to dimensions of the scan in um.

the impedance consider an electrode coated by two superimposed
porous layers. The electrochemical system represented by the electrical
circuit of Fig. 12 is characterized by a double layer capacitance (CPEq))
and a faradaic process denoted by the charge transfer resistance (Rey),
connected in series with the additional resistance of the solution inside
the pores (Rpore). The two capacitors related to the inner and outer layers
are represented by constant phase elements (CPEjyner and CPEqyy), since
the heterogeneity and porosity of the surface does not allow adjustment
to an ideal capacitive response.

The electrochemical parameters obtained from equivalent circuit
fitting for all scales are shown in Table 7. The scale formed at 90 °C for 7
and 30 days presented both layers with higher resistances (Rpore/outers
Rpore/inner)- The charge transfer was inhibited at the interface between
metal and electrolyte due to the presence of scale. The charge transfer
resistance (R.¢) values of the steel covered with scales formed at 90 °C
are larger than those grown at 50 °C, which suggests the formation of
the protective scale (insulating properties) on the steel surface in the
corrosive environment at higher temperatures. Scales that act as a good
barrier maintain highly capacitive behavior. Nonetheless, an increase of
resistive behavior is representative of scale degradation and active
corrosion of steel substrate. The temperature has a significant influence
on the protectiveness of scale once the precipitation rate of FeCOs is
faster at high temperatures and it tends to form dense scales providing
good protection to the steel surface. Results of EIS are in good agreement
with the study of Wu et al. [32].

Although in this present investigation the number of the time con-
stants has been not determined, it could be obtained from EIS plots
(Fig. 10) as previously reported [37,53]. Based on this, it is speculated
that both planar and porous electrode behavior are dominating the
resulting electrochemical comportment of the examined samples. Also,
their corresponding domains (predominantly planar or porous) are
modifying with both temperature and time of immersion. However,
future systematic investigation can be carried out to elucidate and
clarify these changes in the electrochemical domains.

When the carbon steel is exposed to the CO, corrosion environments,
the ferrite phase dissolves preferentially releasing Fe>"to further form
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FeCOg, If the FeCOs scales are able to reduce the active surface areas and
limit the ion mass transfer, as shown by EIS results in 0.1 M NaySO4
electrolyte, it is estimated that in CO, media at high pressure the scales
formed naturally on the metal surface can protect the substrate against
further metal dissolution. These results agree with a decreasing on the
CO4 corrosion rate over time and with increasing of temperature
determined by mass loss tests (Fig. 3). Due to difficulty to perform in-situ
high pressure and high temperature electrochemical tests, the study of
electrochemical properties of FeCO3 scales and its degradation over time
in NaSO4 solution, at standard temperature and pressure, can be an
alternative to predict the scales anti-corrosion capability in CO, envi-
ronment. The main advantage of using NaSOy4 solution is its strong ionic
character, allowing a better assessment of the charge transference pro-
cess through scale, in addition to avoid localized corrosion caused, for
example, by the presence of chloride.

SVET was used to monitor the evolution of corrosion process in
0.05 M Nacl solution of scale-covered steel formed under 90 °C for 30
days. Fig. 13 presents SVET results of the sample images and respective
local current maps. Anodic currents appear in warm tones (the red color
represents the highest currents) and cathodic currents appear in cold
tones (dark blue represents the highest values). Currents close to zero
appear in green. No detectable corrosion activity was observed on the
scaled steel surface during the entire immersion time (24 h). The anodic
and cathodic current densities remained at the level of noise, which is a
good indication of protective behavior of the scale formed and no
galvanic couple formation between scale/steel substrate was observed.
There was a darkening observed near the area of the artificial defect at
the end of immersion, but still no corrosion activity was detected by
SVET. This suggests that, although some corrosion process could be
occurring at the interface formed between steel and the inner layer of
scales, the intensity of the process was very small, not enough to become
detectable by the SVET probe positioned 100 pym above the sample
surface.
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4. Conclusions

The corrosion product scales formed on the steel surface under CO,
environment are frequently considered as a naturally occurring anti-
corrosion barrier. To clarify the effects of temperature and corrosion
time on the protectiveness of corrosion product scales, the formation of
corrosion product scales was induced on the L80 steel substrates under
high pressure and high temperature CO5 environments. The general CO»
corrosion rate was determined, and the morphology, microstructure and
chemical composition of scales were characterized. Furthermore, the
properties of scales as anti-corrosion barrier were determined PD and
EIS electrochemical techniques in aerated NaSOy4 electrolyte, and the
SVET technique was used in NaCl solution to verify the occurrence or not
of galvanic couple formation between scale and steel in presence of
coating damage. From the research reported in this paper the following
conclusions can be drawn:

1. Mass loss tests conducted on specimens of L80 API 5CT steel
corroded at 50 °C and 90 °C in brine saturated with CO; at 15 MPa
showed that general corrosion rates are highest at lower
temperature.

2. The corrosion scales formed on the steel surface are composed of two
layers, the first inner layer consisting of carbonate and cementite,
due to preferential dissolution of the ferrite, and the second layer
consisting only of carbonates. The formed carbonate was iron car-
bonate, with a small fraction of calcium as a substitutional element.
The morphology and size of carbonate crystals varied according to
temperature and time of exposure to the corrosive media. The
thickness of corrosion scales is not directly related to the corrosion
rate. However, the FE-SEM images showed that scales have different
porosity and compactness characteristics, depending on the envi-
ronmental conditions in which they were grown.

3. The scales formed under CO; environment can provide considerable
steel protection, acting as a barrier to the diffusion of ionic species, as
shown in PD curves and EIS measurements. It was observed that
scales formed at 90 °C are more protective than those formed at
50 °C, and that this protection depends on time of exposure to the
corrosive environment. Protective anti-corrosion capability of the
scales was additionally confirmed by localized study using SVET,
indicating no galvanic pair formation with steel substrate.

4. The results obtained by electrochemical tests of potentiodynamic
polarization and electrochemical impedance showed that the study
of the electrochemical properties of double layer and porous scales is
relatively complex. The EIS is an appropriate technique to evaluate
the level of steel protection provided by the scales when associated
with other techniques. The proposed equivalent circuit is in good
concordance with observations from the FE-SEM images and mass
loss test.
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