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a b s t r a c t

The selection of appropriate materials for the transportation pipelines is of vital importance to ensure the
safety operation in Carbon Capture, Utilisation and Storage (CCUS). To clarify the effects of Cr content in
steel on the resistance against general and localised corrosion, electrochemistry methods combined with
pH measurements and various surface analysis techniques were implemented on X65, 1Cr, 3Cr and 5Cr
steel samples in a CO2-saturated solution at 60 �C and pH 6.6 during 192 h of immersion. Additionally,
thermodynamic and kinetic analyses of the formation of the corrosion products on carbon steel and low-
Cr steels were performed. The results show that the general corrosion resistance increased with rising Cr
content without the presence of significant corrosion products formation. However, with the formation
and development of the corrosion products, the general corrosion resistance reduced with the increase in
Cr content. The formation of the compact crystalline FeCO3 on X65 and 1Cr steel surfaces offered superior
general corrosion protection, while cannot provide enough localised corrosion protection. By contrast,
the double-structural corrosion product layers on 3Cr and 5Cr steels notably suppressed the localised
corrosion, but providing poor protection against general corrosion over long immersion periods. This
study reveals the contributions of Cr content on general and localised corrosion resistance at various
periods, providing references for material selection and evaluation in CO2 environments relevant for
CCUS.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

The global climate change causes notable environmental
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problems and is challenging the sustainable development of our
society (Sharifzadeh et al., 2019). Carbon Capture, Utilisation and
Storage (CCUS) is considered as an important and practical tech-
nology to reduce CO2 emissions and control global warming (Gu
et al., 2019; Jiang and Ashworth, 2021; Wang et al., 2019). In the
CCUS chain, the captured CO2 is commonly used for enhanced oil
recovery purposes (CO2-EOR) to achieve economic and effective
utilisation and storage (Ajayi et al., 2019; Xu et al., 2020). However,
the produced fluids containing oil, water, CO2 and other substance
are corrosive, threatening the integrity of transportation pipelines
or wellbores (Hua et al., 2018; Li et al., 2020; Nesic, 2012). There-
fore, it is important to select appropriate materials for the
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transportation pipelines to ensure the safety operation.
Considering the economic saving, carbon steel material is a

popular choice (Cui et al., 2016; Hua et al., 2014; Yang and Yang,
2021). However, its resistance against CO2 corrosion especially
without the formation of the protective corrosion products is weak
and can provide a relatively short service life of the pipelines.
Previous studies indicate that Cr-containing steels showed better
corrosion resistance than carbon steel in CO2 environments, and
the use of 1%e5% Cr steels was able to improve the corrosion
resistance of carbon steel and remained the cost within a low limit
(Carvalho et al., 2005). Researchers reported that low-Cr alloys such
as 3Cr steel were able to improve the CO2 corrosion resistance
significantly and the cost penalty can maintain less than 1.5 times
that of the conventional grade of carbon steel (Kermani and
Morshed, 2003; Xu et al., 2013).

The corrosion products formed on the surfaces of carbon steel or
low-Cr steels can provide certain protection against corrosion,
which are regarded as green and cost-effective anti-corrosion films
(Hua et al., 2015; Wang et al., 2021). The Cr content in steel has a
significant effect on the protective performance of the corrosion
product films, influencing the corrosion resistance of the steel
materials (Xu et al., 2016). Several studies have been carried out to
evaluate the general corrosion behaviours of carbon steel or low-Cr
steels as well as the formation of the corrosion products in CO2
environments. Takabe and Ueda (2001) investigated the corrosion
product films and corrosion behaviours of 1Cr, 3Cr and 5Cr steels at
60 �C and CO2 partial pressure (pCO2

) of 3MPa, and it was found that
3Cr and 5Cr steels showed better corrosion resistance than 1Cr
steel. Bai et al. (2006) used electrochemical impedance spectros-
copy (EIS) to compare the corrosion resistance of 4Cr and N80 steels
in CO2 environments, and the protective performance of the
corrosion products on 4Cr steel was found to be better than that of
N80 steel. The research by Xu et al. (2016) investigated the corro-
sion behaviours of 1e6.5Cr steels at 80 �C and pCO2

of 0.8 MPa with
a duration of 120 h, and the results indicated that general corrosion
rate reduced with the improvement in Cr content. They pointed out
that an adequate amount of Cr content in steel resulted in the
precipitation of Cr(OH)3 layer, which led to prepassivation charac-
teristics and improved general corrosion resistance. Guo et al.
(2012) compared X65, 1Cr, 2Cr and 3Cr steels in CO2 environ-
ments at 80 �C and 0.8 MPa pCO2

. Two corrosion products layers
were observed, the outer layer of FeCO3 crystals grew on the inner
layer of Cr(OH)3 on the 3Cr steel surface. They also mentioned that
the Cr content can influence the pH value then affect the formation
of the corrosion products. Zhao et al. (2020) studied the corrosion
behaviours of 1Cr, 3Cr, 5Cr and 9Cr in CO2 environments with the
addition of silty sand, and they found that the rise in Cr content
improved the protectiveness of the passive film, leading to a better
general corrosion resistance of Cr alloy steels. Moreover, Sun et al.
(2021) found that the increase in Cr content can improve general
corrosion resistance of low-Cr steels in a simulated tropical marine
atmosphere that the formation of the Cr2O3 and Cr(OH)3 films can
offer corrosion protection to the surface. Clearly, most previous
studies indicate that the increase in Cr content can enhance the
general corrosion resistance of Cr-containing steels. However, there
are also some researchers finding that the Cr content could have
different effects on general corrosion resistance. Sun et al. (2020)
evaluated the corrosion resistance of Cr-containing steels in an
atmospheric environment and the results showed that the general
corrosion rate did not change in the range of 1%e4% Cr content. Hua
et al. (2020) evaluated the corrosion behaviours of X65,1Cr, 3Cr and
5Cr steels in CO2 environments at 60 �C and 10MPa, and the results
indicated that the Cr content had a significant effect on the for-
mation of the corrosion products which influenced the corrosion
resistance of the steels. The general corrosion resistance increased
1156
with rising Cr content without precipitation of the corrosion
products, however, as the corrosion products evolved, X65 steel
showed the best corrosion resistance against general corrosion
after 192 h. In addition, the morphology and protectiveness of the
corrosion product scales on X70 and 3Cr steels were compared in a
CO2eO2 coexistent environment after pure CO2 corrosion by Chen
et al. (2022), and the general corrosion rate of 3Cr steel was
found to be much higher than that of X70 steel in the first 24 h due
to the porous structure and the hydrolysis of Cr(OH)3.

In respect of the localised corrosion, Chen et al. (2005) investi-
gated the localised corrosion and the corrosion products on 1Cr, 4Cr
and N80 steels in CO2 environments. The results indicated that the
low-Cr steels could resist localised corrosion effectively. They also
found that the Cr(OH)3 content increased significantly in corrosion
products with increasing Cr content which could protect the steel
against pitting corrosion. The work of Xie et al. (2012) showed
similar findings that 3Cr steel had a better localised corrosion
resistance than X70 carbon steel due to the inner Cr-enriched layer
on 3Cr surfaces. However, the study by Hua et al. (2020) suggested
that increasing Cr content was not able to improve localised
corrosion resistance.

Based on the previous studies, it remains unclear for the role of
Cr content on the formation and anti-corrosion properties of the
corrosion products, especially the effects of Cr content on localised
corrosion resistance of steels. It is highly required to reveal the
formation kinetics of the corrosion product films and their pro-
tectiveness against corrosion for the steels with different Cr con-
tents, then explain the relationship between Cr content and
corrosion resistance of steels at various corrosion periods.

This article intends to clarify the effects of Cr content on the
general and localised corrosion resistance of steels at various im-
mersion times. The precipitation of the corrosion products and
their evolution on X65, 1Cr, 3Cr and 5Cr steels were systematically
compared using a combination of scanning electron microscopy
(SEM), X-ray diffraction (XRD) and Raman spectroscopy. The elec-
trochemistry methods such as EIS, linear polarisation resistance
(LPR) and polarisation curves, combined with surface profilometry
were implemented to determine the extent of general and localised
corrosion. The evolutions of active surface areas on different steels
were also calculated based on the electrochemical measurements
to further analyse the anti-corrosion properties of the corrosion
products. Moreover, pH measurements of the solution near the
steel surface were conducted to supplement the corrosion process
and formation mechanism of the corrosion products.

2. Materials and methods

2.1. Materials and solution

In this study, X65, 1Cr, 3Cr and 5 Cr steels were evaluated by
electrochemistry measurements and immersion tests. The chemi-
cal compositions and microstructures of those steels are provided
in Table S1 and Fig. S1, respectively. It can be noted that the ferrite-
pearlite microstructures were observed on X65 carbon steel. For
1Cr steel, inhomogeneous distribution ofmartensite and ferritewas
found. Randomly distributed carbides were seen on 3Cr steel, while
carbides in ferrite matrix were demonstrated on 5Cr steel.

The samples for electrochemistry tests and immersion tests
were sectioned into discs of diameter 25 mm and thickness 6 mm.
Conductive wires were soldered to the back of each sample and
then embedded in a non-conducting resin for electrochemistry
experiments. Similarly, each sample was embedded in a resin for
immersion tests. It should be noted that only one circular surface
was exposed to the electrolyte for both electrochemistry mea-
surements and immersion experiments, thus the total exposure
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area was 4.9 cm2. Prior to the experiments, samples were wet
ground up to 600 grit by using silicon carbide paper, washed with
acetone and distilled water, then dried with compressed air.

According to the literature, the pH value of the produced fluids
by CO2 flooding at the wellhead can be approximately 7 (Yan et al.,
2015). To simulate the produced fluids environments, 1 L CO2-
saturated 3 wt% NaCl brine with the addition of 0.5 wt% NaHCO3
was used as the test solution. Both the electrochemistry tests and
immersion tests were conducted at 60 �C and pCO2

0.8 bar. The test
conditions are summarised in Table 1. The pCO2

and the initial pH
values were calculated via the OLI software (OLI Systems, Inc). The
test solution was bubbled with CO2 for 12 h prior to each test in
order to remove oxygen from the system. All tests have been
repeated a minimum of three times.
Fig. 1. Variations of 1/Rp for X65, 1Cr, 3Cr and 5Cr steels exposed to CO2-saturated NaCl
solution during 192 h by LPR measurements.
2.2. Electrochemistry tests

Electrochemistry experiments were performed using a standard
three-electrode cell system, as shown in Fig. S2(a). The vessel was
sealed, and CO2 was continuously bubbled into the solution to
ensure complete CO2 saturation throughout the test.

In the three-electrode system, an Ag/AgCl electrode in a satu-
rated KCl solution was used as the reference electrode, and the
counter electrode is a platinum. The measured Ag/AgCl reference
electrode potentials in our experiments were converted into stan-
dard hydrogen electrode (SHE) potentials according to the
following relationship (Macdonald et al., 1979):

ESHE¼EAg=AgClþ0:2866�0:001ðT�T0Þþ1:754�10�7ðT�T0Þ2

�3:03�10�9ðT�T0Þ3
(1)

where ESHE is the SHE electrode potential, EAg/AgCl is the Ag/AgCl
reference electrode potential, T is the test temperature and T0 is the
reference temperature (25 �C).

LPR measurements were carried out from �15 mV vs. open
circuit potential (OCP) toþ15mV vs. OCP at a scan rate of 0.167mV/
s to determine the polarisation resistance measurement (Rp). The
corrosion current density icorr can be calculated from polarisation
resistance (Rp) using Eq. (2):

icorr ¼ B
Rp

¼ babc
2:303Rpðba þ bcÞ

(2)

where ba and bc are the anodic and cathodic Tafel constants,
respectively. In this study, 1/Rp was used to represent the instan-
taneous general corrosion rate semi-quantitatively. Anodic and
cathodic sweeps were conducted separately in Tafel polarisation
measurements. Scans started at OCP and extended ±500 mV at a
scan rate of 0.167 mV/s. For EIS tests, the frequency range was from
100 kHz to 1 mHz with an amplitude perturbation of 10 mV. To fit
the measured EIS results, equivalent electrical circuits were applied
with fitting errors <10%.
Table 1
Test conditions for corrosion tests.

Temperature, �C Total pressure, bar pCO2
, bar Solution

60 1 0.8 3 wt% NaCl þ
0.5 wt% NaHCO3
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2.3. pH measurements

As displayed in Fig. S2(b), the steel sample was suspended up-
ward and a pH probe was set close to the steel surface. The pH
values of the solution near the steel surfaces were monitored
during the immersion tests by a pH meter (pHS-2F, LEICI In-
struments, China).
2.4. Surface analysis

SEM, XRD and Raman spectroscopy were used to characterise
the morphology and chemical composition of the corrosion prod-
ucts on the steel surfaces.

To determine the localised attacks, the corrosion products were
removed from the steel surfaces by using Clark's solution according
to ASTM Standard G1-03 (ASTM, 2003a). Then surface profilometry
measurements were performed. Three random areas and each area
with a total area of 3 � 3 mm2 were scanned at a time. Referring to
ASTM Standard G46-94 (ASTM, 2003b), an average of the 10
deepest pits from three samples was considered for the localised/
pitting attack analysis in each condition.
3. Results

3.1. General corrosion behaviours of different steels at various
immersion times

The 1/Rp results by LPR measurements for X65, 1Cr, 3Cr and 5Cr
samples exposed to CO2-saturated solution at pH 6.6 and 60 �C over
192 h are shown in Fig. 1. For X65 steel, the highest 1/Rp value of
approximately 0.0085 U�1 cm�2 was observed at the initial stage
due to the fast iron dissolution and then decreased with exposure
times. The 1/Rp reduced significantly for X65 and 1Cr steels, both
Solution pH (±0.05) Materials Immersion time, hours

6.64 X65/1Cr/3Cr/5Cr 6/24/48/96/192
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reaching nearly 0 U�1 cm�2 after 192 h. For 3Cr steel, the 1/Rp value
reduced slowly to 0.002 U�1 cm�2 after 192 h. For 5Cr, the 1/Rp
stabilised at 0.0025 U�1 cm�2 during the 192 h of immersion tests.
Clearly, the general corrosion rates of different materials reduced
with rising Cr content in the absence of protective corrosion
products during the initial period. However, with the development
of the corrosion products, the corrosion resistance of different
materials reduced with Cr content because the corrosion product
layers on X65 and 1Cr surfaces were protective, while the corrosion
product layers on 3Cr and 5Cr offered poor protectiveness against
general corrosion.
3.2. Formation and evolution of the corrosion product layers

Figure 2 shows the top-view morphologies for the corrosion
products developed on different steel surfaces after 24 h. More
surface morphologies of different steels after various immersion
periods are provided in Figs. S3 and S4. It is clear that crystals
precipitated on the X65 and 1Cr surfaces after 6 h as presented in
Fig. S3 (a and c) and almost covered the entire surfaces after 24 h as
shown in Fig. 2 (a and b). No crystals were observed on 3Cr and 5Cr
surfaces after 24 h, suggesting that the growth of crystals can be
delayed by the addition of Cr content in the steel at the initial 24 h.

Surface morphologies of the four steel samples after 96 h are
displayed in Fig. 3. Clearly, a full coverage of the corrosion products
was achieved on X65 and 1Cr steel surfaces after 96 h. For 3Cr and
5Cr steels, the SEM images indicated the crystalline film coverage
became less as increasing Cr content and the corrosion products
comprised of a double-layer structure. The crystal layer was
precipitated on the inner amorphous layer after 96 h.

Figure 4 shows the cross-sections SEM images of the corrosion
product layers formed on different steels by the end of 192 h. It is
clear that a uniform corrosion product layer with a thickness of
approximately 10 mmwas recorded for X65, 1Cr and 3Cr steels. The
thickness of the corrosion product layer was relatively less uniform
for 5Cr and was agreed with the observed crystals from the top
Fig. 2. Surface morphologies of different steel samples after 24 h of immersion
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view SEM image provided in Fig. S4(h) that the crystals were
randomly distributed on the 5Cr steel surface.

The XRD patterns for X65 and 5Cr steels after various exposure
times are displayed in Fig. 5. The XRD results indicated only FeCO3
crystals were observed on each exposure time. It is interesting to
note that no Cr-containing corrosion products were identified by
XRD, suggesting that the Cr-rich layer was mainly amorphous or it
was a nanoparticle layer which cannot be detected by XRD.

Raman spectroscopy was employed to further characterise the
inner corrosion product layers on 3Cr and 5Cr steels after 192 h. As
illustrated in Fig. 6(c), the peaks located at 290, 743 and 1086 cm�1

were identified as FeCO3 and the peak for the presence of Cr(OH)3
was confirmed at 715 cm�1. The work of Xu et al. (2016) reported
the same observation of the inner amorphous layer was mainly
Cr(OH)3 for different Cr steels in CO2-saturated formation water.
Additionally, Guo et al. (2012) performed the tests for 2Cr steel in a
CO2-saturated solution, and the double corrosion product layers
were identified as an inner amorphous Cr(OH)3 layer and an outer
crystalline FeCO3 layer.
3.3. Polarisation curves of different steels on the early and final
formations

Figure 7(a) shows the Tafel plots for different steels exposed to
CO2-saturated solution at 60 �C and pH 6.6 after 6 h. The corrosion
potentials (Ecorr) showed unchanged with increasing Cr contents
(approximately�0.7 V vs. Ag/AgCl) and the cathodic curves with no
obvious change in the shape. However, a clearly prepassivation
(Region AB) can be observed on the anodic reaction with the in-
crease in Cr contents and this prepassivation disappeared for X65,
suggesting that the prepassivation was attributed to the formation
of the Cr-rich corrosion product layer on the surfaces of 1Cr, 3Cr and
5Cr samples. Additionally, the anode polarisation curves shifted to
the left with the increase of Cr content, in consistent with the
research by Xu et al. (2016). The values of Ecorr and icorr as well as the
Tafel slopes for X65, 1Cr, 3Cr and 5Cr materials after 6 h are listed in
periods in CO2-saturated NaCl solution: (a) X65; (b) 1Cr; (c) 3Cr; (d) 5Cr.



Fig. 3. Surface morphologies of different steel samples after 96 h of immersion periods in CO2-saturated NaCl solution: (a) X65; (b) 1Cr; (c) 3Cr; (d) 5Cr.

Fig. 4. Cross-section SEM images of different steel samples exposed to the CO2-saturated NaCl solution after 192 h: (a) X65; (b) 1Cr; (c) 3Cr and (d) 5Cr.
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Table S2. Clearly, the icorr reduced with increasing Cr content, with
the highest of 0.65 mA/cm2 for X65 and the lowest of 0.18 mA/cm2

for 5Cr, confirming that the general corrosion resistance was
improved with the increase in Cr content at the initial corrosion
stage.

The Tafel polarisation plots for the four steels after 192 h of
exposure are displayed in Fig. 7(b). Compared with the polarisation
curves after 6 h, Ecorr exhibited negligible changes for 3Cr and 5Cr
1159
steels after 192 h, while Ecorr increased from �0.7 V to
approximately �0.61 V and �0.65 V, for X65 and 1Cr steel,
respectively. In addition, both the anodic and cathodic polarisation
curves for the four steels shifted to the left, indicating the decreased
corrosion current density (icorr). The left-shifts of the polarisation
curves for X65 and 1Cr were more significant than 3Cr and 5Cr,
suggesting better corrosion resistance of the X65 and 1Cr samples
after 192 h.



Fig. 5. XRD patterns of (a) X65 carbon steel and (b) 5Cr steel exposed to the CO2-saturated solution after 6, 24, 96 and 192 h.

Fig. 6. Raman spectra of the corrosion products at the particular positions from (a) X65 and (b) 5Cr steels exposure to CO2-saturated solution after 192 h.
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In addition, great differenceswere observed on the shapes of the
anodic curves between X65/1Cr and 3Cr/5Cr after 192 h of expo-
sure. Referring to the literature (Guo et al., 2016), a series of
passivation (CD) and transpassivation (DE) phenomena were found
for X65 and 1Cr steels from Fig. 7(b). The passivation region was
due to the growth of the corrosion product film on the metal sur-
face, and the lowest passivation current density was recorded for
X65, indicating a more compact structure of the corrosion product
layer on X65 steel surface. At the transpassivation region, the cur-
rent density increased which was possibly related to the local
1160
breakdown of the corrosion product layer. By contrast, the Tafel
plots for 3Cr and 5Cr after 192 h were similar to those after 6 h, and
only passivation (GH) was observed, suggesting a relatively porous
structure and poor protectiveness of the corrosion product film on
steel surfaces (Guo et al., 2016).

3.4. EIS analysis on different steels at various immersion times

Figure 8 shows the Nyquist and Bode plots of different samples
after 6 h, 24h, 96 h and 192 h immersion times. For the X65 and 1Cr



Fig. 7. Tafel polarisation plots for X65, 1Cr, 3Cr and 5Cr steels after (a) 6 h and (b) 192 h exposure.

Fig. 8. Nyquist plots of the (a) X65, (d) 1Cr, (g) 3Cr and (j) 5Cr steels and Bode plots of the (b, c) X65, (e, f) 1Cr, (h, i) 3Cr and (k, l) 5Cr steels after various immersion times in CO2-
saturated NaCl solution.
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Fig. 9. Equivalent circuits to fit the EIS results and the calculated Sa results: (a)
equivalent circuit for X65 and 1Cr samples; (b) equivalent circuit for 3Cr and 5Cr
samples; (c) Sa values for the four steels after different immersion times.
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materials, two responses were identified from the Nyquist dia-
grams and Bode diagrams during the 192 h of exposure: a capaci-
tive response from high frequency (HF) to medium frequency (MF)
range and a capacitive response in low frequency (LF) range. The
HF-MF response was related to the precipitation the corrosion
product scales, in consistent with the SEM observations in Fig. S3
where FeCO3 crystals were formed on the top surfaces of the X65
and 1Cr samples after 6 h. The LF capacitive semicircle was due to
the charge transfer process at the interface between the substrate
and solution.

As displayed in the Nyquist plots, the amplitude of the HF-MF
capacitive semicircle increased with exposure time for X65 and
1Cr steels, and the corresponding Bode phase angle plots showed
the peak at MF which rose with time, indicating a growing pro-
tectiveness of the corrosion products, in agreement with SEM ob-
servations that denser crystalline FeCO3 corrosion products were
formed on X65 and 1Cr surfaces with immersion time. It should be
noted that there was a significant increase in the amplitude in
impedance results after 96 h because the steel surface was almost
fully covered with compact FeCO3 crystals at that time, as displayed
in Fig. 3. Additionally, the maximum at LF in the phase angle plots
and the corresponding modulus of the impedance increased with
time, which was related to the increase of the charge transfer
resistance, as the continuous precipitation of FeCO3 blocked charge
transfer sites on the steel surfaces.

Different from the impedance results of X65 and 1Cr samples,
the Nyquist plots of the 3Cr and 5Cr samples showed three re-
sponses during the 192 h of immersion tests: an HF-MF capacitive
semicircle, an LF capacitive semicircle and an inductive semicircle.
The HF-MF capacitive loop represented the corrosion product films
on the metal surface, and the LF capacitive loop characterised the
state of the interfacial electric double layer. The inductive semi-
circle in the LF range was attributed to the dynamic adsorption of
intermediate products on the steel surfaces (Li et al., 1996) ac-
cording to the following reactions:

FeþH2O#FeOHads þ Hþ þ e� (3)

FeOHads / FeOHþ
sol þ e� (4)

FeOHþ
sol þHþ#Fe2þsol þ H2O (5)

CrþH2O#CrOHads þ Hþ þ e� (6)

CrOHads /CrOHþ
sol þ e� (7)

CrOHþ
sol þHþ#Cr3þsol þH2Oþ e� (8)

According to the research of Zhu et al. (2015), there were three
stages in the corrosion process for 3Cr steel: dynamic adsorption,
incomplete-coverage layer formation and integral layer formation.
The above adsorptions of FeOHads and CrOHads occur on the sub-
strate surfaces in the initial stage, and the sign of the integral layer
formation is the disappearance of the LF inductive loop. Clearly, the
LF inductive loop was observed during the whole 192 h of exposure
for the 3Cr and 5Cr steels, thus the integral layer had not been
formed within 192 h on the 3Cr and 5Cr steels in our research,
which agrees with Li's study (Li et al., 2017) that the LF inductive
semicircle can maintain for 240 h for the 3Cr steel at 80 �C and pCO2

of 0.8 MPa. As shown in Fig. 2, no obvious crystalline corrosion
products were observed on the 3Cr and 5Cr steel surfaces after 24 h
of exposure, and the 3Cr and 5Cr steel surfaces were locally covered
with FeCO3 crystals after 192 h. Though Cr(OH)3 was identified
1162
under the FeCO3 crystals, the Cr(OH)3 cannot offer enough pro-
tection as the general corrosion rates remained high from the LPR
results. As a result, there were exposed steel surface areas to the
electrolyte to provide sites for the dynamic adsorption of the
FeOHads and CrOHads on the 3Cr and 5Cr surfaces. Notably, the
inductive response was not present for the X65 and 1Cr samples
which was attributed to the massive corrosion product precipita-
tion on the metal surface. Additionally, only slight increases were
observed on the amplitude of the HF-MF capacitive semicircle for
the 3Cr and 5Cr steels, suggesting a poor protectiveness of the
corrosion products on the 3Cr and 5Cr surfaces. As shown in the
Bode plots of the 3Cr and 5Cr samples, the peak with maximum
phase angle increased and shifted to low frequency with the
exposure time, which was correlated to the growth of the corrosion
product layer.

To further analyse the EIS results, equivalent circuits were
applied for the four steels after various exposure times. The
equivalent circuit in Fig. 9(a) was applied to characterise the
impedance spectra of X65 and 1Cr after 6 he192 h, where Rs is the
solution resistance, Qfilm is the constant phase element (CPE)
describing the corrosion product layer, Rfilm is the resistance of the
layer, Qdl is the CPE which represents the double layer capacitance,
Rct is the charge transfer resistance. The CPE element was used for
considering the dispersion effect or surface inhomogeneity, and the
CPE (ZCPE) is defined by:
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ZCPE ¼
1

QðjuÞn (9)

where Q is the proportional factor, j ¼
ffiffiffiffiffiffiffi
�1

p
, u ¼ 2pf , and n is the

factor which takes values between 0 and 1. The equivalent circuit
displayed in Fig. 9(b) was applied to fit the impedance results of the
3Cr and 5Cr samples, where RL is the inductive resistance and L is
the inductance. The fitted results are displayed in Fig. 8 and the
fitted parameters are listed in Table S3. It can be seen from Table S3
that the fitted Rct parameters of the X65 and 1Cr steels increased
dramatically with immersion time, confirming the decrease of
general corrosion rates.

The double layer capacitance Cdl can be determined by the
Brug's equation (Brug et al., 1984):

Cdl ¼Qdl
1
n

�
RsRct

Rs þ Rct

�1�n
n

(10)

Assuming the physical and chemical conditions are constant on
the bare substrate surfaces, the fraction of active surface area (Sa)
can be calculated using Eq. (11) (Motte et al., 2020):

Sa%ðtÞ¼ CdlðtÞ
Cdlð0Þ

� 100% (11)

where Sa%(t) represents the Sa fraction at time t; Cdl(t) is the double
layer capacity at time t and Cdl(0) is the double layer capacity at the
initial immersion time. In our study, the double layer capacity after
0.5 h of exposure was applied as the Cdl(0).

The variations of Sa with exposure times for the four steels are
shown in Fig. 9(c). Clearly, the Sa tended to decline dramatically for
the X65 and 1Cr steels. The Sa reduced from 100% to below 1% after
96 h of immersion for both X65 and 1 Cr steels, indicating that the
steel surface had been blocked by the FeCO3 corrosion products,
which was in consistent with the SEM observations and LPR results.
For 3Cr steel, the Sa declined to 21% after 192 h, showing a weaker
protective performance of the double layer corrosion product films
and the metal surface was only partially blocked by the corrosion
products. It is worth noting that the calculated Sa values for 5Cr rose
notably to nearly 400% after 24 h, then decreased to approximately
100% after 192 h, confirming that the corrosion product film offered
little protectiveness on the steel surface under the current experi-
mental conditions, agreeing with the LPR measurements. Further-
more, the Sa results suggest that the inner structure of FeCO3 was
more compact and tightly adherent to the steel surfaces than the
double FeCO3 and Cr(OH)3 layer in our experimental environments,
though the thicknesses of both were similar as shown in Fig. 4.
Fig. 10. Measured (a) pit depths and (b) localised corrosion rates for X65, 1Cr, 3Cr a
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3.5. Localised corrosion measurements

Figure 10 indicates the localised depths and the localised
corrosion rates for different steels immersed in the CO2-saurated
brine at 60 �C and pH 6.6 for various times. The examples of pro-
filometry images for those samples after 192 h are provided in
Fig. 11.

For all the four materials, the results show that the localised
corrosion depth increased with time, indicating that the localised
attack continued to propagate during the overall 192 h. The
compact and dense FeCO3 layer formed on the X65 and 1Cr surfaces
can reduce the general corrosion rate, however this layer did not
provide enough protection for the localised corrosion. The highest
localised depth reached 25 mm for 1Cr steel after 192 h, by contrast,
3Cr and 5Cr exhibited the lowest pitting depth at 15 mm after 192 h.
As the corrosion products evolved, the highest localised corrosion
rated was 1.17 mm/year for 1Cr after 192 h, while the localised
corrosion rates for 3Cr and 5Cr were the lowest, approximately
0.66 mm/year by the end of 192 h, indicating that the corrosion
product layers on 3Cr and 5Cr steels provided superior protec-
tiveness against localised corrosion.

Clearly, less localised attacks were observed for 3Cr and 5Cr
during the 192 h immersion tests, and 5Cr steel showed the best
localised corrosion resistance. This work shows that the increasing
the Cr content to 3Cr is able to increase the localised corrosion
resistance despite of the development of corrosion products under
the test condition here.
4. Discussion

4.1. Formation mechanism of the corrosion products on different
steels in CO2 environments

The CO2-saturated NaCl solution produces carbonic acid and
then becomes bicarbonate and carbonate ions as shown in the
following reactions:

CO2ðgÞ#CO2ðaqÞ (12)

CO2ðaqÞ þ H2OðlÞ#H2CO3ðaqÞ (13)

H2CO3ðaqÞ#HCO3
�
ðaqÞ þHþ

ðaqÞ (14)

HCO3
�
ðaqÞ#CO3

2�
ðaqÞ þ Hþ

ðaqÞ (15)

The anodic reactions include the dissolutions of iron and
chromium:
nd 5Cr steels exposed to CO2-saturated solution after various immersion times.



Fig. 11. Examples of profilometry images of (a) X65; (b) 1Cr; (c) 3Cr and (d) 5Cr steel surfaces after removal of corrosion products after 192 h of exposure.

Fig. 12. Pourbaix diagrams for (a) FeeH2OeCO2eCl- and (b) FeeCreH2OeCO2eCl- systems in the CO2-saturated solution at 60 �C and CO2 partial pressure 0.8 bar.
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Fe/ Fe2þðaqÞ þ 2e� (16)

Cr/Cr3þðaqÞ þ 3e� (17)

Pourbaix diagrams were applied to identify the thermody-
namically stable corrosion scales on the steel surfaces for the
FeeH2OeCO2eCl- and FeeCreH2OeCO2eCl- systems. Fig. 12(a) il-
lustrates the Pourbaix diagram for the FeeH2OeCO2eCl- system at
60 �C and pCO2

of 0.8 bar, where the red and purple lines represent
solid and aqueous phases, respectively. Considering the initial so-
lution pH of 6.64 and corrosion potential of �0.45 V/vs. SHE, the
FeCO3 is considered as the thermodynamically stable product with
the coexisting products of FeCO3(aq) ions in the aqueous phase. It
should be noted that there is a difference for the pH value at steel
surface and in bulk solution. Motte et al. (2018) used a mesh-based
surface pH probe to monitor the pH value at carbon steel surface at
80 �C and pH of 6 and 6.6. Results indicated that the surface pH was
higher than the bulk solution pH in all environments. At pH 6.6, the
surface pH was approximately 0.5 higher than the bulk solution pH
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during the 192 h of tests. Thus the surface pH in our tests should be
higher than 6.64 which can be confirmed in Fig. 13, and the ther-
modynamically stable product is located in the FeCO3 stable region.
The formation reaction of FeCO3 is:

Fe2þðaqÞ þCO3
2�
ðaqÞ/FeCO3ðsÞ (18)

The calculated Pourbaix diagram agreed with the XRD results in
Fig. 5, where FeCO3 was identified as the main corrosion products
for X65 steel.

Figure 12(b) displays the Pourbaix diagram for the
FeeCreH2OeCO2eCl- system at 60 �C and pCO2

of 0.8 bar. The
thermodynamically stable corrosion products in this environment
were FeCO3 and Cr2O3 with FeCO3(aq) and Cr(OH)3(aq) in the
aqueous phase. The results were in consistent with the XRD and
Raman characterisations as shown in Figs. 5 and 6. The Cr(OH)3
formation reaction of is described by:

Cr3þðaqÞ þ3H2OðlÞ /CrðOHÞ3ðsÞ þ 3Hþ
ðaqÞ (19)

Cr(OH)3 could be dehydrated and transformed into Cr2O3 as:



Fig. 13. Measured pH values of the solutions near X65 and 5Cr steel surfaces during
192 h of immersion tests.
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2CrðOHÞ3ðsÞ /Cr2O3ðsÞ þ 3H2OðlÞ (20)

Guo et al. (2016) performed analysis on the inner layer formed
on 3Cr steel at 80 �C and pCO2

of 0.8 MPa, and the results demon-
strated that the inner layer mainly contained FeCO3 and Cr(OH)3,
and a very small amount of Cr2O3 may exist. The Cr2O3 was not
identified on low-Cr steels in our study here which may be due to
its low amount.

The Pourbaix diagram provides useful information for the
thermodynamically stable corrosion products, however, the for-
mation of crystalline FeCO3 over a long exposure period is domi-
nated by supersaturation and crystallisation kinetics, which is one
of the limitations of the Pourbaix diagram. FeCO3 tends to precip-
itate when the product of Fe2þ and CO3

2� concentrations in the
aqueous solution exceeds the solubility constant of FeCO3
(Ksp;FeCO3

). The supersaturation of FeCO3 (SFeCO3
) is described ac-

cording to Eq. (21):

SFeCO3
¼
cFe2þcCO3

2�

Ksp;FeCO3

(21)

where cFe2þ and cCO3
2� are the concentrations of Fe2þ and CO3

2�.
The pH value at steel surface has a significant effect on the

formation kinetics of the corrosion products (De Motte et al., 2018).
In our research, the pH values of the solution close to the steel
surface were monitored to analyse the surface pH variations
roughly. Fig. 13 illustrates the measured pH values of the solutions
near X65 and 5Cr steel surfaces during 192 h of exposure. Clearly,
the pH values of the solution near X65 surface were higher than
those near 5Cr surface from 6 h to the end of the immersion tests.
For the solution near X65 surface, the pH increased from 6.66 at the
beginning to 6.73 at 30 h, then reduced to 6.68 at 80 h, after which
maintained at 6.78 after 140 h. By contrast, for the electrolyte near
5Cr surface, the pH reduced significantly from 6.68 at the start to
6.55 at 30 h, then rose steadily to 6.75 after 192 h.

For X65 carbon steel, the pH value was influenced by both the
hydrogen evolution reaction and the precipitation of FeCO3. During
the corrosion process, Fe2þ and the equivalent amount of alkalinity
are released as indicated in Eq. (22) (Dugstad, 1998), resulting in a
pH increase:
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FeðsÞ þ2H2CO3ðaqÞ / Fe2þðaqÞ þ2HCO3
�
ðaqÞ þH2ðgÞ (22)

On the other hand, as shown in Eq. (18), the FeCO3 precipitation
consumes CO3

2�, leading to H2CO3 dissociating equivalent amount
of Hþ to reduce the pH. As a result, the pH at the steel surface is
determined by both the corrosion rate and the FeCO3 precipitation
rate, and the pH increases when the dissolution rate is faster than
the rate of the FeCO3 precipitation. For the first 30 h of immersion,
the corrosion rate of X65 steel was relatively high from LPR results,
and the steel surfacewas partially covered with FeCO3 crystals from
SEM images, suggesting that the corrosion rate played a leading
role on pH, thus the pH near steel surface increased. After then, the
precipitation of FeCO3 came into prominence, leading to a pH
reduction. With the consumption of Fe2þ and decrease in corrosion
rate, the precipitation rate of FeCO3 reduced, resulting in a rise in
pH value again. From 140 h, the FeCO3 corrosion products provided
enough protection for the steel substrate, and both the corrosion
rate and FeCO3 precipitation rate were low. Dugstad (1998) also
reported that the pH became constant when the precipitation rate
equalled to corrosion rate of steel substrate.

For 5Cr steel, the initial corrosion rate was relatively low
compared with X65 carbon steel for the first 30 h of exposure, and
no crystalline FeCO3 was identified from both SEM images and XRD
results, suggesting a negligible effect of FeCO3 precipitation. How-
ever, as indicated in the polarisation curves from Fig. 7(a), the
Cr(OH)3 layer was formed on 5Cr steel surface at the initial period
which led to a notable prepassivation, resulting in a pH reduction
according to Eq. (19). Therefore, the decline of pH at the initial 30 h
for 5Cr steel was mainly attributed to formation of Cr(OH)3 layer.
After 30 h, the precipitation rate of Cr(OH)3 reduced and the FeCO3
formation was only limited, while the corrosion rate kept almost
constant from beginning, leading to a steady increase in pH value.

According to the previous research (Guo et al., 2012), the pH
reduction near steel surface can increase the critical super-
saturatation (Sc) of FeCO3, and nucleation rate is almost zero below
Sc. From themeasured near-surface pH, the pH near 5Cr surfacewas
lower particularly at the period from 6 h to 72 h, indicating the 5Cr
surface can delay the precipitation of FeCO3 due to a large Sc.

Thus the effects of Cr content on the formation kinetics of
corrosion products can be explained. For X65 and 1Cr steels, the
crystalline FeCO3 formed on the surfaces at a very similar time (6 h).
According to the LPR results in Fig. 1, 3Cr and 5Cr steels provided
slower releases of Fe2þ from the steel surface at the early stage
compared to that of X65 and 1Cr steels. Referring to Eq. (21), the
Ksp;FeCO3

is mainly determined by the temperature, while the cFe2þ
was lower at 3Cr and 5Cr steel surfaces, leading to a lower SFeCO3

for
3Cr and 5Cr. Moreover, the Sc values for 3Cr and 5Cr were higher
due to the low near-surface pH, indicating that a high SFeCO3

was
required to achieve a rapid nucleation rate. Therefore, it requires a
longer period to reach the Sc values for 3Cr and 5Cr steels, resulting
in the development of less crystalline FeCO3 on the surfaces. For 3Cr
and 5Cr steels, more Cr3þ ions were dissolved from the substrate
with immersion time, contributing to the formation of the Cr(OH)3
layers based on reaction (19). Fig. 14 displays the schematic dia-
grams of the evolution of the corrosion products on X65 carbon
steel and 5Cr steel.

4.2. Effect of Cr content and immersion time on the general and
localised corrosion behaviours

Figure 15 shows the 1/Rp values together with the localised
corrosion rates of different steels at various immersion times. Both
general and localised corrosion rates of X65 and 1Cr steels
decreased significantly with immersion times, while those of 3Cr



Fig. 14. Schematic diagrams of the formation and evolution of the corrosion products on X65 and 5Cr steels.

Fig. 15. Effects of Cr content and exposure time on the general and localised corrosion
resistance of the steels.
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reduced slightly and the corrosion behaviours of 5Cr were almost
constant over 192 h. Moreover, 3Cr and 5Cr exhibit better general
corrosion resistance at the initial period, while X65 and 1Cr show
superior general corrosion resistance after 96 h. However, the
localised corrosion rates of X65 and 1Cr were higher than that of
3Cr and 5Cr during 192 h of immersion, indicating that the crys-
talline FeCO3 on X65 and 1Cr surfaces provided insufficient
1166
localised corrosion protection.
At the initial corrosion period, the superior general and localised

corrosion resistance of 3Cr and 5Cr are attributed to the pre-
passivation. As shown in Fig. 7(a), the addition of 3%Cr or more Cr
content can maintain the steel surface in an obvious prepassive
state compared with 1Cr and X65. According to the previous study
(Wang et al., 2016), a spontaneous prepassivation was achieved for
3Cr and 5Cr at the early corrosion stage due to the formation of
Cr(OH)3. However, the Cr contents in 1Cr and X65 steels were
insufficient for the Cr(OH)3 formation, and the precipitation of the
FeCO3 layers can provide poor protection. Therefore, as a diffusion
barrier, the Cr(OH)3 film provided better general corrosion pro-
tection for 3Cr and 5Cr at the initial corrosion stage. It should be
noted that 3%Cr becomes a critical Cr content in our corrosion en-
vironments to provide an adequate amount of Cr for the formation
of Cr(OH)3, which then leads to a prepassivation characteristic,
resulting in a superior corrosion resistance at the early stage.

Furthermore, the Cr(OH)3 layer has the capability of cation
selectivity and can block anions such as Cl� penetrating the
corrosion products (Chen et al., 2005). Previous studies suggest that
Cl� contributes to the catalytic dissolution of Fe substrate, film
breakdown, and diffusion within the occluded cavity, thus aggra-
vating the localised corrosion (Zhang et al., 2019). As a result,
Cr(OH)3 offered superior localised corrosion protection for the 3Cr
and 5Cr steels.

However, as the corrosion products developed, the dense and
compact crystalline FeCO3 layer formed on X65 and 1Cr offered
better general corrosion protection than the double-structural
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corrosion product layers on 3Cr and 5Cr. The compact crystalline
FeCO3 layer on X65 and 1Cr can protect the steel surface by blocking
the surface and acting as a diffusion barrier to reduce the general
corrosion. However, the compact FeCO3 layer on X65 and 1Cr
cannot completely block the steel surfaces (Wang et al., 2022), and
there were Sa available for the corrosion process as shown in the
calculated Sa in Fig. 9(c). Thus localised attacks continued growing
at Sa, suggesting that the FeCO3 layer on X65 and 1Cr cannot offer
enough protection against localised attacks.

5. Conclusions

In this study, the general and localised corrosion behaviours of
X65, 1Cr, 3Cr and 5Cr steel as well as the formation and evolution of
the corrosion products in CO2 environments were investigated. The
results show that the general and localised corrosion behaviours of
different materials are closely related to the corrosion product
formation and development. The addition of Cr contents in the steel
suppressed both the general and localised corrosion attacks at the
early corrosion stage. However, with the evolution of the corrosion
products, the dense and compact crystalline FeCO3 corrosion
products were observed on X65 and 1Cr surfaces, reducing the
general corrosion rates significantly; while the double corrosion
product layers on 3Cr and 5Cr steels could significantly suppress
localised corrosion but was unable to provide enough corrosion
resistance for general corrosion over a long duration. The 3%Cr
becomes a critical Cr content in our test environments to provide an
adequate amount of Cr for the formation of Cr(OH)3 at the early
stage, which then leads to a prepassivation characteristic, resulting
in a superior general and localised corrosion resistance.
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