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The electrochemical corrosion and stress corrosion cracking (SCC) behaviors of X70 pipeline steel in
CO2-containing solution were studied by electrochemical measurements, slow strain rate tensile tests, and
surface characterization. The results found that the electrochemical corrosion of X70 steel in aerated,
alkaline solution is an activation-controlled process, and a stable passivity cannot develop on steel. Cor-
rosion rate of the steel increases with the CO2 partial pressure. The enhanced anodic dissolution due to the
additional cathodic reaction in the presence of CO2, rather than the film-formation reaction, dominates the
corrosion process. The mass-transfer step through FeCO3 deposit is the rate-controlling step in corrosion of
the steel. The susceptibility of steel to SCC and the fracture brittleness increase with the CO2 partial
pressure. The enhanced fracture brittleness is attributed to the evolution and penetration of hydrogen
atoms into the steel, contributing to crack propagation. The formed deposit layer is not effective in reducing
hydrogen permeation due to the loose, porous structure.
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1. Introduction

The enhanced corrosion of pipeline steels under the
condition where CO2 is present has been a serious problem
in the oil and gas industry. It has been acknowledged (Ref 1)
that carbon dioxide accelerates the rates of general corrosion
and localized corrosion of carbon steel, sometimes as pitting
corrosion. Theories and models have been developed to
illustrate CO2 corrosion of steel (Ref 1-3). These variously
involve interaction of CO2 with both anodic reaction and
cathodic reaction. Moreover, since CO2 is associated with water
to give carbonic acid, and then dissociates into bicarbonate and
carbonate anions, the mechanisms have also involved interac-
tions at the acidic pH (Ref 4). Furthermore, the effect of CO2

partial pressure on corrosion of steel has been considered
(Ref 5, 6), and the corrosion rate increases as CO2 solubility
increases with the increasing CO2 partial pressure.

Stress corrosion cracking (SCC) has been recognized as one
essential threat to integrity of pipelines (Ref 7). To date,
extensive work has been performed to investigate pipeline SCC
(Ref 7-10). For example, two types of SCC, i.e., high pH SCC
and near-neutral pH SCC, have been found to occur on
pipelines, and the associated environmental conditions have
been identified. While the former occurs under a concentrated
carbonate-bicarbonate solution, the latter is always associated

with a dilute bicarbonate solution where 5%CO2/95%N2 is
purged to keep the near-neutral solution pH. With the further
increase of CO2 partial pressure, it is expected that the
solution pH continues to decrease. The steel will experience
different corrosion and SCC behavior from those under near-
neutral pH conditions. To date, there has been limited research
conducted on the corrosion and SCC of pipelines in the
presence of significant amounts of CO2, and thus, the acidic pH
condition.

In this work, electrochemical corrosion behavior and SCC
susceptibility of X-70 pipeline steel were investigated by
various electrochemical measurements, including potentiody-
namic polarization curves and electrochemical impedance
spectroscopy (EIS), slow strain rate tensile (SSRT) tests and
surface characterization techniques. The effect of CO2 partial
pressure was determined and the corrosion mechanism was
analyzed. It is anticipated that this research develops an
essential correlation between corrosion and SCC behavior of
pipelines in the presence of significant amounts of CO2.

2. Experimental

2.1 Electrode and Solution

Test electrodes were made from X70 steel sheet with the
chemical composition listed in Table 1. The mechanical
properties of the steel measured at room temperature were
provided by supplier shown as follows: tensile strength equal to
675 MPa; yield strength equal to 592 MPa; and elongation to
failure equal to 26%. The specimens were embedded in epoxy
resin leaving a working area of 1 cm2. The electrode prepa-
ration was carefully controlled to ensure that there was no
bubble at the epoxy/steel interface. The working surface of
electrode was subsequently polished with 800 grit and
1000 grit emery papers, cleaned by distilled water and
methanol.
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The test solution was a soil-extracted solution, with the
chemical composition shown in Table 2, purged with different
amount of CO2, i.e., 0, 5, 10, 15, 20, 100% CO2 balanced with
high purity N2 gas for 2 h prior to and throughout the tests.

All the tests were performed at ambient temperature.

2.2 Electrochemical Measurements

Electrochemical measurements, including potentiodynamic
polarization curves and EIS, were performed in a three-
electrode cell using an EG&G Model 273A potentiostat. X70
pipe steel electrode was used as working electrode, a platinum
wire as counter electrode and a saturated calomel electrode
(SCE) as reference electrode. During polarization curve mea-
surements, the potential scan rate was 0.5 mV/s. The ohmic
potential drop was compensated by the instrument. During EIS
measurements, an AC disturbance signal of 10 mV was applied
on the electrode at open-circuit potential. The measuring
frequency ranged from 0.01 to 100000 Hz.

2.3 SSRT Tests

The SSRT tests were performed in air and in the solution at a
strain rate of 1910-6 s-1. A typical plate tensile specimen was
designed based on GB T15970 (Fig. 1) and was used for SSRT
tests. After failure, the fracture surface of the specimen was
examined by scanning electron microscopy (SEM). The
susceptibility to SCC was described by the percentage of
reduction-in-area (w%):

wð%Þ ¼ ðSi � Sf Þ � 100

Si
ðEq 1Þ

where Sf and Si were the cross-section areas of the tensile
specimen after and before test, respectively.

3. Results

3.1 Electrochemical Tests

Figure 2 shows the polarization curves of X70 steel in the
solutions with different amounts of CO2. The fitted electro-
chemical parameters, including polarization resistance (Rp) and
corrosion current density (icorr), and solution pH are listed in
Table 3. It is seen that, with the increasing CO2 content, the
solution pH decreased and corrosion current density increased.
Furthermore, the anodic polarization behavior did not show a
passive region in the absence of CO2 even in an aerated,
alkaline environment.

Figure 3 shows the Nyquist diagrams of X70 steel in the
absence and presence of CO2. It is seen that there were two
time constants in the frequency range in the presence of CO2,

Table 1 Chemical composition of X70 pipeline steel

Elements C Si Mn P S V Ti Nb Fe

Weight, % 0.055 0.22 1.62 0.013 0.002 0.030 0.009 0.070 Balance

Table 2 Chemical composition (g/L) of the test solution

CaCl2 NaCl Na2SO4 MgCl2Æ6H2O NaHCO3

0.2442 3.1707 2.5276 0.3135 0.1462

Fig. 1 Schematic diagram of the tensile specimen
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Fig. 2 Polarization curves of X70 steel in the solution with differ-
ent CO2 partial pressures
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that is, a semicircle in the high-frequency range and a Warburg
diffusive impedance in the low-frequency range (Fig. 3a).
The size of the high-frequency semicircle decreased with the
increase of CO2 in the solution. In the absence of CO2, the
impedance plot was dominated with one time constant only,
i.e., a semicircle over the whole frequency range (Fig. 3b).

3.2 Slow Strain Rate Test

Figure 4 shows the stress-strain curves of X70 steel in the
solution with different CO2 partial pressures. The calculated
susceptibility of steel to SCC is shown in Fig. 5. It is seen that
there was a rapid drop of reduction-in-area, i.e., a rapid increase
of SCC susceptibility, when the solution was purged with CO2.
Furthermore, with the increase of CO2 partial pressure, the
susceptibility of steel to SCC continued to increase until a
relatively steady value was reached at about 20% CO2.

3.3 Fractographic Observation

Figure 6 shows the SEM views of fracture surface mor-
phologies of X70 steel after SSRT tests. It is seen that the
fracture surface tested in air was dominated by ductile fracture
features, with extensive distribution of dimples (Fig. 6(a)). The
surface morphologies of the specimens tested in 5% and 10%
were characterized with a mixed ductile-brittle feature (Fig. 6
(b) and (c)). With the further increase of CO2 partial pressure,
the fracture surfaces showed signs of brittle fracture, with
increasing signs of cleavage, as shown in Fig. 6 (d), (e), and (f).

4. Discussion

In the alkaline, aerated solution, the cathodic reaction is
dominated by oxygen reduction:

O2 þ 2H2Oþ 4e! 4OH� ðEq 2Þ

The anodic process is described as a multiple-step oxidation
reaction of iron (Ref 11, 12), with the formation Fe(OH)2

Table 3 Electrochemical parameters fitted from the
polarization curves

CO2, % 0 5 10 15 20 100
Rp, X 1371 1045 1203 881.1 629.5 292.5
Icorr, lA/cm2 11.51 20.78 21.94 24.64 34.49 74.23
pH 8.90 5.73 5.55 5.46 5.29 5.05
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Fig. 3 Nyquist diagrams of X70 steel in the presence of CO2 (a)
and in the absence of CO2 (b)
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Fig. 4 Stress-strain curves of X70 steel in the solutions with differ-
ent CO2 partial pressures

0 20 40 60 80 100

38

40

42

44

46

48

50

Ψ
(%

)

pressure(%)

Fig. 5 Effect of CO2 partial pressure e on percentage of reduction-
in-area

Journal of Materials Engineering and Performance Volume 18(3) April 2009—321



Feþ H2O! Fe(OH)þ Hþ þ e ðEq 3Þ

Fe(OH)! Fe(OH)þ þ e ðEq 4Þ

Fe(OH)þ þ OH� ! Fe(OH)2 ! hydrous Fe(OH)2layer

ðEq 5Þ

The Fe(OH)2 layer could block corrosive species approach-
ing the electrode surface to inhibit the further corrosion of steel.
However, it is a stable passive film. The present work (Fig. 2)
shows that a stable passive region could not be developed on
steel, and characterized by one time constant, i.e., one
semicircle over the measured frequency range. The impedance
plot indicates an activation-controlled corrosion process.

In the presence of CO2, the dissolved CO2 is hydrated to
form the weak acid, H2CO3, by

CO2 þ H2O! H2CO3 ðEq 6Þ

The H2CO3 then dissociates by a two step process, resulting
in the decrease of solution pH:

H2CO3 ! Hþ þ HCO3
� ðEq 7Þ

HCO�3 ! Hþ þ CO3
2� ðEq 8Þ

At pH< 4, the reduction of hydrogen ions is the dominant
cathodic reaction. At pH between 4 and 6, in addition to the
reduction of hydrogen ions, a new cathodic reaction becomes
important:

H2CO3 þ e! Hþ HCO3
� ðEq 9Þ

This additional cathodic reaction is the main reason for the
higher corrosion rate of the steel in CO2 (Ref 13). The present

Fig. 6 SEM morphologies of X70 steel fracture surface at the different CO2 partial pressures (a) 0%, (b) 5%, (c) 10%, (d) 15%, (e) 20%, and
(f) 100%
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work (Fig. 2 and Table 3) shows that the corrosion current
density of steel increases with the increasing CO2 partial
pressure, which is associated with the enhanced acidity of the
solution.

During corrosion of the steel in CO2, when the concentra-
tions of Fe2+ and CO3

2- ions exceed the solubility limit, the
solid iron carbonate film will form and deposit on the steel
surface:

Fe2þ þ CO3
2� ) FeCO3 ðEq 10Þ

Fe(OH)2 þ CO2 ! FeCO3 þ H2O ðEq 11Þ

It has been reported (Ref 14) that the formation of iron
carbonate film would inhibit the corrosion of steel. How-
ever, this work did not find this to occur. Actually, the
complexity of CO2 corrosion of the steel comes from the
competition between the enhanced anodic dissolution due to
the additional cathodic reaction (9) and the film-formation
reaction (10). The present work indicates that the enhanced
anodic dissolution dominates the whole corrosion process.
Furthermore, the impedance measurements show a diffusive
impedance in the low-frequency range, indicating that mass-
transfer through FeCO3 becomes the rate-controlling step.
The surface morphology of the deposit layer is shown in
Fig. 7.

The present work shows that the SCC susceptibility of the
steel increases with the CO2 partial pressure, as shown in
Fig. 4 and 5. Furthermore, the fracture brittleness is
enhanced by the presence of CO2 in the solution (Fig. 6).
Apparently, the deposited FeCO3 layer on electrode surface
formed in the CO2-containing solution cannot provide
effective inhibition to crack initiation. The enhanced fracture
brittleness is attributed to the evolution and penetration of
hydrogen atoms into the steel, which contribute to crack
propagation. Therefore, the deposit layer is not effective in
reducing hydrogen permeation either, which is mainly due to
the loose, porous structure of the film. Hydrogen atoms
generated from the cathodic reduction of carbonate acid can
enter directly into steel from the pores in the deposit, rather
than diffuse through the deposit layer.

5. Conclusions

The electrochemical corrosion of X70 steel in aerated,
alkaline solution is an activation-controlled process, and a
stable passive region was not observed for the steel.

Corrosion rate of the steel increases with the CO2 partial
pressure. The enhanced anodic dissolution due to the additional
cathodic reaction in the presence of CO2, rather than the film-
formation reaction, dominates the corrosion process. The mass-
transfer step through FeCO3 deposit is the rate-controlling step
in corrosion of the steel.

The susceptibility of steel to SCC and the fracture brittleness
increase with the CO2 partial pressure. The enhanced fracture
brittleness is attributed to the evolution and penetration of
hydrogen atoms into the steel, and contributes to crack
propagation. The deposit layer is not effective in reducing
hydrogen permeation due to its loose, porous structure.
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