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Abstract: Offshore pipelines are subjected to stresses (e.g., from fluid flow, mechanical vibration,
and earth movement). These stresses, combined with corrosive environments and in the presence
of trace gases (O2, CO2), can increase the pipeline’s corrosion rate and potentially lead to crack-
ing. As such, the impact of trace gases such as CO2 (linked to enhanced oil recovery and carbon
capture and sequestration) on corrosion is key to determining whether pipelines are at increased
risk. American Petroleum Institute (API) 5L X70 and X100 were exposed as stressed C-rings (80% or
95% of yield strength). The tests were conducted with either N2 (control) or CO2 bubbled through
3.5% NaCl, at either 5 ◦C or 25 ◦C. Linear polarization resistance was used to assess corrosion rate,
while morphology and variation were determined using optical microscopy (generating metal loss
distributions) and scanning electron microscopy. The control experiment (N2) showed that corrosion
rates correlated with temperature and stress. In this low O2 environment, both alloys showed similar
trends. Under CO2 exposure, all samples showed accelerated corrosion rates; furthermore, the
morphologies generated were different for the two alloys: undercutting corrosion with discontinuous
microcracks (X70) or deep, wide ellipses (X100). Understanding these changes in corrosion response
is key when selecting materials for specific operational environments.

Keywords: stress; trace gases; pipeline carbon steels; linear polarization resistance; cumulative
probability; corrosion morphology

1. Introduction

For decades, carbon steel pipelines have been installed and operated around the globe
to transport oil and gas [1]. They are considered to be a safe, effective, and economical
means of transportation [2,3]. Pipelines are used as a means of transportation of CO2.
However, CO2 has been observed to have a strong impact on the corrosion rates of pipeline
steels [4,5]. CO2 enhances cathodic reaction rates and can also have a direct contribution to
hydrogen charging of the steel’s surface layer, especially when under pressure, resulting in
the loss of ductility at tensile loads and the formation of blisters or cracks [5,6]. The risk
of hydrogen embrittlement of these steels, associated with CO2 transportation, is one of
the major concerns related to their usage [4]. Research in the past four decades has shown
that the diffusion of hydrogen into steel’s crystalline structure and certain other alloys or
metals causes hydrogen–material interactions and microstructural changes. This can lead
to hydrogen embrittlement (HE) and can subsequently lead to hydrogen environmentally
assisted cracking (HEAC) [7]. Hydrogen embrittlement is defined as the loss or reduction
in tensile strength and the ductility of a metal or alloy due to the diffusion of hydrogen
atoms into the metal or alloy’s crystalline structure during a corrosion process [8–10]. Due
to this reduction in ductility, pipelines can be prone to stress corrosion cracking, which can
lead to premature failure. The mechanism of CO2 corrosion encountered in an aqueous
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solution can be explained in the following way: CO2 combines with H2O to form H2CO3
(carbonic acid). H2CO3 then further dissociates into HCO3

−, H+, and CO3
2– [11,12].

The major cathodic reactions are the reduction in H+, H2CO3, and HCO3
− as expressed

below [13–16].
2H+

(aq) + 2e− → H2(g) (1)

2H2CO3(aq) + 2e− → 2HCO3
−

(aq) + H2(g) (2)

2HCO3
−

(aq) + 2e− → 2CO3
−

(aq) + H2(g) (3)

2H2O(l) + 2e− → 2OH− + H2(g) (4)

The major anodic reactions are the dissolution of Fe (iron) followed by FeCO3 (iron
carbonate) formation as shown below [13–16].

Fe→ Fe2+ + 2e− (5)

Fe2+ + CO3
2− → FeCO3 (6)

Carbon steels in pipeline applications are subjected to two forms of stress corrosion
cracking (SCC): high-pH SCC and near-neutral pH SCC [17,18]. High-pH SCC is char-
acterized by an intergranular mode of cracking and has been observed in concentrated
carbonate/bicarbonate solutions with pH values higher than 9 [19–22]. On the other hand,
near-neutral SCC (pH = 6–8) is characterized by a trans-granular cracking mode and is
associated with a dilute carbonate/bicarbonate medium [19–22]. In this research, samples
were exposed to a near-neutral environment (solution with N2) and a slightly acidic envi-
ronment (solution with CO2). Several studies have been conducted in various corrosive
environments (NS4 solution, saturated CO2 medium, carbonate/bicarbonate solutions,
mixture of CO2/O2, CO2/H2S medium, 3.5% NaCl solution, etc.) [5,23–26] to understand
the stress corrosion cracking behavior of pipeline carbon steels after failure. However,
understanding the corrosion behavior with applied stress before the failure of pipeline
steels in marine environments saturated with CO2 has not yet been reported.

The purpose of this study is to investigate the impact of trace gases on the stress
corrosion interactions of API 5L X70 and X100 carbon steels in simulated saltwater environ-
ments saturated with either N2 (control condition) or CO2. Tests were run at 5 ◦C or 25 ◦C.
To assess the impact of stress, C-ring samples (unnotched) were stressed at 80% or 95%
yield strength and notched samples were stressed to 80% yield strength. V-notches were
machined across the top center of the C-ring to create a triaxial stress condition adjacent
to the root of the notch. To assess the rate of corrosion, linear polarization resistance mea-
surements were performed to monitor the samples’ corrosion rates and potentials. Image
metrology via optical microscopy was used to measure the metal loss exceedance of each
sample and scanning electron microscopy was used to determine the corrosion morphology
on the samples’ surfaces.

2. Experimental Procedures
2.1. Exposed Materials

The materials exposed in this work are API 5L X70 and X100 carbon steels. As observed
from Scanning electron microscopy (SEM, Tescan, Brno—Kohoutovice, Czech Republic).
(Figure 1a,b, respectively), the X70 steel is composed of globular ferrite grains with grain
boundary pearlite grains and coarse dispersion of precipitates, while the X100 steel is made
up of bainitic ferrite grains with finely dispersed austenite grains. This is consistent with
the literature [27–30]. The micrographs were obtained by polishing the ground surfaces
using a 1 µm diamond suspension to obtain a mirror surface finish and then etched with a
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2% nital solution for 15 to 25 s. The chemical compositions of the carbon steels as received
from the manufacturers are presented in Table 1.
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Figure 1. Microstructures of the exposed carbon steels as observed via scanning electron microscopy:
(a) API 5L X70; (b) API 5L X100.

Table 1. Chemical compositions of the API 5L X70 and X100 carbon steels (wt.%).

Grade C Si Mn P S Cr Mo Ni Al Cu Nb Ti Fe

X70 0.05 0.26 1.66 0.007 0.001 0.02 0.07 0.24 0.045 0.015 0.045 0.015 Bal.

X100 0.06 0.22 1.96 0.007 0.002 0.02 0.18 0.30 0.003 0.210 0.045 0.014 Bal.

2.2. C-Ring Loading Tests

C-ring samples were used to assess the impact of CO2 in 3.5% NaCl solution on
the stress corrosion resistance of API 5L X70 and X100 carbon steels. The samples were
designed in accordance with the ASTM G38-01 [31] and NACE TM0177-05 standards [32],
using ratios of between 10–100 outer diameter to wall thickness (diameter/thickness) and
between 2–10 (width/thickness). This provided final sample dimensions of 18.5 mm outer
diameter, 1.3 mm wall thickness, and 12 mm width, finished with a 600 grit (P1200). Figure 2
shows the C-ring design.

A constant strain method was used to stress the specimens to the desired stress levels
of 80% and 95% of the yield strength for unnotched samples and notched samples stressed
at 80% Y.S. Table 2 shows the as-received yield strength of the carbon steels and calculated
desired yield strength. Notched samples were machined by engraving 200 µm V-notches
across the top center of the C-ring to create a triaxial stress condition adjacent to the root of
the notch on the specimens’ surfaces. The stress is exerted on the diameter of the C-ring by
tightening a bolt at a calculated distance based on the C-ring’s outer diameter, its elastic
modulus, and wall thickness as outlined in the ASTM G38-01 standard [31] and shown in
Equation (7):

OD f = OD− ∆; (7)

where : ∆ =
f πD2

4EtZ
(8)

D = (OD− t) (9)

where OD = outer diameter of the C-ring before stressing, mm; ODf = outer diameter of the
stressed C-ring, mm; f = desired stress, MPa; ∆ = change in OD giving desired stress, mm;
D = mean diameter (OD − t), mm; t = wall thickness, mm; E = modulus of elasticity, MPa;
and Z = correction factor for curved beams.
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Figure 2. C-ring design and dimensions.

Table 2. The as-received and desired yield strengths of the exposed materials.

Material Grade
Yield Strength, MPa

(As Received)

Desired Yield Strength, MPa

80% Y.S. 95% Y.S.

X70 510 408.00 484.50

X100 698 558.40 663.10

2.3. Exposure Solutions

Sodium chloride was mixed to give 3.5% salinity (35 g of sodium chloride dissolved
in every 1 liter of deionized water). The 3.5% NaCl solution was transferred into a three-
electrode electrochemical cell. Figure 3 shows the schematic diagram of the test cell. The
test cell solution was then heated or cooled to the desired temperature. The stressed
specimens were suspended in the test cell and then the cell was sealed. Depending on
the test condition, the desired gas was continuously bubbled in the test cell at 50 mL/min
flow rate. N2 was used to deoxygenate the solution and CO2 was used to lower the pH
from a near-neutral pH of about 7.2 to 5.6 and 6.1 at 5 ◦C and 25 ◦C, respectively. The test
conditions were maintained for 5 weeks for each experiment. Table 3 presents a summary
of the different test conditions and exposed samples.

Table 3. Summary of test conditions.

S/N Material
Grade Sample Label Yield

Strength, %
Sol. Temp.,

◦C Gas

1 X70 X70N2-5a 80 5 N2

2 X70 X70N2-5b 95 5 N2

3 X70 X70N2-Notched-5 80 5 N2

4 X70 X70N2-25a 80 25 N2

5 X70 X70N2-25b 95 25 N2



Metals 2023, 13, 1165 5 of 20

Table 3. Cont.

S/N Material
Grade Sample Label Yield

Strength, %
Sol. Temp.,

◦C Gas

6 X70 X70N2-Notched-25 80 25 N2

7 X70 X70CO2-5a 80 5 CO2

8 X70 X70CO2-5b 95 5 CO2

9 X70 X70CO2-Notched-5 80 5 CO2

10 X70 X70CO2-25a 80 25 CO2

11 X70 X70CO2-25b 95 25 CO2

12 X70 X70CO2-Notched-25 80 25 CO2

13 X100 X100N2-5a 80 5 N2

14 X100 X100N2-5b 95 5 N2

15 X100 X100N2-Notched-5 80 5 N2

16 X100 X100N2-25a 80 25 N2

17 X100 X100N2-25b 95 25 N2

18 X100 X100N2-Notched-25 80 25 N2

19 X100 X100CO2-5a 80 5 CO2

20 X100 X100CO2-5b 95 5 CO2

21 X100 X100CO2-Notched-5 80 5 CO2

22 X100 X100CO2-25a 80 25 CO2

23 X100 X100CO2-25b 95 25 CO2

24 X100 X100CO2-Notched-25 80 25 CO2
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2.4. Electrochemical Analysis: Linear Polarization Resistance Measurements

Linear polarization resistance measurements were taken to monitor the samples’
corrosion rates and potentials. The working electrode (specimen) was polarized at a
potential of ±10 mV around its corrosion potential with a slow scan rate of 0.167 mV/s to
maintain conditions close to a steady state as reported by Papavinasam and Baboian [8,33].
Periodic polarizations of the whole area of C-rings directly exposed to the solutions were
carried out to monitor the change in corrosion rates and potentials after every 168 h
of exposure.

The corrosion rate of a specimen after polarization was calculated using the Stern–
Geary Equation (10) [33–35]:

Icorr =
B

RP
; (10)

where : B =
βa·βc

2.303(βa + βc)
(11)

in which Icorr = total anodic current, µA; B = Stern–Geary constant with a value of 25 for
carbon steels exposed to seawater conditions as outlined in NACE corrosion engineer’s
reference book [33] and Papavinasam [8], V; Rp = linear polarization resistance of the
electrode, Ω.cm2; βa = slope of the anodic Tafel reaction, V/decade; and βc = slope of the
cathodic Tafel reaction, V/decade.

Based on Faraday’s law, the corrosion rate (CR) can be calculated using
Equation (12) [33–35]:

CR(
mm

y
) = Kcorr

(
icorr

ρmetal

)
EW (12)

where : icorr =
Icorr

A
(13)

EW =
Awt

n
(14)

in which Kcorr = corrosion constant with a value of 3.27 × 10−3, mm g/µA (cm yr);
ρ = density of alloy, g/cm3; icorr = corrosion current density, µA/cm2; Icorr = total an-
odic current, µA; A = exposed sample area, cm2; EW = equivalent weight; Awt = atomic
weight of the element, Dalton (Da); and n = valence of the element.

Corrosion rate errors were calculated using the propagation of error method as out-
lined by Taylor [36]. The calculated error was observed to be very negligible in the magni-
tude of 10−5 to 10−7 mm/yr.

2.5. Post-Exposure Analysis

Scanning electron microscopy (SEM, Tescan, Brno—Kohoutovice, Czech Republic),
energy dispersive spectroscopy (EDS, Oxford Instruments Inc., Oxfordshire, United King-
dom), and X-ray diffraction (XRD, Siemens, Munich, Germany) analysis were carried out on
the exposed samples. The scanning electron microscopy images and energy dispersive spec-
troscopy (EDS) data were obtained via a Tescan Vega 3 Large SEM and Oxford Instruments
AztecEnergy V2.2 with AztecHKL V2.2 software (Oxford Instruments Inc., Oxfordshire,
United Kingdom). An error of±5% was assumed for all EDS measurements [37]. The X-ray
diffraction analysis was carried out using a Siemens D5005 X-Ray Diffractometer and a
Bruker DIFFRAC plus XRD Commander V2.4.1 with EVA V5.0 software (Siemens, Munich,
Germany). Dimensional metrology was also conducted on the stress-oriented sections of
the exposed samples in accordance with Sumner et. al. [38,39]. Figure 4 show the stages of
the dimensional metrology technique to determine the metal loss.
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for the notched sample at 477 h of exposure. This trend in corrosion rates could be ex-
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Figure 4. Dimensional metrology technique stages to determine metal loss of the exposed samples.
Reprinted with permission from Refs. [38,39]. 2015 Taylor & Francis. (a) Pre-exposure dimensions are
taken from the samples; (b) the samples are then exposed and cross-sectioned at a high-stress point;
(c) the samples are placed on an x–y calibrated Leitz Wetzlar AxioCam ICc 1 microscope (Zeiss group,
Oberkochen, Germany) stage with an image analyzer subroutine to measure evenly spaced images of
the sample; (d) key points such as internal damage and remaining metal on the image are selected;
(e) comparison of pre- and post-exposure sample radii; (f) acquiring a range of different metal losses
or internal damage, formed oxides, or scale thicknesses around the sample; and (g) data ordering
from most to least damaged to give the cumulative probability of damage [38,39]. The collected data
are plotted against cumulative normal distribution (in standard deviations) with a metal loss error of
±5 µm.

3. Results and Discussion
3.1. Corrosion Rates and Potentials

Figure 5a–d present the corrosion rates and potentials of the exposed X70 carbon steel
samples in solution with N2 at 5 ◦C and 25 ◦C.

As shown in Figure 5c, continuous increases in corrosion rates with time were observed
with a maximum value of 0.0307 mm/year for the sample stressed to 95% Y.S. at 788 h
at 25 ◦C; however, a decrease was observed for the sample stressed to 80% Y.S. and the
notched sample at 620 h of exposure. Corrosion rate fluctuations were observed for all
samples at 5 ◦C (Figure 5a). A decrease in corrosion rates was observed for samples stressed
at 80% Y.S. and 95% Y.S. at 644 h of exposure; however, a decrease was observed for the
notched sample at 477 h of exposure. This trend in corrosion rates could be explained to
occur as a result of the continuous formation and rupture of their formed surface films (iron
oxide). This causes fluctuations in the cathodic reaction rates taking place on the samples’
surfaces, leading to variations in corrosion rates with time. The samples stressed at 80%
Y.S. and 95% Y.S. (Figure 5a,c, respectively) were observed to show higher corrosion rates.
This occurred as a result of an error in the placement of the samples in the test cell, which
led to differential aeration on the exposed samples. Different corrosion potentials were
observed on the exposed carbon steels in the simulated 3.5% NaCl solution. This shows
the change in the thermodynamic behavior of the different steels with a change in the
material’s microstructure and solution temperature. A continuous increase in potential was
observed throughout the duration of the experiment (Figure 5d) with a maximum value
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of −718 mVAg/AgCl obtained from the sample stressed to 95% of Y.S. at 25 ◦C. At 5 ◦C, a
decrease in potential was observed for all samples at 648 h of exposure, with a maximum
value of −754 mVAg/AgCl observed for the sample stressed at 80% Y.S. (Figure 5b).
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25 ◦C; and (d) potentials at 25 ◦C.

It is observed that the obtained experimental corrosion rate values were lower than
the corrosion rates of carbon steels in seawater with a value of 0.13–0.41 mm/year reported
by Davies and Michael [40,41], 0.102–0.178 mm/year by Fontana [42], and a value of
0.1 mm/year in quiet seawater to a maximum of 0.75 mm/year at 3 m/s seawater velocity
reported by Kreysa and Schutze [43]. These results are due to the continuous bubbling of
nitrogen gas in the test solution, which eliminates any entrained air or oxygen with the
consequence of lowering the corrosion rate.

The X100 samples (Figure 6a,c) were observed to have higher corrosion rates with a
maximum of 0.0362 mm/year for the notched sample in comparison with the X70 samples
in solution with N2 at 25 ◦C. This shows that the presence of N2 gas in the solutions
has not much of an effect on the corrosion rate of the different exposed carbon steels.
Similarly, fluctuations in corrosion rates and potentials with time were observed on the
X100 samples at both 5 ◦C and 25 ◦C. A decrease in corrosion rate was observed for the
sample stressed at 80% Y.S. and the notched sample at 648 h of exposure at 5 ◦C. However, a
continuous decrease was observed for the sample stressed to 95% Y.S. after 648 h. Similarly,
lower corrosion rates were observed on the notched sample relative to the un-notched
samples, as in the case of X70 samples stressed at 80% Y.S. and 95% Y.S. (Figures 5a and 5c,
respectively). This can also be explained to occur as a result of differential aeration in the
test cell. A continuous increase in corrosion rates with time was observed on all samples at
25 ◦C. Maximum potential values of −742 mVAg/AgCl and −705 mVAg/AgCl (Figure 6b,d),
respectively, were observed for the samples stressed at 80% Y.S. at 5 ◦C and 25 ◦C. In
general, corrosion potential values were observed to change with solution temperature and



Metals 2023, 13, 1165 9 of 20

material grade. More negative potential values were observed on all samples exposed at
5 ◦C.
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The corrosion rates obtained from the X70 samples exposed to solution with CO2
(Figure 7a,c) were observed to be much higher than those obtained from solution with
N2. Figure 7a–d present the corrosion rates and potentials of the X70 samples exposed
to CO2 medium at 5 ◦C and 25 ◦C. It was observed that the higher the applied stress
level, the higher the corrosion rates, while at 25 ◦C, the higher the applied stress, the
lower the corrosion rates. A maximum corrosion rate value of 1.405 mm/year and a
minimum of 0.8521 mm/year was obtained for the sample stressed to 80% Y.S. at 25 ◦C.
The calculated corrosion rate values are more or less similar to the values reported by
Zhang et al. [44]. A value of 0.9911 mm/year was observed on X70 carbon steel exposed
to a soil-extracted solution saturated with 100% CO2 at ambient temperature. Similarly,
Silva et al. [4] reported a corrosion rate value of 1 mm/year to 1.3 mm/year observed on
X65 carbon steel exposed to 3.5% NaCl solution saturated with CO2. Several literature-
based predictive models have been developed to forecast corrosion rates of pipelines
in CO2-containing solutions, namely, empirical/semi-empirical, elementary mechanistic,
and comprehensive mechanistic models [45]; other predictive models include principal
component analysis (PCA), multi-layer perceptron neural network (MLPNN), multiple
linear regression (MLR), and radial basis function neural network (RBFNN) models [46].
Alsalem et al. [47] developed a model to estimate the corrosion rate of carbon steel in
CO2-saturated NaCl solution at 25 ◦C. The predictive model forecast corrosion rate value
(about 1.21 mm/year) was similar to our observed corrosion rate, with a maximum value
of 1.405 mm/year and a minimum of 0.8521 mm/year. However, the model did not take
into consideration the impact of stress on the corrosion of the tested specimens.
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The corrosion rates of the X100 samples (Figure 8a,c) were observed to decrease
with increasing applied stress levels at 5 ◦C, while at 25 ◦C the corrosion rate increased
with increasing applied stress. This trend in corrosion rate variations could be said
to occur as a result of stressed-induced diffusion of the formed oxides into the steel’s
microstructure [48,49]. This phenomenon depends on changes in the solution temperature
and the carbon steel’s microstructure. Figure 8a,d show the corrosion rates and potentials
of the exposed X100 carbon steels. Maximum and minimum corrosion rate values of
2.8211 mm/year and 1.7141 mm/year at 264 h and 770 h of exposure were observed on
the notched sample at 25 ◦C. Gadala and Alfantazi [50] reported a corrosion rate value of
2.3360 mm/year observed on X100 carbon steel exposed to NS4 soil solution saturated with
CO2 at 25 ◦C. In general, the corrosion rates of X70 at 5 ◦C were observed to continuously
decrease with time, with a continuous increase for the X100 samples. At 25 ◦C, a continuous
increase was observed after 429 h of exposure time for the X70 samples, with a decrease
after 264 h of exposure for the X100 samples. In general, the X100 samples at all exposure
conditions were observed to show higher corrosion rates relative to the X70 samples. This
indicates that the X100 samples have higher corrosion current density, which leads to higher
corrosion rates. Variations in corrosion potentials were observed on all exposed material
grades with changes in solution temperature. At 5 ◦C, a decrease in potential was only
observed for the X70 samples at 840 h, with a continuous increase for the X100. A decrease
in potential was observed at 597 h and 432 h of exposure, respectively, for the X70 and
X100 samples at 25 ◦C. A maximum potential of −625 mVAg/AgCl was obtained for the X70
notched sample stressed to 80% Y.S., and −604 mVAg/AgCl for the X100 notched sample
at 25 ◦C. This clearly indicates variation in the thermodynamic behavior of the different
material grades with changes in microstructures and solution temperatures. As observed in
Figure 7b,d and Figure 8d, variations in the corrosion rates and the trend in the potentials
can occur on samples, as the potential only serves as an indication of the thermodynamic
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behavior of the steels exposed to a particular environmental condition. The change in
thermodynamic behavior can occur as a result of several factors, such as agitation of the
solution, differential aeration, temperature changes, thickness, formation or rupture of
surface films, etc.
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Variations in corrosion rate trends were observed on the X70 (Figure 7c) and X100
(Figure 8c) samples exposed to solution with CO2 at 25 ◦C. The observed change in the
corrosion rates occurred with time, with a continuous increase observed in Figure 7c and a
continuous decrease in Figure 8c. X-ray diffraction (XRD) analysis was conducted on the
exposed samples and revealed the presence of an iron carbonate layer (FeCO3). Figure 9
shows the XRD analysis of an X70 sample exposed at 25 ◦C. This implies that the steels were
able to form a surface layer of iron carbonate in the saturated CO2 solution, which could
serve as a protective film on the surfaces, thereby decreasing the corrosion rate [4,47,50]. Its
effect decreases the cathodic reaction rate by surface blocking with the formation of FeCO3
crystals. This hinders the ability of electro-chemically active species to take part in the
charge-transfer process [4,51]. The formation of the iron carbonate layer was observed to
strongly depend on the microstructure of the steel and the solution’s temperature [52]. The
obtained corrosion rate values of the exposed samples indicated lower values in comparison
with the reviewed literature corrosion rates of carbon steels in CO2 environments [4]. This
can be explained as a result of the low flow rate pressure (atmospheric pressure) that was
applied to the CO2 in the solution [53].
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Figure 9. XRD analysis of exposed X70 specimen in simulated saltwater solution with CO2 at 25 ◦C
after 840 h.

3.2. Cumulative Probability of Metal Loss Exceedance

Dimensional metrology of the samples after an exposed period of 840 h was conducted
via optical microscopy. The measured samples’ coordinates were used to calculate the
cumulative probability of metal loss exceedance. Figure 10a,b, respectively, show the
cumulative probability of metal loss exceedance obtained from the datasets of the exposed
X70 and X100 samples in solution with N2 at 25 ◦C. The dataset for the X70 sample stressed
at 80% Y.S. shows a relatively low metal change over half of the sample surface. An even
distribution of metal loss was observed over most of the sample that was stressed at 95%
Y.S., with the significant formation of pits below the 6% or less probability level. The
notched sample presented a more significant metal change over the sample’s surface. The
dataset for the X100 samples at all levels of applied stress presents a relatively low metal
change throughout the majority of the samples with an even damage distribution.
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Figure 10. Cumulative probability of metal loss exceedance graphs of C-ring samples exposed to
simulated saltwater solution with N2 at 25 ◦C: (a) X70 samples; (b) X100 samples.

Datasets for the X70 and X100 samples exposed to solution with CO2 at 25 ◦C as
shown in Figure 11a,b, respectively, show a relatively significant metal loss at all stress
levels and probability but with low pit features. Relatively even and lower distributions



Metals 2023, 13, 1165 13 of 20

of metal change were observed on the X70 sample stressed at 95% Y.S., with higher pit
formation below the 12% probability level for the sample stressed to 80% Y.S. The X100
notched sample presented a higher probability of about 24% or less to form pitting on
the sample’s surface. The calculated corrosion rates of the exposed samples tally with the
obtained metal loss values when converted to 5 weeks of exposure time. For example, a
maximum value of 2.8211 mm/year was calculated for the X100 notched sample; however,
converting to a metal loss value of 5 weeks resulted in a value of 271 µm (± 5 µm).
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Figure 11. Cumulative probability of metal loss exceedance graphs of C-ring samples exposed to
simulated saltwater solution with CO2 at 25 ◦C: (a) X70 samples; (b) X100 samples.

3.3. Scanning Electron Microscopy and EDS Analysis

Conducting scanning electron microscopy analysis of the exposed samples after testing
provided a better understanding of the materials’ SCC behavior in the tested environmental
conditions. Cross-sectional areas of the stress-oriented sections of the exposed samples
were examined in order to understand the type of corrosion morphology on the samples’
surfaces. Figure 12a,b, respectively, show the SEM images of the X70 samples stressed at
80% Y.S. exposed to solution with N2 at 5 ◦C and 25 ◦C. The samples were observed to
show little surface roughness at 25 ◦C, with a different morphology from that formed at
5 ◦C. A considerable degree of anodic dissolution was observed on the samples at 5 ◦C,
which was greater at 25 ◦C.
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A clear increase in metal dissolution was observed on the X70 samples exposed
to solution with CO2 at 5 ◦C and 25 ◦C stressed at 80% Y.S. as shown in Figure 13a,b,
respectively. The corrosion morphologies on the samples exposed at 5 ◦C were observed
to have elliptical but wide and shallow pits, while at 25 ◦C, the morphologies show a
type of deep undercutting metal dissolution. Discontinuous micro-cracks were observed
on the samples exposed at 25 ◦C. This confirms the possibility of SCC occurrence on the
carbon steel.
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Figure 13. SEM secondary electron images of the exposed X70 C-ring samples in simulated saltwater
solution with CO2 stressed at 80% Y.S.: (a) at 5 ◦C; (b) at 25 ◦C.

The corrosion morphologies of the exposed X100 carbon steels in solution with CO2
at 5 ◦C and 25 ◦C stressed at 80% Y.S., as shown in Figure 14a,b, respectively, presented
much wider and deeper elliptical surface corrosion morphologies, which increased with
increasing temperature from 5 ◦C to 25 ◦C. The variation in corrosion rates and morpholo-
gies observed on the exposed carbon steels is said to occur as a result of changes in the
microstructure of the carbon steels and the presence of precipitates in their microstructures.
The presence of precipitate in a microstructure provides nucleation sites for crack initiation
and hydrogen traps, which can lead to hydrogen embrittlement and subsequent stress
corrosion cracking [54].
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In summary, it is observed that CO2 has a higher impact in comparison with N2 on the
corrosion behavior of the exposed carbon steels. Johnson et al. [55] reported that increasing
the amount of CO2 in near-neutral pH solutions increases the corrosion rates and hydrogen
permeation on carbon steels. This is attributed to the ingress of hydrogen atoms into the
steel’s microstructure, thus reducing its ductility and hence facilitating crack occurrence.

The compositions of the EDS spectra (Figure 15) of the exposed X70 sample in solution
with CO2 at 25 ◦C stressed at 80% Y.S. are presented in Figure 16 (in weight percentages).
Spectrum 1, which is mainly resin, is not reported in the analysis. The carbon content from
all spectra is also not reported as EDS does not correctly quantify the percentage of carbon
present in the analyzed samples. Approximately equal percentages of Si were observed
in spectra 2, 3, and 4 with values of 0.31, 0.29, and 0.33 wt.%, respectively. Increasing
percentages of Mn and Fe were observed with the change in spectrum location. Spectrum
4, which is mainly the alloy, presented higher percentages of Mn and Fe (1.89 wt.% and
93.72 wt.%., respectively). In comparison with spectrum 4, a similar value of Fe (93.64 wt.%)
was observed in spectrum 3, which is closer to the alloy–resin interface.
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Figure 15. SEM backscattered electron image of exposed X70 carbon steel C-ring in simulated
saltwater solution with CO2 at 25 ◦C stressed at 80% Y.S. Data from the EDS spectra are reported in
Figure 16.

Different compositions of the EDS spectra (Figure 17) of the exposed X100 sample in
solution with CO2 at 25 ◦C stressed at 80% Y.S. was observed as shown in Figure 18 (in
weight percentages). An increased percentage of Si was observed on the analyzed X100
samples, in comparison with the X70 sample. The highest percentage of Si and Mn were
observed in spectrum 3 (Figure 18) with a value of 0.98 wt.% and 2.03 wt.%, respectively.
Approximately equal percentages of Fe were observed in spectra 3 and 4 (92.2 wt.% and
92.3 wt.%, respectively). Traces of Cl were observed in spectrum 2 with a value of 0.21 wt.%.
This can be explained to occur as a result of the simulated 3.5% NaCl solution to which the
samples were exposed. In general, no significant differences were observed in the Mn and
Fe percentages between the analyzed X70 and X100 samples.
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In summary, the corrosion rates were observed to increase with time for all X70
samples exposed to solution with N2, with a maximum value of 0.0307 mm/year for
the X70 sample stressed at 95% Y.S. at 25 ◦C. Variations in the corrosion rate trend were
observed for both the X70 and X100 samples exposed to solution with CO2 at both 5 ◦C and
25 ◦C, with a maximum corrosion rate of 1.405 mm/year for the X70 sample stressed at
80% Y.S. and 2.581 mm/year for the X100 notched sample stressed at 80% Y.S. at 25 ◦C. An
increase of more than 100% in corrosion rates was observed on all samples with increasing
solution temperatures from 5 ◦C to 25 ◦C. The corrosion rate was also observed to increase
with increasing the ultimate tensile strength of the exposed carbon steels. It is clearly
observed that the X100 samples with bainitic ferrite grains have higher anodic current
and obviously higher corrosion current density, which leads to higher corrosion rates.
Generally, significant metal change in all samples was observed, with the highest level
formation of pits below 12% probability for the X100 notched sample exposed to solution
with CO2. The metal loss was observed to increase with increasing ultimate tensile strength
and microstructure of the exposed carbon steels. Different surface roughness was observed
on the exposed samples, ranging from even metal dissolution in solution with N2 to a
wide elliptical and undercutting surface morphology in solution with CO2. The surface
roughness of the exposed samples was observed to increase with increasing temperature
and change in solution composition from N2 to CO2 gas. Discontinuous micro-cracks and
higher metal deterioration were observed on the X70 samples exposed to solution with
CO2 at 25 ◦C stressed at 80% Y.S.

4. Conclusions

Based on the findings of the above-conducted experiments, the following conclusions
can be made:

(1) An increase in the solution temperature increased the corrosion rates of the carbon
steels. As the temperature increased from 5 ◦C to 25 ◦C, the corrosion rate of the
exposed carbon steel samples increased by more than 100%.

(2) The corrosion rates of the different exposed alloys (X70 and X100) increased with
changes in microstructure and increasing ultimate tensile strength.

(3) The increase in the applied stress levels from 80% Y.S. to 95% Y.S. presented no
significant difference in the corrosion rates and metal loss exceedance on the exposed
carbon steels in the simulated 3.5% NaCl solution bubbled with either N2 or CO2 at
both 5 ◦C and 25 ◦C.
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(4) The formation of an iron carbonate surface layer on the exposed carbon steels in 3.5%
NaCl with CO2 (as detected via XRD) strongly depends on the steel’s microstructure
and the solution’s temperature.

(5) The solution temperature, the microstructure of carbon steels, trace gases, and the
applied stress level have direct impacts on corrosion morphology and crack initiation
of the exposed carbon steels.
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