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Abstract

API 5L X90 pipeline steel, valued for its high strength in oil and gas pipelines, is susceptible
to corrosion in aggressive soil environments containing moisture, chlorides, and other
corrosive agents. This study aims to investigate the electrochemical corrosion behaviour of
this steel in a simulated soil solution to understand its corrosion mechanisms and pipeline
durability. The research employs electrochemical techniques, including electrochemical
impedance spectroscopy, electrochemical noise and potentiodynamic polarization testing.
Microstructural analysis showed that the composition of the steel, consisting of elongated
ferrite grains, polygonal ferrite, granular bainite, and small amounts of martensite-
austenite (MA), significantly influences its corrosion behaviour. EIS results indicated the
presence of multiple time constants due to various oxide films and corrosion products, which
hindered the penetration of corrosive species over time. As a result of corrosion products
forming on the active sites and rendering them inactive, the charge transfer resistance
increased by approximately 1.5 times. Potentiodynamic polarization tests indicated an
absence of passivation, accompanied by a decrease in corrosion current density and a shift
in corrosion potential toward the cathodic direction during immersion. Surface analysis
after 100 hours identified localized corrosion, including cracks and pits, which pose risks to
the steel’s structural integrity. The findings emphasize the need to understand the corrosion
processes and their impact on impedance characteristics, advocating for targeted corrosion
prevention and treatment strategies to enhance pipeline longevity and reliability.

Keywords
Near-neutral simulated soil solution; steel pipes; electrochemical corrosion tests;
microstructural analysis; surface morphology

Introduction

Crude oil and natural gas are essential raw hydrocarbons used globally for energy. From
production to refineries, they are transported via pipelines, which play a crucial role in their distri-
bution. High-strength low-alloy (HSLA) steels are favoured for pipeline construction because of their
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excellent mechanical properties, good weldability, resistance to corrosion, cost-effectiveness, ease
of forming, and wide availability [1-4]. The International Organization for Standardization (ISO) and
the American Petroleum Institute (API) set standards for pipeline materials [4]. APl standards, widely
adopted worldwide, outline specifications for chemical composition and mechanical properties. API
5L categorizes pipes into two product specification levels: PSL1 and PSL 2. PSL 1 encompasses grades
ranging from A25 to X70, whereas PSL 2 includes grades from B to X120. These standards guarantee
the quality, reliability, and safety of pipelines, which are essential for the effective transportation of
energy resources [5,6].

Corrosion is a naturally occurring process resulting from the interaction between materials and
their surrounding environment. This interaction leads to the gradual degradation of the material,
structural damage, and ultimately the conversion of valuable products into non-functional waste [7,8].
Corrosion in API pipeline steel predominantly occurs in moist and aqueous environments within oil
and gas pipeline infrastructures. Water and aggressive agents such as chlorides, carbon dioxide (CO,),
and hydrogen sulphide (H,S) significantly accelerate the corrosion rate, endangering pipeline integrity
and longevity. Moist conditions facilitate electrochemical reactions, while factors like temperature
variations, pH levels, and microbial activity further influence corrosion dynamics. High temperatures
accelerate corrosion reactions, acidic environments worsen material degradation, and certain bacteria
can induce localized corrosion. Understanding these factors is crucial for developing strategies to
mitigate corrosion, ensuring safe and efficient operation of pipelines [9,10].

HSLA steels have emerged as critical materials in the oil and gas industry, particularly for pipeline
applications, due to their superior mechanical properties and cost-effectiveness. These steels,
including grades such as X70, X80 and X90, offer an optimal balance of strength, toughness, and
weldability, making them ideal for high-pressure transmission pipelines. The development of HSLA
steels has been driven by the need for materials that can withstand increasingly demanding opera-
tional conditions, including higher pressures, more corrosive environments, and extreme tempera-
tures. Despite their advantages, HSLA pipeline steels face significant challenges, especially regarding
corrosion resistance in aggressive environments containing chlorides, carbon dioxide, and hydrogen
sulphide. The complex microstructure of HSLA steels, typically consisting of fine-grained ferrite with
dispersed precipitates, plays a crucial role in determining their corrosion behaviour [11-13].

HSLA steels have been developed to meet the growing global energy demand. These steels are
used for oil and gas pipelines due to their high strength and low alloy content. Among these, X90 grade
steel has gained prominence due to its exceptional mechanical properties and cost-effectiveness.
However, the corrosion of X90 pipeline steel remains a significant concern, potentially compromising
the integrity and safety of pipeline infrastructure. There is limited data about the corrosion of X90
pipeline steel in the corrosive soil media. In a study conducted by Luo et al. [14], the electrochemical
corrosion behaviours of X90 steel were examined in a near-neutral simulated soil solution (NS4).
Utilizing a longitudinally submerged arc welding pipe, the research examines the corrosion charac-
teristics of both base metal and welding materials through various electrochemical tests, including
open-circuit potential measurements, potentiostatic polarization, and electrochemical impedance
spectroscopy. The findings revealed that the base metal exhibits higher corrosion resistance
compared to the welding material, with polarization time significantly influencing corrosion resistance
and current density.

In another work, Luo et al. [15] found no activation-passivation phenomenon for X90 steel. Stress
corrosion cracking (SCC) sensitivity indicators decrease initially and increase with more negative
applied potentials. Hydrogen embrittlement plays a more significant role at higher negative
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potentials of -1000 and -1200 mV. Besides, the mechanisms of SCC were anodic dissolution and
hydrogen embrittlement, varying by the applied potential.

Another work accomplished by Bi et al. [16] presents a method to monitor uniform corrosion in
X90 steel pipelines. It uses acoustic emission (AE) and electrochemical techniques to categorize the
corrosion process into three stages: initial metal dissolution, corrosion product accumulation, and
corrosion stabilization, with each stage characterized by distinct AE signal patterns. This approach
offers a practical, non-destructive tool for assessing pipeline integrity in real-time, which can be
valuable for maintenance strategies.

Some studies focus on the corrosion of high-strength low-alloy (HSLA) steels, specifically API 5L
X90, in aggressive soil environments. These environments, characterized by moisture, chlorides,
carbon dioxide, and hydrogen sulphide, can accelerate material degradation, threatening pipeline
integrity. The literature notes that despite the excellent mechanical properties and cost-effective-
ness of X90 steel, its corrosion resistance in such conditions is a concern, with limited data available.
This gap underscores the urgency of the investigation to inform strategies that mitigate corrosion
and ensure pipeline safety.

Given these corrosion challenges, it is imperative to thoroughly investigate the electrochemical
behaviour of APl X90 steel in a simulated soil environment. Advanced techniques such as potentio-
dynamic polarization, electrochemical impedance spectroscopy (EIS), and electrochemical noise
analysis provide critical insights into corrosion mechanisms and rates. Furthermore, techniques such
as scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS) are instru-
mental in identifying microstructural characteristics that affect corrosion resistance. Understanding
the corrosion mechanisms of X90 steel is essential for the development of effective prevention
strategies and enhancing the durability of pipeline systems. Consequently, this research seeks to
examine the electrochemical performance of X90 steel under simulated soil solution conditions.

Experimental

In this research, X90 pipeline steel plates with a thickness of 10 mm were employed. The chemical
composition of the alloy is detailed in Table 1. Similarly, the composition of the soil NS4 solution [15]
in the experiments is outlined in Table 2.

Table 1. Elemental composition of X90 pipeline steel

Content, wt. %
Fe C Si Mn Cr Mo Ni Nb Ti Cu Al Vv Co S P
Base 0.05 0.25 1.45 0.131 0.09 0.133 0.041 0.015 0.102 0.03 0.027 0.003 <0.001 0.12

Table 2. Chemical composition of simulated soil solution in this study (pH=7.3)

KClI CaCI2-2H20 MgSO4-7H20 NaHC03
Content, g I 0.122 0.181 0.131 0.483

The X90 alloy specimens were prepared to ensure precise experimental findings. They were first
carefully polished using silicon carbide sandpaper until they had a 3000-grit texture that was smooth.
After that, acetone and water were used to thoroughly wash the specimens to remove any remaining
pollutants. In order to prepare them for electrochemical testing, the cleaned samples were then
embedded in epoxy resin and wired to a copper rod. The specimens were etched by immersion in a
2 % nital solution in preparation for electron and optical microscopy examinations. An optical
microscope (Meijitechno IM7200, Japan) and a field emission scanning electron microscope (Mira3
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Model, Czech Republic) were used to analyse the surfaces. X-ray diffraction (XRD) was performed
using an X'Pert Pro MPD diffractometer (Malvern Panalytica, The Netherlands) to evaluate the
composition of X90 in the 2 range of 20 to 80° using a CuKa (A = 0.15406 nm) radiation.

A three-electrode cell design was used for the electrochemical corrosion tests, with the sample
under investigation serving as the working electrode. A 1 cm? exposed region was submerged at room
temperature in a simulated soil solution. A platinum wire counter electrode and an Ag/AgCl, (3 M KCl)
reference electrode were used for electrochemical measurements, which were controlled by NOVA
2.1 software via an Autolab PGSTAT 302 potentiostat-galvanostat (Metrohm AG, Switzerland). ZView
software was employed to calculate corrosion parameters using an equivalent circuit fitting. Before
the first test, the sample was immersed in the solution for 1 h to stabilize the electrochemical
reactions. Electrochemical impedance spectroscopy (EIS) at open circuit potential (OCP) was
performed with 5 mV alternating current (AC) signal over the frequency range of 10 kHz to 10 mHz. A
scan rate of 1 mV s™ for potentiodynamic polarization studies provided important electrochemical
parameters in the solution. Tafel extrapolation was used to measure the corrosion current density
(jeorr), corrosion potential (Ecorr), corrosion rate (CR), and both the cathodic and anodic slopes (4 and
%) after the potential was scanned from -200 to +800 mV relative to Ag/AgCl. Furthermore, two
identical X90 working electrodes and an Ag/AgCl reference electrode with an equal distance between
the working electrodes were used to conduct electrochemical noise (EN) analysis in the NS4 solution.
Power spectral density (PSD) plots were produced by applying a Hann window function after the time-
domain potential and current noise data were obtained and a fast Fourier transform (FFT) was used
to convert the data to the frequency domain [17,18]. To ensure the reproducibility of the data, each
electrochemical test was conducted at least three times. Triplicate measurements were performed on
fresh surfaces to confirm the consistency of the results. All electrochemical tests were conducted at
25 °C. Additionally, the tests were carried out at varying immersion times of 1, 20 and 100 hours.

Results and discussion

Figures 1(a) and (b) illustrate the optical and FESEM micrographs of X90 steel, respectively. Figure 1(a)
shows a microstructure consisting of elongated and densely packed ferrite grains resulting from the
rolling process, along with some equiaxed and polygonal ferritic grains. The FESEM analysis of X90
revealed a banded microstructure composed of different phases. This banded pattern is characteristic
of pipeline steels and is attributed to the thermomechanical processing during fabrication. The
microstructure consists of polygonal ferrite and granular bainite (the darker matrix), with a minor
presence of martensite-austenite (MA) constituents (the brighter phase) in Figure 1(b). This intricate
composition reflects the complex thermomechanical history and the balance of phases contributing to
the overall mechanical properties of the X90 steel. Orientation microscopy was employed to measure
the average grain size of the a-phase grains, yielding an average size of 6.5 um. M/A (marten-
site/austenite) constituents form during the cooling of high-strength pipeline steels when carbon-
enriched retained austenite partially transforms to martensite. This process is influenced by micro-
alloying elements like Nb, cooling rates, and prior austenite grain size. Rapid cooling and austenite
decomposition kinetics promote carbon stabilization in residual austenite, leading to M/A islands or
elongated particles. These constituents critically impact mechanical properties, such as fracture
toughness, depending on their size, morphology, and distribution within the microstructure [19].

The XRD analysis of the X90 pipeline steel, as shown in Figure 2, revealed the presence of ferrite
(a-Fe) as the primary phase. This is indicated by the prominent diffraction peaks corresponding to
the (110) and (200) planes of the body-cantered cubic (BCC) structure.
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Figure 2. XRD pattern of X90 pipeline steel

However, two other peaks are associated with the presence of austenite (y-Fe). The volume
fraction of retained austenite in the base metal was quantified to be about 2 % according to the
Rietveld method, indicating a predominantly ferritic microstructure with minimal austenitic phase.
The incorporation of a secondary phase into steel adversely impacts its corrosion resistance due to
the differences in the free energy of the resulting phases [20,21].

The Nyquist plots in Figure 3 for X90 pipeline steel in the simulated soil solution display the depress-
sed capacitive semi-circles, indicating the interplay of charge transfer and oxide layer behaviours. The
diameter of the Nyquist plot semi-circle directly indicates charge transfer resistance; alloys with larger
semi-circle diameters in electrolyte solution show higher resistance values, reflecting enhanced cor-
rosion inhibition performance due to a lower rate of charge transfer reactions that facilitate
corrosion [22]. These plots show an increasing charge transfer resistance with immersion time,
indicating the formation and growth of corrosion products. At 100 hours, the corrosion product layer
is well-formed and provides better protection, as evidenced by the larger semicircular arc. The equi-
valent circuits associated with immersion times of 1, 20 and 100 hours, reflecting the stages of cor-
rosion product formation and their protective nature, are shown in Figures 4(a) to 4(c), respectively.
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Figure 3. Nyquist plots of the X90 pipeline steel after immersing in a simulated soil solution for 1, 20, and
100 hours
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Figure 4. Different equivalent circuits regarding the corrosion process of X90 pipeline steel at (a) 1 h, (b) 20 h
and (c) 100 h of immersion in the simulated soil solution

Each circuit includes resistors (R) and constant phase elements (CPE), which are used to model the
electrochemical impedance of the system. For example, at 100 h of immersion, the corrosion
behaviour in this alloy involves several components: solution resistance (Rs), resistance of the outer
scattered porous film (Rs3), and its corresponding constant phase element (CPE3) at high frequencies.
At lower frequencies, the second time constant includes the resistance of the inner oxide film (R;) and
its associated CPE;. Additionally, R1 and CPE1 represent the charge transfer phenomenon. The charge
transfer resistance (Rc«t) can be determined from the Nyquist plot by examining the point at which the
real part of the impedance (Z’) approaches zero [23,24]. This condition allows for the precise
determination of the charge transfer resistance, a critical parameter in evaluating electrochemical
systems and efficiency. Constant phase elements (CPEs) demonstrate non-ideal behaviour in contrast
to ideal capacitors. Using Zcre=Q(jw)™, the impedance expression for the CPE (Zcpe) may be computed.
Here, j* = -1, w is the angular frequency, and n is an exponential factor of CPE with a value between 0
and 1. When n = 1, the CPE displays entirely capacitive behaviour and shows a perfectly flat surface.
The CPE acts as a resistor at n = 0, and corresponds to Warburg impedance at n = 0.5 [25-28]. A
constant phase element (CPE) is used instead of an ideal capacitor due to surface imperfections,
roughness, or flaws on the electrode [22,29,30].
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Upon 1 hour of immersion, the X90 alloy surface remains largely unaltered, displaying a single
time constant attributable to the corrosion mechanism, with Ri representing the charge transfer
resistance, which indicates the corrosion rate. After immersion of 20 hours, a second time constant
(CPE; and R;) emerges, likely due to the development of initial corrosion products and an increase
in surface oxygen enrichment. This development suggests a nascent corrosion product layer that
moderately impedes the ingress of corrosive species. Finally, at 100 hours of immersion, a third time
constant (CPEs and Rs) becomes evident, potentially signifying the formation of diverse and
scattered corrosion products characterized by low corrosion resistance, possibly due to the
adsorption of electrolyte components onto the alloy surface. These observations collectively
illustrate the dynamic evolution of the corrosion process and the corresponding impact on the
impedance characteristics of the X90 alloy over time.

The fitting results from electrochemical impedance spectroscopy (EIS) shown in Table 3 exhibit
an excellent match with the experimental data, with y? values less than 0.002. The data demonstrate
that the charge transfer resistance (R1) of the X90 alloy increases steadily from 1575 to 2393 Q cm?
as time progresses. This indicates that the corrosion process is being hindered by the development
of corrosion products on the surface. Additionally, as time progresses, two more time constants (2
and 3) appear at the interface, associated with the development of various oxide films. Towards the
end of the immersion period, a time constant with a resistance of 292 Q cm? emerges, likely linked
to the adsorption of electrolytic species on the surface, a topic to be discussed further. In the mid-
frequency range, another time constant with a resistance of 1338 Q cm? may be related to the
formation of additional protective oxide films on the surface of the alloy. The electrochemical
potential disparity between the present phases (ferrite and M/A phases in X90 pipeline steel) adds
an extra driving force, leading to a more rapid degradation of the steel surface by dissolved ions or
atoms. However, the weak anodic zones (M/A in the grain boundaries) can be covered by corrosion
products over time, and the corrosion process can be mitigated.

Additionally, Equation (1) enables the calculation of the double layer capacitance (Cql) of the film
by utilizing data obtained from the constant phase element. This provides valuable information
about the charge storage capacity, which is crucial for influencing corrosion resistance [27,31]:

1 1-ng

CdI=QdInd Rsnct (1)

The values of Rs, Qai (CPE1), and nct (n1) may be found in Table 2. The values of Cq after 1, 20 and
100 hours of immersion were calculated as 101, 30 and 25 pF cm™, respectively, demonstrating a
time-dependent reduction in the electrochemical activity of the electrical double layer. In addition,
the sum of R1, R; and Rs can be defined as polarization resistance (Ry), which is critical for controlling
the rate of corrosion reactions at the metal-solution interface [22]. A higher R, value indicates a
slower reaction rate, often reflecting enhanced corrosion resistance for the X90 alloy. The values of
Rp for immersion times of 1, 20, and 100 hours are approximately 1575, 2207 and 4023 Q cm?,
respectively.

Table 3. The electrochemical impedance parameters acquired through ZView simulation for the X90 pipeline

Time,h Rs/Qcm? Ri/Qcm? o ‘3;45"4 m Ra/Qcm? uF Canz]é o1 M R / Qcm? uF c(rz';é o1 M X
1 415 1575 217 0.76 - - - - - - 0.001
20 380 1890 230 0.55 317 105 0.7 - - - 0.002
100 370 2393 150 0.68 1338 130 0.71 292 18 0.6 0.001
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Figure 5 depicts the Bode spectra related to the corrosion of X90 samples. The high-frequency
parts of the spectra reveal the barrier properties of the rust products, whereas the part of the
spectra at low frequencies depicts the corrosion processes occurring at the oxide/X90 alloy
interface. The Bode impedance spectra for X90, when measured in the simulated soil solution,
exhibit primarily resistive characteristics at low frequencies (ranging from 1072 to 10™" Hz). This
behaviour transitions to capacitive at intermediate frequencies (from 107" to 102 Hz) and then
reverts to resistive behaviour at higher frequencies (ranging from 10? to 10* Hz) [32,33]. Notably,
after 100 hours of immersion, the sample exhibits a higher impedance compared to other time
points, suggesting enhanced corrosion resistance with increasing immersion time. After 1 hour of
immersion, a single peak was observed at about 1.5 Hz, indicating a single time constant related
solely to the corrosion process. After 20 hours of immersion, the phase plot showed two peaks at 5
and 0.04 Hz, due to the presence of a corrosion product film. Finally, after 100 hours of immersion,
at frequencies of 1840, 2.8, and 0.02 Hz, there are three peaks related to the loose corrosion
product, protective corrosion product, and charge transfer resistance. On the other hand, the Bode
plots show an increase in the impedance modulus, especially at 100 h of immersion, suggesting
better surface performance over time.
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Figure 5. Bode diagrams of X90 pipeline steel in the simulated soil solution at various immersion times

The power spectral density (PSD) of the measured current for the X90 alloy in simulated soil solu-
tions at 1, 20 and 100 h is illustrated in Figure 6. The power spectral density (PSD) in electrochemical
noise characterizes the distribution of signal power (voltage or current fluctuations) across frequency
domains, derived via Fourier transform analysis. A lower current PSD denotes superior corrosion
resistance, due to the presence of surface corrosion products after 100 h of immersion [17,34,35].
Significantly, the higher noise level seen at 20 h of immersion, as opposed to 1 h, suggests that the
production of protective corrosion products on the X90 surface is not yet complete at this stage. At
100 h of immersion, the significant decrease in noise level validates the correlation between reduced
electrochemical activity and enhanced corrosion resistance. The low and stable noise level at 100 h
indicates a mature layer, providing effective protection against further corrosion.
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Figure 6. Electrochemical noise power spectral density (PSD) of X90 pipeline steel over time

Figure 7 presents the potentiodynamic polarization plots for X90 over various time intervals.
Table 4 provides comprehensive details regarding the corrosion performance. The polarization
curves provide important electrochemical data such as the corrosion potential (Ecorr), current
density (jcorr), Tafel slopes (S and /), and the corrosion rate (CR; mm year™).
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Figure 7. Potentiodynamic polarization plots of X90 pipeline steel in the simulated soil solution

Table 4. Electrochemical corrosion data extracted from the potentiodynamic polarization graphs of X90

Time, h Ecorr / mV vs. Ag/AgCl jeorr / A cm2 -f/ mV dec -fa/ mV dect CR, mm year!
1 -620 17.3 352 300 0.20
100 -718 10.4 169 307 0.12

The examination of the slopes of the anodic and cathodic branches indicates that the corrosion
process is predominantly influenced by the anodic reaction. The curve illustrates characteristics of
anodic dissolution, with no evidence of passivation [14]. In other words, as the polarization potential

https://doi.org/10.5599/jese.2726 9



https://doi.org/10.5599/jese.2726

J. Electrochem. Sci. Eng. 15(4) (2025) 2726 Corrosion of API 5L X90 pipeline steel in a simulated soil environment

increases, the anode current density also rises. This indicates that a passivation film does not form
during the anodic dissolution process. As can be seen in Table 4, corrosion current density (jcorr) Of
X90 alloy reduces from 17.3 to 10.4 pA cm2 after 100 h of immersion, implying the influence of
surface corrosion products. On the other hand, Ecorr of X90 alloy shifts to a more cathodic direction
and decreases from -620 to -718 mV vs. Ag/AgCl.

The corrosion rate of X90 alloy can be quantified using Equation (2), as outlined in ASTM Standard
G 102-89 [22,36]:
k(EV‘je /corr) (2)

Fe

CR=

where k =3.27x103 mm g puAtcmtyear?, EW is equivalent weight of Fe (about 28); d =7.87 gcm™3
is specific density of Fe and jeorr / HA cm™? is estimated using the extrapolation method from the
polarization curves [37]. The corrosion rates of X90 alloy after 1 and 100 hours of immersion are 0.2
and 0.12 mm year, respectively. These rates may be acceptable in some highly corrosive environ-
ments or for certain short-lived components, implying the need for complementary corrosion
protection methods, including coating and cathodic protection.

Figures 8(a) and 8(b) display secondary electron micrographs of X90 steel after 100 hours of
exposure, magnified at 200x and 500x, respectively. At 200x magnification (Figure 8(a)), the surface
appears relatively uniform, with visible cracks and pits signaling localized corrosion. Martensite-
austenite (M/A) islands are located at the grain boundaries of the polygonal ferrite (PF) phase, and
the potential difference between the M/A and PF phases led to the corrosion of the M/A islands [38].
The potential of M/A islands is significantly greater than that of bainitic ferrite lath structures. This
means that M/A islands exhibit enhanced properties or performance qualities that surpass the
capabilities of bainitic ferrite lath. Additionally, it is important to note that the corrosion observed in
these materials primarily results from the dissolution of ferrite [21]. Therefore, the formation of pits
and cracks is facilitated at these ferrite sites. Ferrite, being more anodic due to its lower electro-
chemical potential, corrodes preferentially compared to bainite, which acts as a cathode in micro-
galvanic couple. The 500x magnification micrograph (Figure 8(b)) provides a closer look, revealing
finer details such as small pits and corrosion products, indicating more severe degradation. This
localized corrosion suggests significant risks to the structural integrity of the X90 pipeline steel,
warranting further investigation to determine its impact on mechanical properties and develop
effective mitigation strategies.

R

Figure 8. FESEM micrographs of X90 alloy after 100 h immersion in the simulated soil solution at different
magnifications: (a) 200x and (b) 500 x
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Figures 9(a) and 9(b) highlight various corrosion regions labeled A, B, and C, along with their
respective X-ray energy dispersive spectroscopy (EDS) compositions, as detailed in Table 5. Point A
exhibits the highest oxygen content and the least amount of iron content, while point C
demonstrates the highest iron content and the lowest oxygen level. This suggests that point Cis in
the early stages of corrosion due to low oxygen content, while point A is in a more severe stage of
corrosion, where oxygen content has increased. Over time, corrosion products can accumulate in
anodic regions, effectively altering their characteristics and making them more inert. Consequently,
this transformation can cause previously cathodic areas to become anodic relative to the oxide
layer. As a result, the distribution of oxide products can extend across the entire surface.

2 ¥ 3000
b) Fe

Intensity, a.u.

Fe

kT 0 2000 4000 6000 8000 10000
200 pm Energy, eV
Figure 9. (a) SEM micrograph and (b) EDS spectrum of specified points (A, B, C)

Table 5. Elemental composition of specified points in Figure 9(a)

Content, wt.%

Point
om Fe 0] C Other elements (Mg, Al, Mn)
A 44.4 32.64 18.15 4.81
B 48.12 28.68 18.85 4.35
C 75.36 5.18 17.64 1.82
Conclusions

In a simulated soil solution, the electrochemical corrosion properties of API 5L X90 pipeline steel
were investigated in detail. This study included different techniques such as potentiodynamic
polarization testing, electrochemical noise, and electrochemical impedance spectroscopy. Micro-
structural analysis revealed that the X90 steel consists of elongated ferrite grains, polygonal ferrite,
granular bainite, and minor martensite-austenite constituents. These microstructural features
significantly influence the corrosion behaviour of the steel. The EIS fitting results indicated the
development of multiple time constants associated with the formation of various oxide films and
corrosion products, which moderately impeded the ingress of corrosive species over time.
Potentiodynamic polarization measurements further confirmed the absence of passivation, with the
corrosion current density decreasing and the corrosion potential shifting in the cathodic direction
over the immersion period. Surface examination after 100 hours revealed localized corrosion,
including cracks and pits, which pose significant risks to the structural integrity of the pipeline steel.
Future research should focus on developing tailored coatings for specific soil conditions and
exploring alloying strategies to further improve the steel performance, ensuring comprehensive
protection and longevity of pipeline infrastructures.
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