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Pipelines and equipment made from microalloyed steels used in oil and gas production are exposed to aggressive
environments: marine water on the exterior and hydrogen sulfide (H=S)-rich environments inside. This study
evaluated the corrosion behavior of two microalloyed steels (API 5 L X65) in solutions simulating internal and
external pipeline conditions based on the NACE TM0284-11 standard. Potentiodynamic polarization was used to
measure corrosion rates, and Scanning Electron Microscopy (SEM) with energy-dispersive X-ray Spectroscopy

(EDS) characterized the microstructure and corrosion products. The results showed that solution B led to lower
corrosion rates due to iron sulfide phase formation, while the steel without segregation bands exhibited superior
performance in both solutions. Corrosion mechanisms were discussed based on experimental findings, thermo-

dynamics, and kinetics.

1. Introduction

Microalloyed or high-strength low alloy steels (HSLA) are widely
used in large-diameter pipes for oil and natural gas pipelines and tanks
due to their excellent mechanical properties and weldability. Never-
theless, these materials are susceptible to both uniform and localized
corrosion, which can lead to premature failures. Commonly, pipelines
used for gas transport are produced in API X65, X70, and X80 grades [1].
Internally, these pipes are frequently exposed to highly corrosive
aqueous environments, mainly containing hydrogen sulfide (H=S) and
carbon dioxide (CO-), typical components of oil and gas reserves.

Steel corrosion in aqueous environments with H2S occurs through
two primary reactions: the anodic dissolution of the metal and the
cathodic reduction of one or more species in the electrolyte. Hydrogen
sulfide can accelerate or inhibit steel corrosion, depending on several
factors. For iron [2] and microalloyed steels [3] in acidic electrolytes,
the corrosion rate typically increases with the addition of H-S.
Conversely, corrosion may be inhibited by the formation of protective
iron sulfides (FexSy) or other metastable phases [4,5], whose structure
and properties depend on variables such as H:S concentration,
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temperature, pH, and immersion time [5].

At least eight different iron sulfides have been identified in H.S/steel
systems [5], many of which are nonstoichiometric and vary in crystal-
linity despite having similar chemical formulas. The corrosion protec-
tion offered by iron sulfides decreases in the order of mackinawite,
pyrrhotite, and pyrite [5,6]. For example, Vedage [4] observed pyr-
rhotite as the primary corrosion product in 4130 steels exposed to
HaS-saturated electrolytes with 3 % NacCl at 22-95 °C temperatures.

The addition of alloying elements in steel can also influence corro-
sion behavior. For example, phosphorus is one of the most harmful
impurities in HSLA steels. Studies have shown that increasing phos-
phorus content in steel raises the corrosion rate in NACE solutions with
H2S additions [7,8]. Similarly, Cleary and Greene [9] reported that
phosphorus and carbon significantly increase corrosion rates, while
copper additions have negligible effects in acidic environments [9,10].

Steels recommended for oil and gas pipelines where H2S is present
are known as sour-service steels. To achieve the desired properties in
these materials, it is necessary to add microalloying elements and
perform thermomechanical treatments that modify the microstructure
and, consequently, the corrosion resistance. For example, it has been
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reported that the presence of pearlite within ferrite grains can increase
corrosion susceptibility in this case due to a galvanic mechanism [11,
12]. Sharma and Chhibber [13] used different thermal treatment routes
to obtain samples of several microstructures in X70 steel. These authors
reported that polygonal ferrite and fine-grained ferrite microstructures
inhibit the corrosion rate compared to the tempered martensitic
microstructure. Huang et al. [14] found higher polarization resistance in
microalloyed steels with a greater proportion of ferrite in the Wid-
manstatten morphology and Lucio-Garcia [15] report that martensite
content strongly influences corrosion rates in microalloyed steels.

Although material selection standards guide the choice of materials
for specific applications, they often lack detailed information on the
microstructural, physical, or electrochemical phenomena affecting these
recommendations. This study compares the corrosion resistance of two
API 5 L X665 pipeline steels with different microstructures. Polarization
resistance tests were conducted in two electrolytes, Solution A and So-
lution B (NACE solutions) [16], with HS injection. Finally, a mechanism
is proposed to explain the observed corrosion behavior.

2. Experimental procedure

Two commercial API 5 L X65 pipeline steels, designated X65A and
X65B, were used in this study. Their chemical compositions are provided
in Table 1.

Samples for electrochemical testing and microstructural character-
ization were cut and mounted in resin, exposing an area of 1 cm?
perpendicular to the rolling direction through the material thickness.

For microstructural characterization, the samples were initially
ground with 1200-grit silicon carbide paper, then polished with dia-
mond suspensions of 6 ym, 3 um, and 1 um. The polished samples were
etched with a 2 % nitric acid solution in alcohol (Nital) to reveal the
microstructures, which were subsequently analyzed using scanning
electron microscopy (SEM).

For polarization resistance (Rp) tests, the samples were ground with
silicon carbide paper to #600 grit, thoroughly washed with ethanol, and
dried using hot air. The electrolytic solutions used in the experiments,
referred to as Solution A and Solution B, were prepared in accordance
with the NACE TM0284-2011 standard. Solution A consisted of 5.0 wt%
NaCl and 0.5 wt% CHsCOOH dissolved in distilled water, while Solution
B represented Substituted Ocean Water. Both solutions were initially
deaerated with nitrogen gas for one hour before use. Subsequently, the
solutions were transferred to a 700 mL electrochemical cell and dea-
erated again with nitrogen for another thirty minutes. Following this,
hydrogen sulfide (H2S) gas was bubbled into the test solutions at a rate of
200 mL/min for one hour, reducing the pH of Solution A to 2.7 and
Solution B to 4.7.

The polarization resistance measurements were performed using an
EG&G Princeton Applied Research 273 A potentiostat connected to a
computer. A conventional three-electrode test cell was employed, con-
sisting of a platinum wire as the counter electrode, a saturated calomel
electrode (SCE) as the reference electrode, and the X65 steel samples as
the working electrode. The measurements were carried out by scanning
the potential from a cathodic overpotential of —10 mV to an anodic
overpotential of + 10 mV relative to the open-circuit potential at a scan
rate of 1 mV/s. The linear polarization resistance (LPR) was determined
from the slope of the overpotential versus current density curves. Rp
measurements were recorded every 10 min over one hour, and at least
three independent tests were conducted for each steel sample under
ambient conditions (25 + 3 °C).
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The corrosion products and microstructures were analyzed using
SEM and energy-dispersive X-ray spectroscopy (EDS) (Obducat CamS-
can model CS3200LV). Additionally, grazing incidence X-ray diffraction
(GI-XRD) was performed to characterize the corrosion products formed
on the samples immersed in Solution B for 2 and 24 h. Diffraction was
carried out using Cu Ka radiation at an incidence angle of 10°, with a 26
range of 5°~100° and a scan rate of 1°/min.

3. Result and analysis
3.1. Microstructural analyses

Two types of API 5 L X65 steels with microstructural differences were
selected for this investigation. The steels were designed as X65A and
X65B, and their microstructures are presented in Figs. 1 and 2, respec-
tively. The microstructure of X65A consists of refined ferrite grains (F),
acicular ferrite (AF), and martensite/austenite (M/A) microconstituents,
which are homogeneously distributed throughout the matrix (Fig. 1.a).
Additionally, X65A shows a lower density of inclusions (Fig. 1.b). In
contrast, the microstructure of X65B comprises ferritic grains (F) and
pearlite bands (PB) aligned with the rolling direction (Fig. 2.a), exhib-
iting a higher density of inclusions compared to X65A (Fig. 2.b). For
both steels, elongated Mn inclusions were not observed.

3.2. Polarization resistance technique

Figs. 3 and 4 present the Polarization Resistance (Rp) values as a
function of immersion time for solutions A and B.

An average Rp value was calculated from the data obtained in three
tests. Fig. 5 compares the average Rp values for solutions A and B. The
analysis indicates that X65B steel is more susceptible to corrosion than
X65A steel in both solutions. Furthermore, the Rp results demonstrate
that solution A is more aggressive than solution B, as evidenced by the
lower Rp values for both steels in solution A.

Table 2 presents the average Rp values and the E., intervals for each
steel-electrolyte system during the Rp acquisition.

As observed in Table 2, although the E o values were relatively
stable for X65A steel (ranging from —680 to —665 mVscg in solution A
and from —780 to —753 mVgcg in solution B), the Rp results for this steel
showed greater variation compared to X65B. Despite these related pa-
rameters, they represent different phenomena: E,, indicates where
cathodic and anodic reactions are balanced, whereas Rp measures how
difficult it is for electrochemical reactions (such as oxidation and
reduction) to occur at the surface of metals. Therefore, the variability in
Rp is attributed to the inherent microscopic randomness and heteroge-
neity in electrochemical systems, which can lead to stochastic, proba-
bilistic, and fluctuating behavior. Notwithstanding, Fig. 5 shows that the
tendency of Rp presented by X65A steel in solution B was higher.

Fig. 6 illustrates the corrosion morphology observed after polariza-
tion resistance (Rp) tests in solution A. Both uniform and localized
corrosion were identified, with localized corrosion associated with non-
metallic inclusions. EDS analysis of the surface for both steels revealed
similar spectra; therefore, the analysis focused on regions of localized
corrosion caused by the dissolution of inclusions. It can be considered
that the EDS technique is not sensible to low-concentration elements
(generally below 1 w%); the spectrum shown in Fig. 6 presents indexed
Fe peaks and maybe Mn (both steels contain approximately 1.5 w%
according to Table 1), although these peaks overlap.

Fig. 7 depicts the corrosion morphology observed after both steels’

Table 1

Chemical compositions of the API 5 L X65 pipeline steels (values in wt%).
Sample C Mn P S Si Cu Al Cr Ni V+Ti+Nb
X65A 0.04 1.52 0.005 0.001 0.33 0.013 0.035 0.16 0.012 0.057
X65B 0.07 1.52 0.021 0.003 0.21 0.010 0.043 0.02 0.19 0.103
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Fig. 1. (a) Scanning micrograph showing the microstructure of X65A steel, with acicular ferrite and Martensite/Austenite (M/A) microconstituents on a polished
surface etched with 2 % Nital. The image was obtained using the secondary electron (SE) mode at an acceleration voltage of 15 kV. (b) Optical microscopy image of
the polished surface illustrating the inclusion distribution (Level D1) as per ASTM E45.

Fig. 2. (a) Scanning micrograph showing the microstructure of X65B steel, with ferritic grains and pearlite bands on a polished surface etched with 2 % Nital. The
image was obtained using the secondary electron (SE) mode at an acceleration voltage of 15 kV. (b) Optical microscopy image of the polished surface illustrating the

inclusion distribution (Level D4) as per ASTM E45.
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Fig. 3. Polarization resistance (Rp) of steel samples measured in NACE Solution
A after HaS injections, prepared according to the NACE TM0284-2011 standard.

Rp tests in solution B. Following the tests, a black product was observed
on the sample surfaces. SEM and EDS analysis confirmed the presence of
a uniform FeS layer in both steels in solution B.

3.3. X-ray diffraction (XRD)

Figs. 6 and 7 present the microstructural analysis of surfaces exposed
to solutions A and B, respectively. The surfaces corroded by solution A
did not form corrosion products due to the high aggressiveness of the
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Fig. 4. Polarization resistance (Rp) of steel samples measured in NACE Solution
B after H:S injections, prepared according to the NACE TM0284-2011 standard.

solution. In contrast, corrosion products were observed only in samples
immersed in solution B.

Solution B generated similar corrosion products in both steels. To
characterize these products, immersion tests in solution B were con-
ducted for 2 and 24 h on X65A steel (selected as the more technological
and interesting steel), followed by analysis using Grazing Incidence X-
ray Diffraction (GI-XRD). Fig. 8 shows the resulting diffractograms. Only
ferrite was detected after 2 h of immersion, indicating that this im-
mersion time was insufficient to produce corrosion products detectable
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Fig. 5. Comparison of average polarization resistance (Rp) values for both
solutions (NACE Solution A and B) and the different steel samples (X65A
and X65B).

Table 2
Average polarization resistance (Rp) values and corresponding E., intervals
measured during Rp acquisition for each sample.

SOLUTION SAMPLE Rp (Q. Ecorr Ecorr Characteristic
cm?) (mV (mVEH)  Ecorr
SCE) (mV EH)
A X65A 464 —680 to —438 to —438 to —423
+ 58 —665 —423
X65B 92 + 40 —680 to —438 to
—666 —424
B X65A 538 —780 to —538 to —538 to —508
+ 48 —753 —511
X65B 226+ 9 —769 to —527 to
—750 —508

by XRD, while the sample immersed for 24 h revealed the presence of
ferrite and mackinawite, which is a typical Fe-S compound.

4. Discussion

The chemical composition’s influence on the steel’s corrosion resis-
tance was initially analyzed. Adding Cu, Cr, and Ni has been reported to
enhance the corrosion resistance of pipeline steels [7]. Specifically, Cu
additions are significant only at pH above 4.5, as they promote the stable
FeS film [17]. Moreover, incorporating Cr and Ni reduces the corrosion
rate and, consequently, hydrogen absorption, with this effect primarily
attributed to Cr [17,18].

Conversely, the presence of phosphorus (P) and carbon (C) adversely
affects corrosion resistance [19,20]. In the present study, no correlation
was observed between the amounts of Cu and Ni and the corrosion
resistance of the steels (as shown in Table 1 and Figs. 3 and 4). Thus, the
effect of Cu is not considered significant under the studied conditions.
However, the Cr content positively correlated with the polarization
resistance (Rp) of steel X65A in both solutions. In contrast, detrimental
elements such as P and C exhibited an inverse trend, where higher
concentrations reduced Rp values.

These results, however, do not account for the potential effects of
microstructure and non-metallic inclusions. The literature [11,12] sug-
gests that pearlite reduces the corrosion resistance of microalloyed steels
in HyS-saturated solutions via a galvanic effect. This occurs because
pearlite islands, rich in carbon, are nobler than the ferrite matrix.
Additionally, a high density of non-metallic inclusions increases the
corrosion rate because their chemical composition is less noble than the
steel matrix.

The findings of this study align with previous research: elevated
levels of P and C result in segregation and the formation of pearlite
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bands, which increase the corrosion rate. Similarly, a higher density of
non-metallic inclusions exacerbates the corrosion process.

The homogeneous ferrite matrix in X65A significantly enhances
corrosion resistance by mitigating the effects of inhomogeneities, such
as inclusions. Surface inhomogeneities in metallic materials affect the
spatial distribution and dimensions of anodic and cathodic domains,
which are critical for the occurrence of corrosion reactions. A range of
crystallographic and physical characteristics influence these domains,
including lattice distortions, grain boundary configurations, and in-
terfaces between inclusions and the matrix. These microscopic irregu-
larities serve as active sites for electrochemical processes, facilitating
mechanisms such as metal dissolution and localized corrosion phe-
nomena. [21]. In addition, the interface between the inclusion and the
matrix behaves as a micro-crevice, serving as a preferential site for
corrosion initiation [22,23]. In X65A, the homogeneous ferrite matrix
with a low density of inclusions decreases the number of active sites for
corrosion, contributing to superior performance in both solutions.

Pourbaix and Evans diagrams were constructed to investigate the
growth of the iron sulfide layer and the corrosion rate in both solutions
further. The Pourbaix diagram was based on equilibrium equations for
the Fe-Hy0-S system [20], as outlined in Equations 1-5. Electrode po-
tentials ranging from —1-0V (EH), pH values from 0 to 10, and a
temperature of 25°C were employed. Fig. 9 presents the Fe-S-Hy0 dia-
gram, which includes the pH values for solutions A and B (pH 3.0 and
5.0, respectively) and the average E.q values (Ep and Ep).

(1) Reaction H"/Hy: 2 H" + 2e = Hy,

EH+/H2: -0.059 pH

(2) Reaction Fe™?/Fe: Fe'? + 2e = Fe

Epe2/7e = -0.409 + 0.0295. log(Fe'?)

(3) Reaction FeS/Fe: FeS + 2 H" + 2e- = Fe + HyS

Epes e = -0.376 — 0.059 pH — 0.0296.10g(H3S,q)

(4) Reaction FeSy/FeS: FeSy + 2 H + 2e- = FeS + H,S

Eresa res = -0.165 — 0.059 pH — 0.0296.10g(H3S,q)

(5) Reaction FeSy/H,S: FeSy + 4 HY + 2e” = Fe™ + 2 H,S

EFeSZ/HZS =-0.133-0.118 pH - 0.0296.10g [(Fe+2)(staq)]

Table 3 presents the equilibrium potentials obtained from the equi-
librium reactions in the pH of the solutions studied and experimental
Ecorr Values. The activity coefficient of HySaq was assumed to be unity
[21-24]. Based on the equilibrium electrode potentials listed in Table 3
and using the Butler-Volmer equation to describe the electrochemical
kinetics and establish the relationship between current density and po-
larization, schematic polarization curves (Evans diagrams) were con-
structed for the electrode reactions of each system. (iron immersed in
solutions A and B), as shown in Figs. 10 and 12.

The Rp values, displayed in Fig. 4, indicate that for both steels, Rp is
lower in solution A than in solution B. These findings are further
analyzed using the polarization curves of the electrode reactions in each
system, as discussed below.

Fig. 10 illustrates the partial reactions for the hydrogen electrode,
the FeSy/H, S reaction, and the iron electrode. A Tafel slope of 118 mV
[22-25] and an exchange current density of 10 —6 A-cm—2 [23-26]
were used for the hydrogen cathodic reaction. For the iron anodic
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Fig. 6. Scanning electron micrographs (SEM) and EDS analysis after Rp tests in Solution A. (a) X65A steel, (b) X65B steel, and (c) EDS spectrum of the localized
corrosion region. The SEM images were obtained in BSE mode at an acceleration voltage of 15 kV.

reaction, a Tafel slope of 60 mV and an exchange current density of 10~
A-cm™2 were applied [24-27]. Additionally, a Tafel slope of 80 mV and
an exchange current density of 5 x 1077 A-cm~2 were used for the
FeS,/H, S reaction.

It is important to note that the current density values were estimated
based on the aforementioned considerations.

The reactions governing the kinetics of the mixed electrode in solu-
tion A are the cathodic hydrogen reaction, the cathodic FeS, /Hj S re-
action, and the anodic iron reaction. The intersection of the combined
cathodic reactions (hydrogen and FeS2/H2 S) and the anodic iron re-
action determined the corrosion potential. The results in Fig. 11 indicate
that the experimental corrosion potential (EcorrA) for solution A, ranging
from —438 to —418 mV (EH), shows a good correlation with the
experimental data.

The same procedure was applied to solution B, and the results are
shown in Fig. 12. The equilibrium potentials for solution B are lower
than those observed for solution A (as indicated in Table 3). In the
specific case of the hydrogen reaction, the higher pH of solution B
compared to solution A decreases the equilibrium potential and the
exchange current density [28].

At pH 5, the exchange current density of hydrogen reaches 107A.
cm™2; thus, the cathodic curve of hydrogen moves for lower potentials
and current densities.

Another important fact is that the iron curve does not modify its
position; therefore, after the displacement of the other reactions, the
iron anodic curve became nobler than the partial anodic reaction FeS/
Fe. Fig. 13 shows the sum of the cathodic and anodic curves, and it can
be observed that the experimental corrosion potential is in the expected
interval (EcorB).

Figs. 11 to 13 aim to analyze the corrosion mechanisms of iron
samples immersed in solutions A and B. The experimental results indi-
cate that solution A is more corrosive than solution B, as evidenced in

Fig. 5.

Fig. 14 demonstrates that solution A exhibits higher Ecorr and icorr
values than solution B. Additionally, in Figs. 10 and 12, the position of
the hydrogen cathodic polarization curve shifts to lower potentials in
solution B, reflecting the influence of the pH difference between the two
solutions. This lower equilibrium potential of the hydrogen cathodic
curve in solution B contributes to a reduced corrosion rate.

As previously discussed, corrosion products were observed only on
samples immersed in solution B. This finding aligns with reports from
other authors [25-29], who observed the absence of corrosion products
in SAE 1018 steel when immersed in acetic acid solutions containing
chloride and HyS. Ma et al. [5] have further highlighted the limited
formation of iron sulfides at low pH values due to the higher solubility of
these phases. Iron sulfides only become stable at pH > 3, whereas be-
tween pH 3 and 5, corrosion products primarily consist of mackinawite
and troilite.

Samples immersed in solution B generated a greater amount of
corrosion products. The improved corrosion resistance of the steels in
this solution can be attributed to the formation of a protective FeS layer,
as suggested in the literature [12-30]. However, Figs. 12 and 13 propose
an alternative mechanism that explains the higher amount of corrosion
products in solution B and its relationship with the lower corrosion rate,
independent of the protective properties of the FeS film.

Fig. 10 illustrates the partial reactions of iron immersed in solution A
saturated with HS. The cathodic hydrogen and anodic iron reactions
primarily define the corrosion current density in this environment. An
additional reaction influencing the corrosion rate is the cathodic FeS 5/
H; S reaction, which stabilizes HyS and facilitates the hydrogen evolu-
tion reaction (HER). As a result, the growth of iron sulfides in solution A
is minimal. This analysis suggests that microalloyed steel immersed in
solution A does not produce a stable FeS layer on its surface. Instead,
iron dissolution occurs at a higher rate, stabilizing Hy S and promoting
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Fig. 7. Scanning electron micrographs (SEM) and EDS analysis after Rp tests in Solution B. (a) API 5 L X65A steel, (b) API 5 L X65B steel, and (c¢) EDS spectrum of the
surface of API 5L X65B steel. The SEM images were obtained in BSE mode at an acceleration voltage of 15 kV.
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Fig. 8. Grazing Incidence XRD (GI-XRD) patterns of corrosion products
generated by solution B.

hydrogen adsorption and entry into the steel.

For solution B, the corrosion rate of the steel is defined by the partial
reactions shown in Fig. 12. The anodic FeS/Fe reaction and the cathodic
FeS, /FeS reaction contribute to FeS formation. In contrast, the reaction
involving the cathodic hydrogen reaction and the anodic iron reaction
occurs at significantly lower current densities.

This comparison demonstrates that steel corrosion in solution B re-
sults in a higher amount of FeS while exhibiting a lower iron dissolution

E (V EH)

Fig. 9. Detailed Pourbaix diagram for the Fe-H20-S system, illustrating the
Ecorr values for solutions A and B. The dashed line represents the equilibrium
reaction of hydrogen.

Table 3
Equilibrium and experimental corrosion potentials.

Parameter Potential (mV EH)

Solution A Solution B
Ecorr —438 to —418 —538 to —508
Eni/m2 -177 —295
Ere+2/Fe —586 —586
Eres/Fe - —671
Eres2/Fes - —460
Ere2/Fes -309
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2 e _(.‘:: ._.‘,.0' "n, TA~4 the elect?ol'yte’s a.lggressivene'ss 'a.nd the stfzel.’s microstructl‘lral
;g oo, /0/"”” '-_.- characteristics, which play a significant role in its electrochemical
. _'——<‘.,;:\.\ ", behavior.
'o.:"w.._. b) The corrosion rates and potentials of microalloyed steels in NACE
P ’0... *o. . solutions can be interpreted through theoretical predictions of po-
’ larization curves (Tafel) for reactions involving Fe, Hz, FeSz, FeS, and
H-S.
-0.5: E-8 1E-7 1B 1E5 164 T 1E.3 c) Experimental corrosion potentials align with theoretical predictions,
Log i (Alem?) explaining the measured polarization resistance and the amount of
corrosion products formed on the steel’s surface. This indicates that
Fig. 12. Potentiodynamic curves for Fe system reactions in solution B. the main corrosion product is FeS, which clarifies why the corrosion
rate is largely unaffected by the protective properties of these
products.
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d) Although both steels form FeS in Solution B, differences in corrosion
resistance were observed. X65A demonstrated superior resistance
due to its homogeneous ferrite matrix (lacking pearlite) and a lower
density of inclusions.
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