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Abstract: The effect of different cathodic potentials applied to the X70 pipeline steel immersed in
acidified and aerated synthetic soil solution under stress using a slow strain rate test (SSRT) and
electrochemical impedance spectroscopy (EIS) was studied. According to SSRT results and the
fracture surface analysis by scanning electron microscopy (SEM), the steel susceptibility to stress
corrosion cracking (SCC) increased as the cathodic polarization increased (Ec). This behavior is
attributed to the anodic dissolution at the tip of the crack and the increment of the cathodic reaction
(hydrogen evolution) producing hydrogen embrittlement. Nevertheless, when the E, was
subjected to the maximum cathodic potential applied (-970 mV), the susceptibility decreased; this
behavior is attributed to the fact that the anodic dissolution was suppressed and the process of the
SCC was dominated only by hydrogen embrittlement (HE). The EIS results showed that the
cathodic process was influenced by the mass transport (hydrogen diffusion) due to the steel
undergoing so many changes in the metallic surface as a result of the applied strain that it
generated active sites at the surface.

Keywords: X70 steel; stress corrosion cracking (SCC); slow strain rate tests (SSRT); electrochemical
impedance spectroscopy (EIS); cathodic potentials

1. Introduction

Stress corrosion cracking (SCC) is one of the most important causes of failures in buried
pipelines, mainly in the transport of hydrocarbons [1,2]. The environments that generate SCC in the
pipelines are generally electrolytes caught between the detached coating and the surface of the
pipeline steel. According the characteristics of electrolytes developed under disbonded coatings,
pipelines can suffer two different types of SCC: high-pH SCC, and near-neutral pH SCC [3,4]. The
SCC at high pH generally occurs as a result of the generation of a concentrated solution of
carbonate-bicarbonate (pH > 9) with an intergranular crack morphology. This mechanism is
attributed to selective anodic dissolution of the grain border and to the repeated rupture of the
passive film that forms in the tip of the crack. On the other hand, the SCC at almost neutral pH (pH
5-8.5) is associated with diluted solutions generated by the underground water with a transgranular
crack morphology; [5-7] however, there is no consensus about its mechanism. Some research [8-10]
proposes that the crack can be induced by the synergic effect between the anodic dissolution and the
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diffusion of the H in the steel. In addition, some SCC types have been found in acid environments
(pH 3-6), where the surface of the pipeline is in direct contact with the soil in coating defects [11].
Nevertheless, the SCC behavior in acid soils is not clear, and investigations into it have not been well
defined [3].

Cathodic protection (CP) is one of the most important methods of protection against the
corrosion in buried pipelines; however, this CP can contribute to the SCC process through hydrogen
generation. The current in the CP can fluctuate as a result of the permeability of the coating and
variations in soil resistivity, provoking potential fluctuations in some zones of the pipeline steel and
generating the formation of localized corrosion, such as pitting and crevice corrosion. Pitting
corrosion in combination with the stress (residual or operational) in the pipeline can nucleate and
generate cracks [12].

Some researchers [13-16] have studied the influence of CP in the SCC susceptibility of steels,
and determined that CP could influence in the mechanism of cracking induced by SCC. Liu et al. [16]
investigated the SCC mechanism of X70 steel under different cathodic potentials (Ecp) in a synthetic
soil solution with an almost neutral pH; they found a critical potential interval (from —730 to -920
mV vs. saturated calomel electrode); if the Ecp was more positive than above interval, the SCC
mechanism would be based on the anodic dissolution of the steel, but if the Ec; were more negative,
the SCC mechanism would be hydrogen embrittlement. Finally, if the Ecp had a value in between, the
SCC would present both mechanisms.

In this work, electrochemical polarization measurements were combined with slow strain rate
tensile (SSRT) tests and surface characterization to investigate the relationship between the SCC
characteristics and the electrochemical corrosion properties of an API X70 steel in a near-neutral pH
solution.

This research was focused on characterizing the SCC process of X70 pipeline steel immersed in
synthetic soil solution under the application of different cathodic potentials, using a slow strain rate
test (SSRT) and electrochemical impedance spectroscopy (EIS).

2. Materials and Methods

2.1. Working Electrode

The material used in the present study as working electrode was API 5L X70 pipeline steel with
a chemical composition as shown in Table 1. Steel samples were obtained from a pipeline that had an
external diameter of 36 in (914.4 mm) and a wall thickness of 0.902 in. (22.91 mm). The samples used
in the slow strain rate test were machined according to NACE TM 0198 [17].

The surface of the gauge section was polished up to 1200 SiC grit paper in an orientation
parallel to the subsequent loading direction of the SSRT in order to ensure similar surface conditions
for all tests.

Table 1. Chemical composition of X70 pipeline steel (wt.%).

C Mn Si P S Al Nb Cu Cr Ni \ Ti Fe
0.031 1.48 0.13 0.012 0.002 0.033 0.1 029 0.27 0.16 0.004 0.012 Balanced

2.2. Test Solution

The corrosive environment used in all of the electrochemical tests was a simulated groundwater
solution (called NS4) with a pH of 3. NS4 synthetic solution has been used widely to simulate soil
solution in the study of near neutral pH-SCC behavior. However, other synthetic soil solutions such
as NS1, NS2, NS3, NS4 and NOVA have been used in similar studies. Table 2 shows the chemical
composition of the NS4 solution used. The pH of the NS4 solution was around 8.0; however, for this
study, the pH solution was adjusted with hydrochloric acid to obtain a pH of 3.
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Table 2. Chemical composition of NS4 solution (g/L).

NaHCO:; CaCl..2H.O MgS0.. 7H.0 KCl
0.483 0.181 0.131 0.122

2.3. Slow Strain Rate Tests (SSRT)

SSRT were carried out on smooth cylindrical tensile samples, using an MCERT machine
(Mobile Constant Extension Rate Tests) at a strain rate of 1 x 10 s in air and synthetic soil solution
(NS4 solution). All SSRT were conducted at room temperature and atmospheric pressure. The length
direction of the sample was parallel to the circumferential direction of the pipeline steel, with the
goal that, if a crack appeared, it would grow in the longitudinal direction of the pipeline as is
typically observed in underground pipelines. Cylindrical samples with a reduced length of 1 inch
and 0.150 inches in diameter were machined with a total exposed area of 3.04 cm?2. These cylindrical
samples were machined according to the NACE TM 0198 standard [17]. After the SSRT was
completed, the fractured sample was removed, and cleaned using inhibited acid and acetone for
SEM examination.

2.4. Electrochemical Impedance Spectroscopy (EIS)

The EIS measurements were carried out simultaneously with the SSRT using a
potentiostat/galvanostat and an electrochemical cell with a three-electrode arrangement where the
working electrode was the X70 pipeline steel, sintered graphite bar was used as the auxiliary
electrode, and saturated calomel electrode, SCE, was used as the reference electrode. In all EIS tests,
the frequency range from 0.01 to 10 kHz with the amplitude of 0.01 V against to Ecor was used. Seven
points per decade of frequency were recorded. In order to apply the overvoltage to the working
electrode, an external direct current source and a second auxiliary electrode were used to close the
circuit in the cathodic protection system by impressed current.

EIS tests and SSRT were carried out at corrosion potential (Ecorr = =650 mV vs. SCE) and at three
different cathodic potentials (Ecp): =770 mV (cathodic protection potential, CPP), =870 mV (100 mV of
overvoltage as a function of CPP), and -970 mV (200 mV of overvoltage as a function of CPP) and
compared to the saturated calomel electrode.

2.5. Potentiodynamic Polarization Curves (PC)

Two polarization curves were recorded at two different sweep rates, at 5 mV and 50 mV per
second. All PC were carried out at room temperature atmospheric pressure and without stress
conditions. The focus of this experiment is to predict a potential range where the steel is susceptible
to SCC. Polarization range used in the carry out the PC was from —1400 mV to 0 vs. SCE.

3. Results and Discussion

3.1. SSRT at Different Cathodic Potentials (Ecp)

Figure 1 shows the stress (0) vs. strain (¢) curve of X70 pipeline steel immersed in acidified NS4
solution (pH 3) at the Ecorr (650 mV vs. SCE) and at different applied cathodic potentials (770, -870
and -970 mV vs. SCE) during the SSRT.

According to Figure 1, the profiles at the different cathodic potentials show an increase in the
yielding strength (ovs) and ultimate tensile strength (ours) compared to the test in air. This increment
is attributed to the diffusion of atomic hydrogen (H) into the crystal lattice, because the Ee
thermodynamically favors the evolution reaction of the H [18]. According to Liu et al. [16], there is a
critical concentration of H (Chwit) that determines the increase or decrease of ovs. When the H
concentration (Cx) on metallic surface is below the Ch.it, the H impedes the sliding dislocations that
generate the increment of the ovs. However, if the Cu exceeds the Ch.it value, the dislocations
activity is facilitated, and the ovs decreases.
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In accordance with this fact, the ovs increased between the Ecorr and —870 mV vs. SCE, because

the Cu also increased. It is important to point out that the Cu did not exceed the Crcrit. At =970 mV vs.

SCE, the ovs decreased because the Cu exceeded the Chcit.

The SCC susceptibility of X70 steel was calculated on the basis of the reduction area percent

(%RA) and the plastic elongation (%PE), using the following equations:
%RA = 22221 1100, (1)
Di
where Diand Dr are the initial and final diameter of the fracture surface.
)

E
%PE = {L - [Z£] x 224} x100,
Ly opL Ly
where E is the elongation at failure, L the initial gauge length, or is the stress at failure; orr is the

stress at the proportional limit, Err is the elongation at the proportional limit.
The SCC index considering %RA and %PE were calculated according to the following

equations:
Ira = RAso1/RApiy, ®)
Ipg = PEso1/PEpir, 4)
where the suffix Sol and Air correspond to the values obtained in the NS4 solution and air,

respectively. The Ira and Ire are the SCC susceptibility indexes.
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Figure 1. Stress-strain (o vs. €) curves of X70 pipeline steel immersed in NS4 solution (pH 3) at the

Ecorr (-650 mV vs. SCE) under the application of different cathodic potentials.

According to the indexes (Ira and Ire) shown in Figure 2, and to the classification proposed by
Mclntyre et al. [19], the X70 steel at Ecorr had moderate susceptibility to SCC, but when the X70 steel
was analyzed with different Ecp, the steel exhibited great susceptibility to SCC.

The Ira and Ire values decreased as the E, became more negative; however at the Ecp of -970mV
vs. SCE, the indexes increased, indicating a slight decrease in the susceptibility to SCC. The SCC
susceptibility of X70 steel shows a complex dependence on cathodic potential.

As it is showed in the Figure 2, the SCC susceptibility tends to increase as the potential reaches
more negative values. With the different applied cathodic potentials, the SCC process changes. At
less negative potential (650 and -770 mV), the SCC is based primarily on the anodic dissolution
mechanism. When the applied potential reaches more negative values, hydrogen is involved in the
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cracking process (-870 and -970 mV), resulting in a transgranular cracking mode with brittle feature
of the fracture surface.
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Figure 2. SCC susceptibility indexes of X70 pipeline steel as a function of potential.

Generally, more negative cathodic potentials enhance the hydrogen evolution reaction.
Therefore, it is commonly assumed that there will be more hydrogen atoms penetrating into the
steel, contributing to the SCC process. According to the Pourbaix diagram, it can be observed that
over potential applied to steel specimens (-870 and —970 mV) results in hydrogen evolution. The
concentration of hydrogen atoms depends on cathodic potential; as cathodic potential decreases, a
greater concentration of hydrogen atoms is generated. Hydrogen can diffuse into the steel specimen
around the crack tip during the SCC process, resulting in hydrogen embrittlement, leading to
increased SCC susceptibility. Cheng [8] developed a thermodynamic model to illustrate the
interaction of hydrogen, stress and anodic dissolution at the crack tip. He suggested that crack
growth rate was dependent on the synergistic effect of hydrogen and stress, and the concentration of
hydrogen atoms.

3.2. Surface Fracture after SSRT

Figure 3 shows SEM micrographs of the fractured surface of X70 pipeline steel at two different
magnifications (100X and 1000X) after performing SSRT in air and NS4 solution (pH 3) at the Ecorr
(-650 mV) and when different cathodic potentials (-770, -870 and -970 mV vs. SCE) were applied.

The X70 steel tested in air exhibited a ductile facture type, Figures (3a, al). The same behavior
was observed for samples tested at -650, Figures (3b, bl) and —770 mV, Figures (3¢, cl1). In these
figures, the dimples produced by micro-plastic deformation can be observed, as well as the presence
of micro-pores that can act as stress concentrators, with these sites being the typical places where
cracking is preferentially generated. These micropores produce metal cracking by the coalescence
mechanism [13,20].

Figures 3(d, d1) and 3(e, el) shows the fracture surface for samples tested at =870 and —970mV,
respectively. In these figures, a mix fracture types—ductile and brittle—can be observed. The
presence of some brittle regions and the presence of some microcracks can be clearly observed. Most
of the samples with cathodic potentials of =870 and -970 mV show the presence of some internal
cracks, which is correlated with the more brittle fracture type observed in these samples.

It is important to point out that Lynch et al. [21] found that the hydrogen embrittlement
induced by the medium could produce ductile fracture through the Adsorption Induced Dislocation



Metals 2019, 9, 1353 6 of 15

Emission (AIDE) mechanism. The AIDE mechanism includes both nucleation and subsequent
movement of dislocations away from the crack tip. This mechanism consists of the weakening of the
interatomic bond at the tip of the crack due to adsorbed hydrogen; this behavior promotes a change
in the fracture to a relatively lower deformation due to the local reduction of ductility.

In Figures 3(d, d1) and 3(e, el), it is possible to observe internal cracks, which can be indicative
of the diffusion of hydrogen into the steel; the hydrogen is preferentially trapped in some defects
such as microcavities and inclusions, the crystalline lattice is dilated, and the interatomic cohesion
decreases, leading to the appearance of internal cracks. It is generally known that pitting and
pre-existing defects initiate SCC; the lattice defects—vacancies, dislocations, grain boundaries and
precipitates—provide a variety of trapping sites for hydrogen diffusion. Hydrogen diffusion
promotes both intergranular and transgranular cracking.

Figure 3. SEM micrographs of the fracture surface of X70 steel after performing SSRT at two different
magnifications (100X and 1000X): (a, al) in air; and (b, b1) in NS4 solution with Ecorr = =650 mV, and
in NS4 solution with different cathodic potentials, (c, ¢1) =770 mV, (d, d1) -870 mV, and (e, e1) —970
mV.
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The hydrogen atoms diffuse into the metal and have a preference for accumulating in internal
defects like inclusions, precipitates, cavities, and dislocations, among others. Hydrogen atoms in
these regions result in embrittlement, and when the stress increases to a critical value, cracking is
initiated. It is important to note that the level of stress or strain depends on the steel grade. High
tensile strength steels with elasticity limits exceeding 650 MPa are highly susceptible to SCC.
Martensitic structures are considerably more susceptible than bainitic and ferrite structures. In
addition, coarse-grained materials are more susceptible to embrittlement than fine microstructures.

Crack propagation can be either intergranular or transgranular; sometimes, both types are
observed on the same fracture surface. In the case of near neutral pH-SCC at corrosion potential
(680 to 710 mV SCE), a transgranular crack morphology is generally observed. Meanwhile, with
high pH SCC, intergranular cracking is commonly observed in the potential range of -520 to —670
mV SCE.

It is important to point out that in Figures 3(d, d1) (-870 mV), it is possible to observe some
inclusions that could have contributed to the cracking. Liu et al. [22] concluded that the inclusions in
the X70 steel are rich in brittle oxides that are incoherent with the matrix of the steel; thus, a great
deformation of the crystalline lattice is formed. This deformation is the main factor for the
preferential generation of microcracks between the borders of these inclusions and the steel.

Finally, at —970 mV, Figures 3(e, el) it is possible to observe that the fracture morphology is
different from the morphologies found at —770 and -870 mV, because the surface of the facture
shows a smooth scission of brittle character, corresponding to the SCC process dominated by the
hydrogen embrittlement. This fact indicates that the concentration of the atomic hydrogen adsorbed
on the surface of the X70 steel was greater when the Ec, was applied, resulting in an increase in yield
strength (YS) and ultimate tensile strength (UTS), but decreases in strain and elongation (Figure 1)
due to the embrittlement of the microstructure. According to this behavior, it is possible to say that
the mechanism in the SCC process was hydrogen-enhanced localized plasticity (HELP), which
improves the movement of dislocations because they are surrounded by atomic hydrogens,
facilitating plastic deformation in a localized way. According to Martin et al. [23], the
hydrogen-enhanced localized plasticity (HELP) mechanism as a viable mechanism of hydrogen
embrittlement.

Hydrogen embrittlement (HE) has been studied for many years; however, it remains a
consistent problem in the SCC process. In addition, there is no precise mechanism for HE. Various
mechanisms proposed in the literature include hydrogen-enhanced decohesion and
hydrogen-enhanced local plasticity (HELP) [23].

The HELP mechanism is supported by experimental observations of enhanced dislocation
motion and localized slip bands in the vicinity of the crack tip in hydrogen-charged test specimens.
The most accepted mechanism for enhancing HELP is that hydrogen increases dislocation mobility,
leading to the material being more ductile.

3.3. Cracks in the Gauge Section after SSRT

The secondary cracking commonly presented in the gauge section of the specimen
corresponded to typical cracking in a medium that promotes the SCC process. Figure 4 shows some
images obtained by SEM of cracks located in the gauge section of the SSR specimens. These cracks
were sharp and without ramifications, which is characteristic of a hydrogen-induced cracking (HIC)
process [3]. On the other hand, the cracks observed in the steel at the Ecor (Figure 4a) show
ramifications and aggressive attacks on the surface with no cracks, produced by the anodic activity
that prevails under these conditions.
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3

Figure 4. Secondary cracking of X70 pipeline steel after SSRT: (a) =650 mV (Ecorr), (b) =770 mV (c) -870
mV (d) -970 mV vs. SCE.

3.4. SCC Analysis under different Ecy by Polarization Curves

To gain a better understanding of the SCC mechanism of X70 steel under different cathodic
potentials, a conceptual model developed by Liu et al. [16] was used. This model is based on the
polarization curves (PC) of the X70 steel without stress at fast and slow sweep rates. Figure 5 shows
three zones or potential intervals between the two polarization curves (at fast and slow sweep rate)
of the X70 steel immersed in the NS4 solution (pH 3), limited by the potential values where the
current density trends to zero. Zone I corresponds to potential values lower than —700 mV vs. SCE,
where the PCs at both sweep rates are located in the anodic polarization region. Zone II is localized
to the interval between 700 and ~900 mV vs. SCE. In this zone, the PC obtained with the slow sweep
rate was found to be in the cathodic polarization region, while the PC obtained with the fast sweep
rate was found to be in the anodic polarization region; finally, zone III encompasses the more
negative potential at —970 mV vs. SCE, where the two PCs, at both sweep rates, were located in the
cathodic polarization region [24]. According the behavior of the three zones, if the X70 steel is
polarized with a potential that is in zone I, this fact indicates that in the tip of the crack, in the wall of
the crack and in the uncracked metallic surface, the anodic reaction mainly could be carried out, and
the cracking mechanism would depend only on the anodic dissolution. If the applied potential is
found in zone II, this fact indicates that the anodic dissolution can be carried out in the tip of the
crack, contributing to the acceleration of its propagation, while in the uncracked metallic surface,
hydrogen reduction is carried out on other species like Oz and H2COs; therefore, the SCC process can
be controlled by the combination of two processes, the mechanism of the hydrogen embrittlement
and the anodic dissolution.

On the other hand, if the applied potential is found in zone III, it means that in the tip and wall
of the crack could benefit the cathodic reaction, specifically the H reduction, generating H atoms
with this reaction that can then be actively involved in the SCC process. These results are in
agreement with the research of Javidi and Galvan-Martinez [24,25]. Accordingly, the SCC
mechanism would be dominated by hydrogen embrittlement.
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Figure 5. Polarization curves of the X70 steel in NS4 solution at two different sweep rates: 5 mV/s and
50 mV/s.

In addition, in Figure 5, it is possible to observe that the E¢p of —0.77 and -0.87 V vs. SCE are
within zone II, while the E¢p of =0.97 V vs. SCE is located in zone III. Therefore, the behavior of the
SCC susceptibility with respect to Ecp, as shown in Figure 2, can be attributed to the contribution of
the anodic dissolution on the SCC mechanism. That is, when the potential is sufficiently negative,
the anodic dissolution of the steel will be negligible and will not contribute to the SCC process, and
this process will be dominated only by hydrogen embrittlement; on the other hand, at more positive
potentials, even when the steel is under cathodic protection, in the area of tip of the crack, the steel
will be in a non-stationary state and the anodic dissolution will contribute to the cracking process.

3.5. Qualitative analysis of the EIS Spectra

EIS measurements of the X70 pipeline steel immersed in NS4 solution (pH 3) at the Ecor and at
under different Ecp (-0.77, -0.87 and —0.97 V vs. SCE) are shown in Figure 6. It is important to point
out that five different points were measured in the stress strain curve at each Ee: at beginning of the
test (T0), in the elastic zone (EZ), at yield strength (YS), at ultimate tensile strength (UTS), and before
fracture (BF). In Figure 6, the experimental data (dots) and the fit line (continuous line) can be
observed.

The EIS spectra of the X70 steel at the five points recorded and at the Ecorr (Figure 6a) show a
characteristic semicircle of a capacitive process related t the electrochemical double layer capacitance
(Ca) and the charge transfer resistance (Ret) associated with the redox reactions that occur at the
electrolyte/metal interface. On the basis of this behavior, the proposal for fitting the EIS spectra is a
simple equivalent electric circuit (EEC) including only the charge transfer resistance process, the
most common of which is the Randles circuit. It is important to point out that all EIS spectra only
show one time constant, which is attributed to the activational process or, as it is also called, charge
transfer resistance.

In addition, the Rt decreased from TO to UTS, and increased again at the BF point. The decrease
of the Ret should be attributed to the gradual increase of the stress that prompting the generation and
concentration of dislocations in the metal and the formation of active sites close to tip of the crack
[23,26], and to the hydrogen (H) diffusion into the metal, whereby H comes from the cathodic
reaction. Cheng [8] proposed that the combination of the H and stress causes the anodic dissolution
to be more thermodynamically favorable. Finally, the increase of the R« at the BF point is attributed
to effects of corrosion film products on the cracked surface.
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At Ep of —0.77 and —0.87 V vs. SCE (Figure 6b,c) and at the TO point, the EIS spectrum shows a
capacitive semicircle that can be attributed to the charge transfer process. However, at the EZ, YS,
UTS and BF points, it is possible to observe two time constants (t): the first T, located between the
high and middle frequencies, is attributed to the charge transfer process; while the second Tt is
attributed to the mass transfer process. Some researchers, like Liu [24,27], have reported Nyquist
plots with this behavior. Taking into consideration the fact that the SCC is a dynamic process (this is
because in the Slow Strain Rate Tests the machine that carries out the extension of the metal sample
applies a constant rate, 1 x 10 s) and the metallic surface during the SSRT can undergo small
changes that affect the kinetics of the electrochemical reactions such that the transition from the
activational to the mixing process is observed in the Nyquist plots of the EIS measurements between
T0 and EZ. This behavior can be attributed to the model of local additional potential (LAP) proposed
by Liu et al. [25,28]. When the steel subjected to stress is in the macroscopic elastic zone, the local
concentration of the stress can result in defects such as microcracks and inclusions, which can
generate active sites through the movement of the dislocations. Due to the steel being under cathodic
polarization and the supplied flow of electrons being preferentially concentrated in these sites, a
negative LAP is generated, which can benefit the cathodic process, and which can be diffused by the
electroactive species because its consumption is faster than the supply at the interface. The mass
transport from the bulk to the interface can thus be the limiting factor of the corrosion kinetics,
specifically the cathodic process.

Finally, at 0.97 V vs. SCE, Figure 6d shows two t when the steel was subjected to elastic stress
(points TO to LE). The t corresponded to two overlapping capacitive semicircles. The Tt was located
in interval between high and medium frequencies was attributed to the charge transfer (activational
process) from the interfaces to the metallic surface. Meanwhile, the T located at low frequencies was
attributed to the response of the adsorbed species, like hydrogen atoms and bubbles of molecular Ho,
on the surface, because when the voltage was applied to the steel, the hydrogen evolution (hydrogen
reduction) increased, strongly provoking another interface with these hydrogens and generating a
pseudo-capacitance phenomenon by adsorption. [26,29].

100 400
T0
1 (@) orz (b) o
1 AYS
X UTS
& O BF
*g 1
Q50 +
g
0 t t + t
0 250 0 100 200 300 400 500
Zr (Q*cm?d)
400 +
300
&
&
|5}
& 200
Q
100
0]

0 100 200 300 400 500 600 700 600

Zr (Q*em? Zr (Q*cm?
Figure 6. EIS spectra in Nyquist diagram of the X70 steel immersed in NS4 solution (with pH 3)
during the SSRT test. At the Ecorr (a), 0.77 (b), 0.87 (c) and 0.97 (d) V vs. SCE at different times. Dots
correspond to experimental data and continuous lines correspond to fitting.
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Pseudo-capacitance is the differential capacitance of an interface between the metal and the
electrolyte, which is caused by the concentrated change of an adsorbed electroactive species and
which is shown in electrochemical reactions where the charge transfer process precedes the
determinant stage of the speed. It is important to point out that the electrolytic reaction of the
hydrogen evolution (cathodic reaction) is an example of these electrochemical reactions. This is
because in the first stage, the speed of the charge transfer could be fast, while in the second stage, the
reaction between the two H atoms in order to form a H2 molecule could be slow [27,30]. At the UTS
and BF points, and in the low frequency zone, the T changed to a straight line, which was attributed
to the diffusion process.

3.6. Quantitative analysis of the EIS Spectra

Figure 7 shows the equivalent electric circuit (EEC) scheme and its physical explanation.
According to Figure 7, it is possible to explain the EEC used in the fitting of the EIS spectra; that is to
say, Figure 7a shows when the charge transfer process was the only process limiting the corrosion.
As stated in the section 3.5, on Qualitative analysis, only one time constant can be observed in the
EIS spectra, and this is attributed to the corrosion process. In the case of Figure 7b, the charge
transfer process is influenced by a mass transfer of hydrogen ions or oxygen through the diffusion
layer, in this case, the first time constant is attributed to the corrosion process and the second time
constant to the diffusion process. Finally, Figure 7c shows the EEC with two time constants, but in
this case the second constant is attributed to the layer of hydrogen reduced adsorbed on the metallic
surface. It is important to point out that Rs is the solution resistance, and CPEa is the constant phase
element of the double layer, which substitutes the double layer capacitor, because in real systems,
the capacitive behavior of the electrode is not ideal. Due to corrosion products, film is adsorbed onto
the metallic surface, and this generates a non-homogeneous surface. [28,31].

Stress. Stress Stress
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Figure 7. Scheme of EEC employed to fit the EIS spectra shown in Figure 6. (a) charge transfer
process at TO, (b) diffusion process at EZ, YS, UTS and RS points, and (c) formation of a
non-homogeneous surface at T0, EZ and YS points.

Figure 7 shows the EEC used to fit all of the EIS spectra in this research. All EIS spectra of the
X70 steel obtained at the beginning of the test (T0) at Ecorr and at different Ecp, —0.77 and —0.87 V vs.
SCE, were fitted with a simple equivalent electric circuit (Figure 7a), the so-called Randles circuit.

Figure 7b shows the EEC used to fit the EIS spectra obtained at the EZ, YS, UTS and RS points.
In this figure, (W-) is the semi-infinite diffusion Warburg impedance (Zw); in this case, the diffusion
of the electroactive specie occurs when the mass transport is carried out from the bulk solution to the
metallic surface in the absence of corrosion products [29,32]. When corrosion products are able to
partially isolate the metallic surface, the study by Bastidas [33] defines the diffusion process for a
layer of finite thickness using the transmission line model. Despite this model not being used in this
research, it is important to note that this model is capable of providing a good analysis of corrosion.
At Ecp 0of -0.97 V vs. SCE and at T0, EZ and YS, the EEC used is shown in Figure 7c [30]. In this EEC, it
is possible to observe that an interface was adsorbed onto the metallic surface, and this can generate
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an electric response [30,34]. The parameter Ra is the adsorbed resistance and CPE. is the
pseudo-capacitance associated with the adsorbed H. At the UTS and RS points, the EIS spectra were
fitted with the Randles circuit.

To obtain a better analysis, the parameters calculated with the EEC fit of the EIS spectra shown
in Figure 6 are presented in Table 3, where Cai and Ca are the double layer and the adsorbed
capacitance, respectively, calculated using the G. J. Brug expression [35]. It is important to point out
that the CPE and R« values obtained in the EIS spectra fitting were used to calculate the capacitor by
the Brug expression.

In this table, is possible to see that the values of charge transfer resistance (R«), corresponding to
the EIS spectra measured at the Ecorr, have the lowest values. This fact indicates that the contribution
of the anodic process tends to lead to a decrease in R« value and limits the SCC process. To obtain
the influence of the E on the corrosion phenomenon of X70 steel under stress conditions, an
analysis with the R« as a function of the E¢ was carried out.

Table 3. Calculated parameters obtained for the EIS spectra of Figure 6 fitted by EEC in Figure 7.

Point Rs Cal Ret Ca Ra Ow
At the Ecorr (-650 mV vs. SCE), Using the EEC Shown in Figure 5a
(Qcm?) E(I:;:;r (uF/cm?)  (Qcm?) E(];;:;r (UF/em?)  (Qem?) E(f;:;r Qcm? 505 E(f;:;r
TO 26.62 2.88 49.23 211 4.28 - - - - -
EZ 26.05 1.58 60.975 185.9 2.56 - - - -- --
YS 27.24 1.73 62.22 168 3.01 - - - - --
UTS 26.43 1.63 72.45 162.1 3.08 - - - - -
BF 30.22 1.71 135.34 186 3.60 -- - - -- ---
At -770 mV vs. SCE, using the EEC shown in Figure 5a (for T0) and Figure 5b
TO 23.24 3.23 91.52 1135 14.20 - - - -

EZ 24.09 2.99 75.73 305.82  7.26 - - - 278.90 11.93
YS 24.71 3.36 65.21 31425  5.89 - - -- 264.22 7.15
UTS 26.32 2.90 62.84 304.72 726 - - - 193.61 11.93
BF 26.00 2.56 57 29541 455 - - - 179.64 5.49

At -870 mV vs. SCE, using the EEC show in Figure 5a (for T0) and Figure 5b
T0 27.92 4.42 39.71 1056.00 11.20 - -

EZ 28.11 3.43 55.19 496.04 8.31 203.99 4.70
YS 27.02 3.11 45.18 398.39 8.34 331.41 2.40
UTS 26482 841 43.60 344.23 221 319.53 2.33
BF 27.505 10.86 50.15 268.13 2.10 241.60 3.53

At the Ecor (-970 mV vs. SCE) using the EEC show in Figure 5b (for UTS and BF) and Figure 5¢
TO 27.1 9.09 67.76 486.69  3.00 536.67 744.2 6.67 -
EZ 26.74 4.00 73.84 39276 4.32 637.78 61593  8.65 -

YS 28.04 7.06 83.04 332.79 2.15 625.46 642.78  7.10 --
UTS 36.08 4.46 104.99 302.02 2.66 - -- - 110 3.76
BF 3450 11.10 99.75 318.80 4.37 — - — 190.75 5.77

3.7. Ret behavior as a function of Eq.

Figure 8 shows the R« behavior obtained from the EEC shown in Figure 7. These R« were
obtained from the corrosion phenomenon of the X70 steel immersed in NS4 solution at the Ecorr and
at different Ecp during the SSRT test. In a general way, it is possible to point out that at the Ecorr, all Ret
values are lower than the R« values obtained at any Ee. According to the mix potential theory, at the
Ecorr, the Ret is the equilibrium result of the anodic and cathodic reactions occurring at the interface.

Some researchers, like Liu et al., have indicated that the R« can be expressed as follows [31,36]:

®)

where Res and Rec are the charge transfer resistance for the anodic and cathodic reactions,

116 6

- 7
Ret  Reta  Retce

respectively, Oc is the fraction of the active area, where the cathodic reaction is carried out. When an
Ep is applied to the X70 steel, the Reta and Oc will increase and Retc will decrease, with the Ret value
contributing to the cathodic process to a great extent. Therefore, at the Ecorr, the anodic process
contributes to a reduction in the R« value.
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On the other hand, at the E¢p of =770 and -870 mV vs. SCE, the R« decreased throughout the
entire time that the test was carried out. This behavior can be attributed to the propagation of the
SCC in the tip of the crack, generating a new active surface, which is subject to a non-stationary stage
of polarization. Liu et al. [24,27] proposed that the tip of the crack resembled an active specimen
recently exposed to electrochemical medium; for this reason, the anodic dissolution in the main
crack increases, contributing to the Re: reduction.

1200

]

900

O-Ecorr =770 mV 870 mV. <970 mV
600

300

Charge transfer resistance, R (Q*cm?)

Time (h)

Figure 8. R« as a function of time. X70 steel immersed in NS4 solution (pH3) under different Ecp.

It is important to point out that at the beginning of the SSRT test, the R« was lower, as the Ecp
was more negative due to the major supply of electrons to the interface, improving the cathodic
reaction (Hydrogen evolution); however, when the stress levels increased, the R« became
independent of the Ecp. This behavior can be attributed to the fact that as the SSRT test is carried out,
the R« is a function of two parameters, the level stress and the applied potential, that can improve
the cathodic process through the negative LAP generated at the active sites, and produced by the
dislocation movement on the surface [25,28,31,34].

4. Conclusions

Characterization of the SCC process of X70 pipeline steel immersed in synthetic soil solution
under the application of different cathodic potentials, using slow strain rate test (SSRT) and
electrochemical impedance spectroscopy (EIS) allowed the following conclusions to be drawn:

e  According to the SCC indexes obtained (Ira and Ire), it is clear that SCC susceptibility increases
with the increase in cathodic potential. These indexes indicate that X70 steel could be
susceptible to SCC.

e  SEM observations revealed the presence of some internal cracks on the fracture surface (which
is indicative of hydrogen diffusion); additionally, some secondary cracks in the gauge section of
the SSRT specimens were observed. These cracks grew perpendicular to applied stress.

e  The application of cathodic potentials (Ecp) decreased the corrosive attack on the metal surface;
however, they increased the SCC susceptibility of the steel, which is attributed to the H*
reduction process inducing hydrogen embrittlement by H diffusion into the steel.

e  The influence of E¢p on the SCC susceptibility of X70 steel meant that by decreasing the Ecp from
=770 to -870 mV, the SCC susceptibility increased through the improvement of the cathodic
process and the contribution of the anodic dissolution at the tip of the crack. However, when
the E¢p reached -970 mV, the susceptibility decreased, because the anodic dissolution of the steel
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became negligible and the mechanism was dominated solely by hydrogen embrittlement. The
above was verified with the analysis of the fracture surface using SEM.

The results of EIS at —770 and -870 mV showed an active behavior at the beginning of the test,
which changed to a mixed process when the steel was subjected to strains higher than YS
(elastic region), which generated active sites, thus improving the cathodic process, meaning that
mass transport became the speed limiting step in the cathodic process.

At the Ecorr, all Ret values are lower than the R« values obtained at any Ecp. This behavior
indicates that the trend of the corrosion rate (CR) was affected by the applied cathodic potential,
which prompted a decrease in CR; however, it is important to point out that the Ecp could
improve the cathodic reaction, generating atomic H and increasing the susceptibility to SCC.
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