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Abstract: As we all know, corrosion of pipelines by hydrogen sulfide is the most worrying factor in the production
and transport of oil and gas. In this work the corrosion behavior of AP1 5L X70MS and X70MO low carbon steels
in hydrogen sulfide environment was investigated. Hydrogen induced cracking and sulfide stress cracking tests
were carried out according to NACE TMO0177 standard. After testing, blisters and cracks were observed only in
X70MO steel, probably due to its lower grain refinement and banded microstructure. Internal cracks seem to be
initiated in the elongated MnS inclusions. Corrosion process was studied by obtaining potentiodynamic
polarization curves, which were registered after open circuit potential measurements, at room temperature. Both
steels showed general corrosion in NACE 177A solutions, but the corrosion rate values in H,S-saturated solution
were about an order of magnitude higher than the ones in deaerated solution. Hydrogen permeation was
characterized in accordance with ASTM G148 standard. In deaerated H,SO, solution, permeation measurements
were similar for both steels. In H,S-saturated solution, X70 MO exhibited higher hydrogen oxidation current
values than X70 MS. H,S seems to promote the reduction of protons and increase the concentration of hydrogen
atoms in the solution/steel interface, favoring the diffusion process. As X70MO has a coarse microstructure, it

offers more pathways for hydrogen diffusion.
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1. INTRODUCTION

Sour corrosion has always been a concern for the
oil and natural gas exploration and production
industries. It causes loss or contamination of
product, reduction in operational efficiency and
refinery shutdowns. Pipe repair and replacement
costs tend to increase as more hostile
environments and more aggressive oils are
found. Low carbon steels are the most
commonly used materials because these are
readily available in the market and can meet
many of the mechanical, manufacturing and cost
requirements [1,2]. However, these steels have
relatively low corrosion resistance and pipelines
may undergo general or localized corrosion,
depending on  steel composition and
microstructure, oil composition and operating
conditions such as pressure, temperature and
fluid dynamics. General corrosion is a
consequence of preferential dissolution of the
predominant phase (e.g. ferritic phase) and may
be manifested by increased surface roughness or
the formation of a scale composed mainly of iron
sulfides [3,4]. Localized corrosion arises from

the existence of galvanic pairs formed between
the predominant phase and the non-metallic (e.g.
MnS) or intermetallic (e.g. Fe;C) inclusions [5],
and it commonly manifests as pitting or mesa
attack [6,7]. Hydrogen embrittlement is another
form of localized corrosion, in which a fraction
of the hydrogen atoms generated by steel
corrosion diffuses from the surface to the steel,
accumulating in traps. These traps can be point
defects (vacancies), line defects (dislocations),
two-dimensional defects (grain boundaries and
triple grain junction) and discontinuities (pores
and boundaries of intermetallic particles such as
Fe;C, non-metallic inclusions such as MnS, and
impurities as oxides). Then hydrogen atoms can
react with each other to form hydrogen gas or
they can react with different atoms to form metal
hydrides, decreasing the lattice energy
(decohesion). After that, the formation of
hydrogen gas leads to pressurization of these
traps, causing residual stress, blistering and
internal cracking [8-10]. Although corrosion
consequences are known, causes and
mechanisms by which this phenomenon occurs
are still not well understood. There are two
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contributing factors to this situation, which are: a
correlation of multiple parameters (metallurgical
and environmental variables) that influence
corrosion and the limitations of laboratory test
systems to reproduce the internal conditions of
pipelines [11,12]. As the chemical compositions
of petroleum, natural gas and produced water
vary widely, standard corrosion tests have been
developed to evaluate the cracking resistance of
carbon steels. These tests establish specific
conditions for sample, solution, H,S partial
pressure, temperature and exposure time.
Researches using different electrochemical
techniques in aqueous media have also made a
significant contribution in this sense. Artificial
sea water and other saline solutions containing
different concentrations of hydrogen sulfide have
often been used as corrosive media, probably
because these media having a similar chemical
composition to emulsified water in oil [13-15].
In the last decades, microalloyed steels with
transition metals were developed to obtain
higher mechanical properties, aiming at the
manufacture of pipes of smaller thickness and
lower weight/length ratio. However, steel pipes
produced by thermomechanical processes may
have different microstructures depending on the
processing conditions [16,17] and therefore
require qualification testing for use in sour
environments. Considering that the
understanding the metallurgical factors is of
great importance to minimize and control
corrosion problem in oil industries, the aim of
the study was to investigate the effects of
composition and microstructure on corrosion
processes involving API 5L X70 high strength
steels in NACE 177A solution.

2. MATERIALS AND METHODS

API 5L X70MO and X70MS steels pipes are
commonly manufactured in Brazil. The former is
used in off-shore environments, whereas the
latter is produced to resist harsh sour conditions.

Both pipes were manufactured according to
standard specification for steel line pipe [18]
through the cold forming process by three-stage
pressing (edge pressing, U-shaped pressing and
O-shaped pressing), followed by longitudinal
submerged arc welding, and expansion in order
to calibrate the final geometry of pipes. Samples
of 100X20X10 mm and 130X20X5 mm were
taken from the 558.8 mm pipes by plasma
cutting at approximately 90 and 180 degrees
from the longitudinal weld. Chemical
composition of these samples (Table 1) was
determined by optical emission spectrometry
with a Thermo ARL 3460 spectrometer and the
ARL WinOE software.

The hydrogen-induced cracking (HIC) test
consists of exposing unstressed samples to a
specific standard solution. On the other hand, in
the sulfide stress cracking (SSC) test, the
samples are subjected to a tensile stress using a
constant deflection device (four point bend test)
[19] and then exposed to the standard solution.
To evaluate HIC and SSC resistances of these
steels, two vessels were used for each test (Fig.
1), one containing 10 L of 5.0 wt.% NaCl + 0.5
wt.% CH;COOH standard solution [20,21] and
the other one containing 12 samples (6 X70MS +
6 X70MO) previously polished with 600 mesh
emery paper and degreased with isopropyl
alcohol. A screwed cap and a rubber gasket ring
were used to hermetically close both vessels.
One inlet valve was used to inject gas into the
solution preparation vessel and two outlet valves
were used to transfer gas and solution to the test
vessel, respectively. Before transferring the
standard solution into the test vessel, it was
purged of air with Ny 99.999% for 1 h at 100
mL/min per liter of solution and then saturated
with H;S¢) 99.9% at the same flow rate. To
ensure that this solution remained saturated,
H>S(,) was continuously injected during the test.
Both HIC and SSC tests were performed at 24 +
3°C.

Table 1. Chemical composition of API 5L X70MS and API 5L X70MO steels (wt. %).

X70 C S Al P Si Cr Mn Ni Cu Mo Others
MS 0.028 0.0006 0.02 0.011 0.30 0.180 1.29 0.170 0.150 0.14 a
MO 0.096 0.0015 0.03 0.018 0.28 0.027 1.62 0.014 0.016 0.004 b

a  Ti=0.008%; V= 0.050%; Nb = 0.034%; Ca = 0.0020%
b Ti=0.014%; V = 0.003%; Nb = 0.044%; Ca = 0.0015%
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Fig. 1. HIC and SSC test apparatus.

Metallographic analysis using a Zeiss Observer
ZIM inverted microscope with AxioVision
image analysis software was employed in this
work. The microstructures were revealed by
chemical etching with 3.0% Nital. The surfaces
and cross sections of samples were examined
using a Jeol 6350 scanning electron microscope,
and the composition of phases was determined
using X-ray dispersive energy spectrometry
(Thermo C10015 probe controlled by the Noran
System SIX software).

Open circuit potential (OCP) and
potentiodynamic measurements were carried out
in a conventional three-electrode cell coupled to
an  Autolab PGSTAT302N  potentiostat/
galvanostat. Steel sheets were used as working
electrodes and a spiral-shaped Pt wire was the
counter electrode. Before each electrochemical
measurement, the steel sheet was mechanically
polished with emery papers of different grit sizes
from 180 to 600. All potentials were measured
taking a saturated Ag/AgCl electrode as a
reference. The potentiodynamic measurements
were registered at a scan rate of 0.16 mV s’
from the open circuit potential at steady-state.
On the other hand, hydrogen permeation
experiments were conducted with a Devanathan-
Stachurski cell [22], which is composed of two
glass compartments separated by the working
electrode. Before the measurements, a nickel
thin film was electrodeposited on one side of
steel sheet (the side of the working electrode in
the cell oxidation) precisely to avoid oxidation
of the steel. The cathodic compartment consisted
of a 0.05 mol L' H,SO, solution with the
addition of 3.0 g L' of NH,SCN as a hydrogen
adsorption promoter. In this compartment,
hydrogen ions were reduced by applying a
current of 5.0 mA cm” using a KEYSIGHT
E3643A power supply. In the anodic

compartment, hydrogen atoms were oxidized at
a constant potential (+0.250 V vs. Ag/AgCl) and
the anodic current was recorded via the
potentiostat. Prior to hydrogen permeation
measurements, the electrolyte was deaerated by
purging Ny, for 1 h at 50 mL min”, and
subsequently saturated with H,S(, at the same
flow rate, at room temperature.

3. RESULTS AND DISCUSSION

3.1. Metallographic Analysis

Figure 2 shows the optical micrographs for
additional information on microstructural
differences comparing both steels. X70MS steel
surface analysis (Fig. 2(a)) revealed a ferritic
matrix composed of randomly oriented
polygonal grains (light areas) and intergranular
pearlite (black spots). The high grain refinement
is resulting from the low carbon content, and the
thermomechanical treatment (controlled rolling
and accelerated cooling) [23]. X70MO steel
(Fig. 2(b)) shown a coarse grained ferritic
microstructure with the presence of bands
(identified by the darker areas). Banding is
mainly caused by the microsegregation of
alloying elements during steel solidification.
Subsequent hot work operations result in an
alignment of microsegregation in the work
direction, which results in the emergence of
outlined bands in the microstructure. In this
case, the banding can be a consequence of two
factors: high carbon, phosphorus, sulfur and
manganese contents in the steel composition and
a conventional rolling. Microstructures like this
are prone to crack nucleation and propagation by
promoting the diffusion and trapping of
hydrogen in steel [24].

3.2. Non-electrochemical Tests

HIC test was performed to assess the
susceptibility of steels to hydrogen induced
cracking at room temperature. X70MS steel did
not show any cracks or bubbles after the HIC
test (Fig. 3(a)). On the other hand, all the
X70MO steel samples presented blisters, as
shown in Fig. 3(b).

Internal cracks were detected in X70MO steel by
using of a light microscope at 100X (Fig. (4)).
Most cracks in this steel are located in the
central region of pipe thickness (Fig. 4(a)),
where there is band formation and higher
concentration of inclusions (Fig. 4(b)).
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Fig. 2. Optical micrographs of
(a) X70MS and (b) X70MO steels.

L

Fig. 3. (a) X70MS and (b) X70MO after HIC test in

NACE 177A Solution.

Fig. 4. Internal cracks in X70MO (a) in cross section
of pipe and (b) in banded microstructure.

Table 2 lists the mean values of the following
parameters: CLR (crack length ratio), CTR
(crack thickness ratio), and CSR (crack
sensitivity ratio), positioned at 90° and 180° from
the weld fillet location. Based on acceptance
criteria defined by international standard [25],
X70MO steel exhibited CLR values higher than
15% and therefore this steel is not qualified for
sour service.

Table 2. HIC test results.

Steel  Position CLR (%) CTR (%) CSR (%)

90° 0.0 0.0 0.0
X70MS

180° 0.0 0.0 0.0

90° 37.0 2.8 1.3
X70MO

180° 64.9 1.7 1.6

SEM micrograph in Figure 5(a) shows some
cracks in the banded region. EDS analysis in
Figure 5(b) revealed the presence of S and Mn
within a crack, probably nucleated by an
inclusion of MnS [26].

The SSC test aimed to evaluate the susceptibility
to cracking of tensile steels when immersed in
the test solution. After testing, X70MS steel
surface analysis did not reveal the presence of
cracks or blisters (Fig. 6). In all samples, an
increase in surface roughness due to general
corrosion was observed.

Surface analysis of X70MO steel showed intense
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attack and blisters formation on the frontal
region of the samples (Figures 7(a) and (b)). On
the side view (Figure 7(c)), it is also possible to
observe a strong plastic deformation in the tested
samples and some cracks in their central regions,
where the deflection was maximum.

Full scale counts: 1279

keV

Fig. 5. (a) SEM showing cracks in X70MO steel and
(b) EDS analysis in point 1 of Fig. 5(a).

Fig. 6. X70MS steel surface after SSC test: front (a,
b) and side (¢) view.

Differences in toughness of X70MS and X70MO
(Figs. 6(c) and 7(c)) can be attributed to the
equivalent carbon content, particularly, the
carbon content (Table 1). It is well-known that a
high content of equivalent carbon impairs the
toughness, so other ways to improve the
mechanical strength of carbon steels are needed.
Decreasing carbon content as well as the
addition of alloying elements are not always
enough to ensure high toughness, and therefore,
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controlled lamination is required.

Fig. 7. X70MO steel surface after SSC test: front (a,
b) and side view showing cracks (c).

3.3. Electrochemical Tests

The OCP behavior of the X70 steels in NACE
177A solutions was slightly different, according
to Figs. 8(a) and (b). The OCP values of X70MS
decreased, increased and stabilized and the OCP
ones of X70MO increased and then stabilized.
The potential variation during the first minutes
of immersion depends on the initial state of the
electrode surface and on neighboring medium
around to it. After this short period, there is a
gradual shift in potential towards steady state.
The fact that the potential does not vary very
much with time suggests that there is no
significant change in the polarization of the
anodic and cathodic reactions with time.
Considering that the lower the value of
stabilization potential, the more intense is the
corrosive attack, it is possible to conclude that
the solution saturated with H,S is more
aggressive than the deaerated solution.

A typical behavior associated with general
corrosion was observed in the polarization
curves, as shown in Figs. 9(a) and (b). The
cathodic branch represents the reduction of
protons, which is more efficient in the presence
of H,S. On the other hand, the anodic branch is
related to the active dissolution of iron, since
neither Fe(OH),, FeO; nor FeS are
thermodynamically stable in chloride solutions
atpH <2.7 [27,28].

It is interesting to note that in intermediate
anodic overpotentials there is an increase in the
dissolution rate of steels in deaerated solution.
This fact can be attributed to the formation of
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iron intermediary complexes [29] which change

the dissolution mechanism. At high anodic
overpotentials (> -0.35 V) the dissolution rates
tend to be the same in both solutions, probably
due to the formation of corrosion products that
limit the passage of species to and from the
electrode surface. Another important feature is
the general appearance of the curves, which
suggests that NACE 177A solutions are so
aggressive that differences in composition and
microstructure between the steels are not
relevant. Table 3 shows corrosion parameters
calculated from polarization curves. In both
steels, the corrosion potential (E.,,) is in
agreement with the open circuit potential at
steady-state. If an interfacial charge transfer
process control the corrosion rate, typical values
for Tafel coefficients are between 0.040 and
0.120 V dec’', depending on the chloride
concentration and pH of the solution [30-32]. In
this sense, values between 0.060 and 0.100 V
dec’ have often been reported for the anodic
Tafel coefficient (Ba) for iron dissolution in
deaerated acidic chloride solutions [32-35].
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Fig. 8. OCP curves obtained for X70MS (a) and
X70MO (b) steels in NACE 177A solutions.
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Fig. 9. Polarization curves of X70MS (a) and X70MO
(b) steels in NACE 177A solutions.

Table 3. Corrosion parameters of X70 steels in
NACE 177A solutions.

ECOIT jcorr ﬁa Bc

Steel Solution (V) (HA cm_z) (V dec.l) (V dec.l)

No-

-0.519 4.6 0.061 -0.127
deaerated
X70MS
H,S-
-0.551 42 0.086 -0.116
saturated
N,-
-0.536 7.0 0.041 -0.119
deaerated
X70MO -
S 0578 46 0.097  -0.129
saturated

In addition, the corrosion current density (jeor)
values in H,S-saturated solutions were about an
order of magnitude higher than those calculated in
deaerated solutions. This behavior suggests that
the presence of sulfide alters the reaction
mechanism at the electrode interface, causing a
faster reduction of protons and consequently a
higher corrosion rate. The same behavior was
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observed with other API 5L steels in acidic media,
as previously reported by other authors [36].

The mechanisms of iron dissolution in strongly
acid medium have been extensively studied, one
of which may explain the corrosion of low
carbon steels [37-40]. When low carbon steel is
exposed to a sour environment, it is initially
corroded and Fe*', and Hyy are the main
corrosion products. Secondary phases such as
cementite or other carbides can act as cathodes,
whereas iron dissolution occurs in ferrite grains
[37]. In strongly acidic media, iron corrosion
probably occurs by means of an adsorbed Fe(II)-
hydroxo complex and the oxidation this species
is deemed to be the rate-determining step (rds)
(equations (1)-(4)) [38].

2 H (g +2 € — Hyg) (1)
Feg) + HyOg)— FeOHpg) + H'pq) + € (2)
FeOH,q) —> FeOH () + € (rds) 3)
FeOH g+ H ag 5 Fe*' oy + H20y 4)

A similar mechanism involving chemisorbed
sulfide species was proposed by Shoesmith et
al., as shown in equations (5) and (6) [39].

Fe(s) + HzS(aq) + HzO(]) — FCSH_(ad) + H30+(aq) (5)
FGSH_(ad) - FCSH+(ad) +2¢ (rds) (6)

Then, FeSH'(,q) may be hydrolyzed to yield
soluble species (equation (7)), promoting the
iron dissolution at low pH values [40].

2
FeSH' (o) + H30" o) = Fe™(ag) + H2S () + H2Op

(7

Fig. 10 shows the wvariation of hydrogen
oxidation current for the X70MS and X70MO
steels in 0.05 mol L' H,SO, + 3.0 g L’
NH4SCN solution. In the deaerated solution,
both steels showed similar behavior, a slow
current increase followed by a constant current
(~90 pA cm™). In H,S-saturated solutions, the
current increased rapidly and then reached a
steady state, however, X70MO exhibited a
steady state current value significantly higher
than X70MS. These current measurements are
associated with hydrogen diffusivity in steel.
When a direct current is applied to the working
electrode, proton reduction is induced on
electrode interface and then hydrogen diffuses in
steel. Diffusivity depends on the size and
arrangement of ferrite grains and the amount of
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microstructural defects and discontinuities in
each steel [41,42]. After a few minutes, the
hydrogen oxidation current begins to increase
until it reaches a steady state. At this time, the
flux of hydrogen throughout the steel remains
constant. The relationship between atomic
hydrogen permeation fluxes at steady state
(Jx7om0/Ix70Ms) [22] was approximately 1.5. It is
important to mention that it is difficult to
compare these results with others, as the current
density depends on the experimental procedure.
In this sense, the measured current increases as
applied current, solution temperature, or surface
roughness of the working electrode increases
[42-45]. When the direct current was turned off,
the hydrogen oxidation current rapidly decreased
to a new steady state. This fact can be attributed
to hydrogen spontaneously generated by
corrosion of steel [46]. Fig. 10 indicates that the
steady state current density is at least 10 times
higher for steels in saturated H,S solutions than
in deaerated solutions. This ratio is in
accordance with the corrosion rates. Thus, H,S
has a dual role: on the one hand, it facilitates the
reduction of protons at the solution/steel
interface and, on the other hand, inhibits the
hydrogen gas formation reaction, favoring the
diffusion of atomic hydrogen through steel.
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______ SRR '.|
400 | P :
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g 300 +
b
=200
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AR S e
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X70MS in deaerated solutign_L
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Time / min

Fig. 10. Hydrogen permeation curves of X70MS and
X70MO steels.

4. CONCLUSION

API 5L X70MS steel, which has a ferrite-pearlite
refined microstructure, showed no cracks or
blisters after HIC and SSC testing in NACE
177A solution. API 5L X70MO steel, which has
coarse ferrite grains and segregation bands,
failed these tests and exhibited relatively long
cracks and big blisters, some of which were
initiated from MnS inclusions. Both steels



Iranian Journal of Materials Science and Engineering, Vol. 18, Number 1, March 2021

showed general corrosion in this solution. From
potentiodynamic ~ measurements, it  was
concluded that the corrosion rate depends more
on environmental factors than on metallurgical
factors. In this sense, NACE 177A solution is so
aggressive that the differences in composition
and microstructure between steels do not seem to
be important. Corrosion rate values in H,S-
saturated solution were about an order of
magnitude higher than those in deaerated
solution. From hydrogen permeation
measurements, it was possible to reveal the
effect of the microstructure on hydrogen
diffusion in steel. In deaerated H,SO,4 solution,
permeation measurements were similar for both
steels. This is probably due to the fact that the
hydrogen permeation sites offer different
resistance to diffusion. At relatively low
concentrations of hydrogen atoms on the steel
surface, a fraction of these sites allows the
transport of hydrogen through the steel. As the
concentration of hydrogen atoms on the steel
surface increases, more difficult paths for
diffusion are used. In H,S-saturated H,SO,4
solution, H,S increased the efficiency of proton
reduction at the solution/steel interface and
inhibited the hydrogen gas formation reaction,
favoring the diffusion of atomic hydrogen. Since
X70MS steel has a more homogeneous and
refined microstructure than X70MO steel, the
latter offers more paths for hydrogen diffusion.
Therefore, hydrogen permeation tests also
confirmed that API 5L X70MO steel is not
suitable for sour services.
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