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High strength low alloy (HSLA) steels are used for the construction of pipelines for oil and natural
gas transportation. For such applications pipelines must exhibit mechanical resistance and resistance
to corrosion and hydrogen induced cracking (HIC). API 5L X65 steels are the main materials used for
this purpose. However, for economic reasons, the use of steels of superior grades would be of interest.
This work presents a comparative study of the corrosion and HIC resistances of an API 5L X65 and
an API 5L X80 steel in deaerated solution A of NACE TM0284 standard. Electrochemical impedance
spectroscopy (EIS) and potentiodynamic polarization experiments were performed in non-sour and sour
(H,S-saturated) media, and HIC resistance tests were carried out in the sour medium. Scanning electron
microscopy (SEM) and optical microscopy (OM) characterizations of polished and corroded samples
were also done. Electrochemical tests showed that the API 5L X80 steel is slightly more susceptible
to surface corrosion, which can be probably linked to its higher inclusion content and smaller grain
sizes, it was also susceptible to HIC. Mn and S-rich inclusions found in the crack path indicate that

this microstructural feature may play a key role in crack propagation and HIC susceptibility
Keywords: Microalloyed Steels, API 5L steels, EIS, Corrosion Resistance, NH. ZS, HIC.

1. Introduction

Oil and natural gas are the main sources of energy in the
world and the demand and consumption of their derivatives
are constantly growing. In this context, there is an increase
in the safety requirements for extraction and transportation
of these inputs, as failures can result in severe economic
losses and environmental damages. > For this reason, to
build equipment for the oil and gas industry, it is necessary
to use materials that respond satisfactorily to the harsh
conditions of the petroleum extraction and transportation
network. Among the desired properties, we can list: high
mechanical resistance to withstand the high operating pressures,
fracture toughness, weldability and resistances to corrosion
and hydrogen induced damages in acidic environments. **

H,S and CO,, normally present in oil fields, in the presence
of water, create an extremely aggressive environment, generally
referred as sour gas. In such environment, high strength steels
may become prone to Hydrogen Induced Cracking (HIC).>
The problem occurs as a consequence of the diffusion of
atomic hydrogen within the steel microstructure, which
them are entrapped at specific anchoring sites associated
with microstructural defects’™, the recombination of these
atoms generates H, gas leading to pressure build up, which,
ultimately, can result in failures due to HIC.! Atomic
hydrogen results from corrosion, and its diffusion into the
material microstructure is favored by the presence of H,S
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in the electrolyte and also by the existence of sulfide rich
inclusions in the material microstructure.!""?In the presence
of such chemicals and microstructural features, the surface
recombination of atomic H into H, is hampered*, thus
enhancing the diffusion to the metal microstructure and the
occurrence of HIC failures.

High-strength low alloy (HSLA) steels are characterized
by their superior mechanical properties when compared to
other steels with similar compositions, which are achieved
by means of controlled addition of microalloying elements
and rigorous production procedures. “'®*However, to be
used in the oil and gas transportation network they must
meet the requirements of the API 5L specification regarding
equivalent carbon control, shear boundary (MPa), yield
strength (MPa). '8 Currently, the API 5L X65 is the highest
grade approved for sour gas application.'”*’However, there
are high expectations of using higher grades API 5L steels,
such as X70 and X80, which exhibit superior mechanical
strength. This would allow the fabrication of pipelines with
thinner walls, resulting in relevant savings. *' Therefore, in
recent years, the interest in studying the resistance to HIC of
API steels of higher grades has increased with the purpose
of using them for pipeline application.

Based on the reasons aforementioned, this article presents
a comparative study of the corrosion resistance and HIC
susceptibility of two API 5L steels: one of the X65 and the
other of the X80 grade.
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2. Materials and Methods

2.1 Materials

API 5L X65 and X80 grades steels provided as tubes
by partner companies were used. Their characteristics
and chemical compositions are presented, respectively, in
Tables 1 and 2.

2.2 Microstructural characterization

For inclusions analyses, samples were cut parallel to the
rolling direction, whereas the microstructural analyses were
performed from the rolling cross-section according to ASTM
E112 (2013)*. The samples were embedded in bakelite
(AKA Resin Epoxi 8010), sequentially ground (Sultrade-
Struers) with silicon carbide emery paper up to #1200 grit,
and then polished (Sultrade-Struers) with diamond paste up
to 1pm. Between each ground and polishing step samples
were thoroughly washed with distilled and demineralized
water, and at the end they were washed with ethanol, dried
in a hot air stream and stored in a desiccator.

The characterizations were performed by means of
optical microscopy (OM) (Olympus BX60M) and Scanning
Electron Microscopy (SEM) (Olympus Philips XL-30) from
polished and from polished and Nital 2% (HNO, 2% + 100
ml ethanol, 10 s) etched samples.

For inclusions classification the ASTM International E45
standard (2013) * was used, whereas grains sizes determination
were performed according to the recommendations of ASTM
International E112-113 standard (2013) * using the software
IMAGE] as analytical tool.

SEM images were also acquired form corroded samples.

2.3 Electrochemical tests and corrosion
morphology evaluation

All electrochemical tests were carried out in solution A of
NACE TM0284-11 %, which is composed of 0.5 wt % acetic
acid + 5.0 wt% NaCl. Before corrosion test, the electrolyte
was purged with N, (Fume Hood CVD100 Vidy) in a
separated recipient during 1h, then this solution was poured
into the electrochemical cell (already with the electrodes
positioned) and further degassed for 15 min. Thereafter, H,S

Table 1. Characteristics of the API 5L steel tubes.

IDENTIFICATION DIMENSIONS (mm) Rockwell
Diameter Thickness  Hardness

API 5L X65 813 21 183

API 5L X 80 508 20 294
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gas was bubbled (Fume Hood CVD100 Vidy) at a rate of
approximately 200 ml per minute during 1h. Experiments
without H,S saturation were also performed.

The working electrodes (WE) were cut from the cross-
section of the tubes (ASTM G106 -89 (2004) standard?*),
embedded in bakelite (exposed area 1 cm?) and them ground
(Sultrade-Struers) up to # 1200 with silicon carbide emery
paper.

The experiments were carried out using two different
methodologies. In the first one, denominated when necessary
as Procedure 1 (P1), performed either in deaerated or in
H,S saturated solution, initially, the open circuit potential
(OCP) was monitored for 1 h, period necessary to acquire a
constant value, followed by the electrochemical impedance
spectroscopy (EIS) and potentiodynamic polarization
(PDP) tests, this latter after supplementary 15 minutes
stabilization of the OCP. Due to the deaeration procedure,
in the experiments performed in the deaerated solution the
OCP monitoring was initiated after 15 minutes immersion
of the WE in the test solution (after the supplementary 15
min N, purging), whereas in the H,S saturated solution the
previous immersion period was 75 minutes, as N, purging
was followed by 1 h H,S bubbling.

In the second procedure, performed only in H,S saturated
solution and designated, when necessary, as Procedure 2 (P2),
after degassing as described in the previous paragraph, the
electrodes remained immersed in the test solution for 24h,
during which the OCP and the EIS behavior were monitored,
some samples were submitted to PDP experiments as the
final step. SEM and OM observations after corrosion were
performed only in these electrodes.

The EIS experiments were carried out using a perturbation
amplitude of 10 mV (rms) in the frequency range from 10°
to 102 Hz. The acquisition rate was 10 points per decade.
The PDP tests were performed from - 250 mV vs OCP to
+250 mV vs OCP at a scan rate of 1 mV/s. A minimum of
three tests was performed for each condition.

All the experiments were accomplished with a
LAUTOLARB type II potentiostat equipped with a frequency
response analyzer (FRA2) module using a conventional three
electrode system, with a Saturated Calomel Electrode (SCE)
as reference, a platinum wire counter electrode and the X65
and X80 steel as WE.

2.4 Hydrogen Induced Cracking (HIC)

experiments

These tests were carried out in H,S-saturated A solution
(0.5% acetic acid (wt) + 5.0% NaCl (wt)) and followed the
recommendations of NACE TM0284-11%. Samples were

Table 2. Chemical composition of the API SL X65 and X80 steel (wt.%).

Steel C Mn Si S P Ni Cu Cr Al Nb V+Ti
X65 0.04 1.37 0.35 0.001 0.009 0.06 0.05 0.03 0.04 0.05 0.02
X80 0.07 1.79 0.33 0.001 0.012 0.002 0.013 0.164 0.0035 0.04 0.0017
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extracted from the rolling direction with (100 = 1) mm
length and (20 + 1) mm width, whereas the thicknesses
corresponded to those of the original pipelines. Before
testing, the samples were machined with a milling machine
and ground (#320 - Aerotex Aropol 2V) using water as
lubricant until completely flat surfaces were obtained. Then,
they were thoroughly washed with ethanol dried in a hot air
stream and placed in the test vessel so that the specimens did
not touch either each other or the vessel walls, according to
the NACE TM0284-11% recomendations.

To perform the test, the electrolyte was initially degassed
with N, during one hour and then poured (5L) into the
testing vessel, where the samples were already positioned.
Then supplementary N, degassing (15 min) was performed
followed by 1h H_S saturation (200 ml/min/L *°). The total
test duration was 96 h ((25 £ 3) °C) computed immediately
after the 60-minute H,S injection period."

After the HIC test, the samples were withdrawn from
the vessel, thoroughly washed with soap and water, washed
with ethanol, dried in a hot air stream and sectioned with
an ISOMET precision cutter with diamond. Afterwards, the
sections were embedded in bakelite with the cross sections
facing upwards, ground up to #1200 emery paper (Arotec
Aropol 2V), polished with diamond paste down to 1 pm
(Sultrade, Struers) and then observed for crack initiation and
propagation by OM (Olympus BX60M) and SEM (Olympus

Philips XL-30) without and with Nital (HNO, 2% + 100 ml
ethanol, 10 s) etching.

3. Results

3.1 Analysis of inclusions and microstructural
characterization

Figure 1 (a) shows an OM image of the surface of
the API 5L X65 steel after polishing and without etching.
A uniform distribution of round-shaped inclusions was
verified (SEM image insert in the Figure), which analyzes
by EDS (Figure 1 (b)) showed mainly the presence of Ca,
Al, Mg and Ti. Their mean size were between 1.8 and 6.4
um, allowing to classify them as globular-oxide-sulfide fine
series (D-Globular Oxide/Sulfide Type and Thin subcategory)
according to ASTM E45 (2013)%.

API 5L X80 steel also presented evenly distributed
inclusions, however with higher density (Figure 2 (a)) and
several of them with irregular shape (Insert of Figure 2 (a)).
Regarding the composition of the inclusions in this material,
the EDS analysis (Figure 2 (b)) indicated the presence of
Al, O, S and Mn. Their mean size were between 2.8 and
9.2 um, allowing to classify them as D-globular oxide-sulfide
heavy series (D-Globular Oxide/Sulfide Type and Heavy
subcategory) according to ASTM E45 (2013) %.

Figure 1. Optical microscopy image of the inclusions distribution in the microstructure of the API 5L X65 steel (a),
representative EDS spectrum of the inclusions (b), and backscattered SEM image of a round-shaped inclusion (insert in (a))
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The analysis of the microstructure of the API 5L
X65 steel by OM after etching with 2% Nital reagent
(Figure 3 (a)) presented uniform microstructure with
refined grains, without the presence of banding. SEM image
(Figure 3 (b)) showed a ferritic matrix with pearlite grains
(indicated by the arrow) dispersed in the matrix. The mean
grain size determined according to ASTM E112-13(2014)
was 6.5 £ 0.3 um, with acicular shape.

Materials Research

The microstructure of the API 5L X80 steel is formed
by uniform and refined ferrite grains (Figure 4 (a)). SEM
analysis (Figure 4 (b)) showed no banding and revealed a
ferritic matrix, with minimal presence of M/A (martensite/
austenite) microconstituents at the grain boundaries. The

average grain size was 4.6 + 0.3 pm with polygonal grain
contours.
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Figure 2. Optical microscopy image of the inclusions distribution in the microstructure of the API 5L X80 steel (a),
representative EDS spectrum of the inclusions (b), and backscattered SEM image of an irregular-shaped inclusion (insert in (a)).
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Figure 3. (a) Optical microscopy and (b) SEM (secondary electrons) image of the API 5L X65 steel. Images from the central

cross-section to the rolling direction. Nital 2% etched.
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Figure 4. (a) Optical microscopy and (b) SEM (secondary electrons) image of the API SL X80 steel. Images from the central

cross-section to the rolling direction. Nital 2% etched.
3.2 Electrochemical tests

3.2.1 Electrochemical behavior - deaerated and
H,S saturated solution - Procedure 1

Figure 5 (a) shows the OCP variation of the two steels
during 2000s immersion in deaerated solution A without and
with saturation with H,S. For all conditions, a fast potential
stabilization was observed, which can be a consequence
of the period the samples remained immersed in the test
electrolyte during the degassing procedure prior to OCP
registration. In addition, for the two steels, there is a decrease
of the OCP in the H,S saturated condition and the OCP of
the API 5L X80 steel is always lower when compared with
the API 5L X65 one.

EIS diagrams (Figure 6) for the two steels in both
media are composed of one highly depressed capacitive
loop whose corresponding phase angles are quite broad,
indicating time constants overlapping. In accordance with
published studies??’, the results show a visible decrease of
the impedance in the H,S saturated medium, confirming its
higher aggressiveness. Furthermore, for both conditions, the
API 5L X80 steel presented lower impedance values. The
characteristics of these diagrams indicate that even though
with different kinetics, the corrosion mechanism in both
media must be similar.

The results of the PDP tests (Figure 7) for the two steels
show that the anodic and cathodic reactions are controlled
by activation. In addition, and in accorddance with the
results of the EIS tests, it is observed that the API 5L X80
steel presents, for both conditions, greater susceptibility to
corrosion, characterized by more depolarized anodic and
cathodic curves and higher corrosion current densities. The
data presented in Table 3, obtained by Tafel extrapolation,
are consistent with these findings. The corrosion current
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Figure 5. OCP variation for the API SL X65 and AP 5L X80 steels
in deaerated solution A, NACE TM0284 (2011), without and with
H,S saturation. Experimental Procedure 1.

densities (i mA/cm?) can be sorted in descending order
as: X80 with H,S > X65 with H,S > X80 without H,S > X65
without H,S. For both materials, extrapolated i values were
about one order of magnitude higher in the H,S saturated
electrolyte, which is in accordance with the expected higher
aggressiveness of the sour medium?-. On the other hand,
for the same electrolyte, the i _slightly increased for the
X80 steel when comparing with the X65.

3.2.2 Electrochemical behavior in H,S saturated
solution (24h) - sour medium - Procedure 2

For the H,S-saturated medium, sour medium, the corrosion
of'the two steels during 24h of immersion was investigated.
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Figure 6. Nyquist (a) and phase angle (b) diagrams of API 5L X65 and API 5L X80 steels in deaerated solution A, NACE
TMO0284 (2011), without and with H,S saturation. Experimental Procedure 1.

Figure 7. Potentiodynamic polarization curves for API SL X65
and API 5L X80 steels in deaerated solution A, NACE TM0284
(2011), without and with H_S saturation. Experimental Procedure 1.

Figure 8 shows that, for the two steels, the OCP remains
stable throughout the test period, indicating that there is no
alteration of the interfacial processes. It is also noted that
the API 5L X80 steel has lower OCP at any time.

In the EIS experiments (Figures 9 and 10) the characteristics
of the diagrams remained the same as those observed in
the short duration tests, without modifications in their
shapes, further indicating that no change in the reactions
mechanism take place. However, for both materials, an
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Figure 8. OCP variation for the API 5L X65 and API 5L X80 steels
during 24h immersion in deaerated solution A, NACE TM0284
(2011), saturated with H,S, sour medium. Procedure 2.

increase in impedance is observed as a function of immersion
time, indicating a decrease in the intensity of the corrosive
attack. Random decreases followed by continued increase
in the impedance values were observed during the whole
test period. The corrosion process of iron and steel in sour
medium is generally accompanied by iron sulfide film
formation, therefore, the observed behavior can be attributed
to film growth until a maximum thickness is reached, when

Table 3. Table with information extracted from the polarization curves of Figure 7. Procedure 1.

Material Condition EcorrV vs. SCE ba 'V dec.! be V dec.! i -(A.cm?)
X65 steel Without H,S -0.623 0.019 0.060 1.17x 10°
X65 steel With H,S -0.648 0.019 0.060 1.98 x 10+
X80 steel Without H,S -0.686 0.019 0.060 2.34x10°
X80 steel With H,S -0.758 0.019 0.060 2.76 x 10+
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Figure 9. Nyquist (a) and phase angle (b) diagrams for the API SL X65 steel during 24h immersion in deaerated solution
A, NACE TMO0284 (2011), saturated with H,S, sour medium. Procedure 2.

Figure 10. Nyquist (a) and phase angle (b) diagrams for the API 5L API 5L X80 steel during 24h immersion in deaerated
solution A, NACE TM0284 (2011), saturated with H,S, sour medium. Procedure 2.

film detachment occurs (confirmed by the presence of a
black precipitate deposited at the cell bottom), initiating an
intermitent process of growth and detachment. 283

The comparison between the EIS diagrams of Figures 9
and 10, presented in the same scale, clearly shows that the
API 5L X80 steel (Figure 10) is less corrosion resistant. In
addition, for this steel, the phase angle diagrams are slightly
more deformed in the high frequency domain, indicating a
possible difference in the corrosion mechanism.

In agreement with the other electrochemical tests, the
PDP curves obtained after 24h of immersion (Figure 11)
presented the same characteristics of those observed after
1h of test, confirming that there is no change in the reaction
mechanism. However, for this condition, it turns out clear
that the API 5L X80 steel presents higher corrosion current
density caused by depolarization of the anodic curve, which
is confirmed by the Tafel extrapolation results presented in
Table 4 showing a slight higheri__for this steel. On the other
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Figure 11. Potentiodynamic polarization curves for the API 5L X65
and API 5L X80 steels after 24h immersion in deaerated solution
A, NACE TMO0284 (2011), saturated with H,S, sour medium. In
the diagrams the main anodic and cathodic reactions are indicated.
Procedure 2.

Table 4. Table with information extracted from the polarization
curves after 24h of immersion, Figure 11. Procedure 2.

N EcorrV baV beV ccorr
Condition VS. dec ! decs (Acm?)
SCE : SNGE
X65steel WithHS 0632 0018 0059 0%
X80steel WithHS 0763 0018 0059 1N

hand, in accordance with the EIS results, the comparison
of the i _values in Tables 3 and 4 indicates that there was
a slight decrease of the corrosion process.

3.2.3 Microstructural characterization after 24h
immersion in H ,S-saturated solution - sour
medium - Procedure 2

Figure 12 shows micrographs by OM (Figure 12 (a))
and SEM (Figure 12 (b)) of the surface of the API 5L X65
steel after 24h of immersion in the sour medium. The
material presented generalized attack, characterized by the
formation of a thick layer of corrosion products, which,
nevertheless, was detached during the sample preparation
for microscopic observation. Also, localized attacks were
observed, which, however, did not develop deep pits. The
corrosion products formed in the regions where localized
attack took place presented globular shapes (Figure 12 (c)),
and their EDS analyzes (Figure 12 (d)) showed the presence
of O, Fe, S, and Ca indicating to be associated with the
presence of inclusions.

Figure 13 displays the OM (Figure 13(a)) and SEM
(Figure 13(b)) micrographs of the API 5L X80 steel after
24h immersion in the sour medium, whereas Figures 13(c)
and (d) present, respectively, the magnified SEM images of
the corrosion products formed above a localized corrosion
site and its EDS analysis. The micrographs and analysis

Materials Research

show the same features as already presented for the API 51
X65 steel, with the difference that the localized corrosion is
more intense in this material (pits are more numerous and
deeper). Also for this sample a thick corrosion product layer
was formed, which detached during sample preparation for
microscopic analysis.

3.3 Hydrogen Induced Cracking (HIC) tests

HIC tests were performed according to NACE TM 0284-2011"
standard using solution A saturated with H,S. Due to the
aggressiveness of the sour medium, H, evolution at the
samples surface was observed during the whole duration
of the test (96 h), indicating intense corrosion. The cross-
section observations after polishing of the API 5L X65
steel by OM (Figure 14(a)) and SEM (Figure 14(b)) did
not reveal signs of cracks nucleation or propagation. On the
other hand, the API 5L X80 steel presented a deep and large
cracks in the central section parallel to the rolling direction
(OM in Figure 15(a) and SEM in Figure 15(b)), which was
further analyzed by SEM after Nital 2% etching. SEM image
(Figure 15(c)) shows the presence of an inclusion in the
crack propagation path, which EDS analysis (Figure 15(d))
showed the presence of Mn and S.

4. Discussion

4.1 Inclusions analysis and microstructural
characterization

The inclusions of the API 5L X65 steel were round-
shaped, homogeneously distributed in the matrix and with
an average size between 1.8 and 6.4 pm. On the other hand,
for the steel API 5L X80, they were also evenly distributed,
but in greater quantity, they were larger (between 2.8 and
9.2 um), and both round-shaped and irregular inclusions
with angular appearance were present. These latter were
found mainly in the central regions of the sample, which
was supplied as a pipe.

The experimental results showed that the API 5L X80
steel is slightly less resistant to corrosion than API 5L X65 and
is also susceptible to HIC. It is a consensus in the literature
that inclusions play a central role in these two factors.
Initially, they constitute microstructural heterogeneities at
which, often, the electrochemical activity differs from the
matrix, forming galvanic microcells, serving as points for
localized corrosion initiation. In an investigation performed
with materials with similar composition to those used in the
present study, Hincapie et al. ** verified that increased number
of inclusions resulted in increased corrosion susceptibility.

Regarding the HIC resistance, inclusions with larger
size and irregular shape tend to concentrate stresses, serving
as preferential sites for hydrogen accumulation. ***¢ This
relationship between inclusions shape and resistance to
HIC of steels is often associated with the existence of
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Figure 12. OM (a) and SEM (b) images of the API 5L X65 steel after 24h immersion in deaerated solution A, NACE TM 0284
(2011), saturated with H,S, sour medium. Magnified SEM image of the corrosion products morphology at the localized
corrosion sites (¢), EDS analysis of the region depicted in (c) (d).

Figure 13. OM (a) and SEM (b) images of the API 5L X80 steel after 24h immersion in deaerated solution A, NACE TM 0284
(2011), saturated with H,S, sour medium. Magnified SEM image of the corrosion products morphology at the localized
corrosion sites (c), EDS analysis of the region depicted in (c) (d).
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Figure 14. OM (a) and SEM (backscattered electrons) (b) images of one of the API 5L X65 samples submitted to the HIC
test. Polished (1 pm) cross-section to the rolling direction. Exposure time 96h to solution A saturated with H,S.

Figure 15. OM (a) and SEM (backscattered electrons) (b) images of one of the API 5L X80 samples submitted to the HIC
test. Polished (1 pm) cross-section to the rolling direction. Sample after Nital 2% etching (c), EDS analysis of the inclusion
indicated in (c) (d). Exposure time 96h to solution A saturated with H,S.

microporosities between them and the matrix acting as
hydrogen traps 3% Jin, Liu and Cheng* found that the
existence of interfacial microporosities between aluminum
and silicon oxide inclusions and the matrix of an API 5L
X100 steel favored crack nucleation.

The microstructural characterization also showed that
the grain size of the API 5L X65 steel was 6.5 +0.3 um and
that of the API 5L X80 steel of 4.6 £0.3 um. The energy

associated with the interaction between grain boundaries
and atomic hydrogen is relatively low, 3-3herefore thege are
considered as reversible traps. As such, they act as temporary
sites for atomic hydrogen anchoring, thus serving as a source
of hydrogen for irreversible traps.**Thus, the smaller grain
size of API 5L X80 steel may also contribute to its superior
susceptibility to HIC.
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4.2 Electrochemical tests and corrosion
morphology

The electrochemical tests after short immersion times
in deaerated solution A without and with H,S saturation,
procedure 1, showed that the OCP of the two steels in
sour medium was less noble, and that in this medium
they also presented lower impedance. These results are in
agreement with those found by several authors using different
electrochemical techniques that showed an increase in the
corrosion rate of different API steels grades when H,S was

27.28,384041.42 For the non-sour and

added to the electrolytes.
the sour medium, the PDP curves (Figure 7) showed that
the anodic and cathodic processes are activation-controlled,
indicating that these reactions are, respectively, the oxidation
of Fe to Fe** and the reduction of H" ions. However, the pH
of solution A practically did not change with saturation with
H,S (2.7+0.3) indicating that the increase in the corrosion
rate is a consequence of the acceleration of the kinetics of
the anodic reaction, although this aspect is not evident from
the comparison between the curves shown in Figure 7.

For all the investigated conditions the impedance diagrams
(Figures 6, 9 and 10) presented a single depressed capacitive
loop associated with a wide phase angle. This indicates
the overlap of more than one time constant, similar to that
found by different authors for HSLA steels in sour media
with different compositions.2627:28:30:40

The shapes both of the EIS diagrams and of the
polarization curves were similar in the deaerated and in the H,S
saturated solution indicating similar corrosion mechanisms.
The monitoring of the corrosion behavior as a function of
immersion time in the sour medium, which was performed
during 24 h (Figure 8), showed that, regardless the steel, the
OCP remained very stable throughout the test period, indicating
that there were no changes in the corrosion mechanism and
that the surface modifications resulting from the corrosive
process did not alter the interfacial electrochemical processes.
Moreover, throughout the period, the OCP of the API 5L X65
steel was more noble. The results of the EIS tests (Figures 9
and 10) showed increased impedance with immersion time,
indicating improved corrosion resistance. As reported by
different authors for steels immersed in sour medium 283040
and also observed in the present study, this behavior can be
ascribed to the precipitation of a thick dark-colored film of
iron sulfide acting as a barrier against diffusion processes.
However, due to its low adhesion properties and the electrolyte
aggressiveness, although increasing, the impedances continued
to be low. In addition, oscillation in the impedance values
were verified, ascribed to the detachment of the corrosion
products from the electrodes surface.

For all the studied conditions, the electrochemical tests
showed that API 5L X80 steel presented lower corrosion
resistance than the API 5L X65 steel. Thus, for each

specific medium, the impedance modulus was inferior for
this former material, which seems to be a consequence
of the depolarization of the anodic reaction (Figure 11).
However, Tafel extrapolation results, presented in Tables 3
and 4, indicated that, comparing the behavior in the same
medium, i _is only slightly superior for the X80 steel when
compared with the X65. The microstructural characterization
(Figures 1 and 2) clearly show higher number of inclusion
in the microstructure of the API 5L X80, and this has been
already discussed as a source of decreasing corrosion resistance.
However, the SEM analysis of the etched microstructures,
Figures 3 and 4, revealed the presence of pearlite only in
the microstructure of the API 5L X65 steel. It is documented
in the literature that a galvanic couple may exist between
the cementite (cathodic) and the ferrite (anodic) regions in
the lamellar structure of pearlite*, this would contribute to
enhance the corrosion activity of this latter steel. Therefore,
it is hypothesized that while increased number of inclusions
contributes to decrease the corrosion resistance of the API
5L X80 steel, the presence of pearlite increases the corrosion
susceptibility of the API 5L X65 steel, explaining why there
is only a slight difference between the corrosion behavior of
the two materials. Finally, in agreement with all the other
experimental results, the Tafel extrapolation procedure showed
that, for the two tested materials, a tenfold increase in i_

T

was verified when the electrolyte was saturated with H,S.
4.3 Hydrogen Induced Cracking (HIC)

HIC tests were performed according to the NACE
TM 0284-2011" standard in the solution A saturated with
H,S. The results showed that the API 5L X65 steel is not
susceptible to Hydrogen Induced Cracking (HIC) in the sour
gas environment. Thus, neither initiation nor propagation of
cracks were detected in the samples submitted to the HIC
test. On the other hand, samples of the API 5L X80 steel
presented severe cracks in all examined internal surfaces,
which were deep and relatively wide in the central and lower
parts of the pipe thickness (Figure 15).

As verified in the microstructural characterization, the
API 5L X80 steel presented inclusions in greater quantity,
some of them with irregular shape, rich in S, Mn. Due to
their tendency to accumulate hydrogen and to concentrate

StreSS, 6,7,9,10,35

inclusions with larger size and irregular shape
are detrimental to HIC resistance, as they act like irreversible
hydrogen traps serving as points for nucleation of cracks. -3
The SEM observation of the crack (Figure 15) showed the
presence of a MnS inclusion in its propagation pathway,
showing that such inclusions can play an important role in
the susceptibility to HIC of the investigated API 5L X80
steel. Therefore, due to the low resistance to HIC in media
containing H,S, X80 steel is still not considered suitable for

sour gas application.
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5. Conclusions

In the present study, electrochemical techniques and
standardized tests (NACE Standard TM 0284-2011) were
used to compare the corrosion and HIC resistances of two
API 5L steelsone API 5L X65 and the other API 5L X80.
The following conclusions can be drawn:

1. Theelectrochemical tests showed that the two steels
investigated showed low corrosion resistance in
solution A (NACE TM0284-2011) (5% sodium
chloride (NaCl) and 0.5% acetic acid (CH3COOH)),
being the performance worsened in sour gas medium.

2. Theresults also showed that the corrosion resistance
of the API 5L X80 steel is slightly inferior to
that presented by the API 5L X65, which can be
ascribed to the higher number of inclusions in its
microstructure. However, its refined and more
homogeneous microstructure (without pearlite)
contributes to leveling its corrosion resistance to
that of the API 5L X65 steel.

3. Impedance tests as a function of immersion time
in sour medium pointed to a slight increase in
corrosion resistance as the test proceeds, which
was associated with the formation of a thick and
non-adherent corrosion product layer (Fe and S),
which, nevertheless, offers a barrier against the
diffusion of aggressive species.

4. API 5L X80 steel showed susceptibility to HIC, a
fact not verified for API 5L X65 steel. The presence
of Mn- and S-rich inclusions in the crack propagation
pathway confirms that these microstructural features
also play an important role in HIC failure in HSLA
steels. According to the results of the present
investigation this is the main reason why the API
5L X80 steel investigated in this study cannot be
recommended for sour application.
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