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Abstract: The main sources for primary energy generation are oil and natural gas, high demand requires the use of
pipelines that guarantee transportation in large quantities. Increased use of pipelines, for which it was necessary to
develop high-strength steel tubes for long-distance transportation. High-strength, low-alloy steels (HSLA) are a great
alternative for transportation, they mechanically resist high pressures and the reduction in manufacturing and
maintenance costs is important for large industries. However, in sour gas (H2S) media it may be susceptible to
corrosion, therefore studies to assess corrosion resistance are important. The present investigation evaluated the
HSLA X65 steel in sour gas media through electrochemical and microstructural characterization techniques, showing
its resistance to corrosion in aggressive media and showing that it can be used reliably for the transportation of oil and
natural gas.
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1. INTRODUCTION

Oil and natural gas are the largest source for the generation of electrical energy consumed in the world today. -2
Therefore, there is a high demand to develop -technologies for efficient oil exploration and transportation. Reason for
which there is an increase in the manufacture of carbon steel pipes with high mechanical resistance to withstand the
operating pressures and environments of oil refineries. ¢4 For the transportation stage, carbon steels are used
because they are a structural material with great mechanical properties and low cost, a steel with wide expectations
are high-strength, low-alloy carbon steels -HSLA are used for manufacturing. of pipeline manage to resist high
pressures, high mechanical and tensile strength, low manufacturing-maintenance costs and excellent weldability. ¢-6)
The improvement in its properties is mainly due to the addition of microalloying elements Ti, V and mainly Nb. For
this reason, HSLA steels are used for the manufacture of bridges, ships, auto parts for vehicles, oil pipelines, whose
versatility and the fact that they do not require heat treatment allow great versatility in structural engineering
applications. 4% Environments of the oil and gas industry, unlike other types of industries, have high concentrations
of H2S (hydrogen sulfide) and CO: (carbon dioxide), which reduce the pH of the medium, making it acid, which is why
it is called sour gas, these media are considered corrosive and in the wet phase (free water) it facilitates the corrosion
and degradation of metallic structures. Whose corrosion damages represent a high budget for maintenance, repair
and replacement of material, the most cited damages in the oil industry are hydrogen damages. -8 The objective of
this research is to determine the behavior and susceptibility to corrosion in the presence of H2S of HSLA-API 5L X65
pipes, using electrochemical impedance techniques (EIS) as a method or technique. Electrochemical tests (open
circuit potential monitoring, electrochemical impedance spectroscopy, and anodic polarization curves) were
performed. The electrolyte used is a solution A, following the recommendations of NACE TM0284-16), which consists
of a solution containing 5% NacCl of acetic acid and 5% NaCl sodium chloride, being studied in three media: in aerated
state, washing and saturation H2S without saturation. Microstructural analysis by optical microscopy (OM) and
scanning electron microscopy (SEM) together with X-ray spectroscopy (EDS) energy dispersive analysis.
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2. METHODS

For this investigation, a commercial high-strength low-alloy steel HSLA X65 alloy (C: 0.038%, Mn: 0.39%, Nb: 0.085%)
was used.

1. Microstructure analysis: The microstructure analysis will allow us to know the phases present in our steel, the
samples were cut perpendicular to the rolling direction. According to the recommendations of the ASTM E112-
2021 standard. @9 To calculate the grain size, they were made with the help of the JPG image program. In order
to characterize the microstructure of the samples, they were etched with metallographic reagent-NITAL 2% (2%
nitric acid in ethyl alcohol), and again they will be examined by MO and SEM.

2. Analysis of inclusions: The analysis of inclusions will allow classifying the inclusions of the study sample, for
this the samples were cut parallel to the lamination direction. Following the recommendations of standard
E45(2017). @1 The samples of HSLA, steel already cut, were sanded with #100, #320, #600 and #1200 water
sandpaper, later they were polished with a suspension of 6um, 3um and 1um diamond paste with an approximate
time of 1 minute per cloth. polishing in order to avoid damaging the material. They were then examined by light
microscope (OM) and scanning electron microscope (SEM). Energy dispersive spectroscopy (EDS) analyzes
will also be performed to determine the composition of the inclusions.

3. Electrochemical tests: Electrochemical techniques such as open circuit potential-OCP (1500s) and EIS
Electrochemical Impedance Spectroscopy (45 min) were used, study of electrochemical behavior under sour gas
medium conditions, samples were cut perpendicular to the lamination direction. The electrochemical tests will be
carried out in a pautolab type Il potentiostat with a frequency analyzer and with the NOVA 1.11 program it will
allow the acquisition of the necessary information for the EIS, OCP tests. Tests carried out in deaerated solution
A of NACE TM0284 standard. (5% NaCl + 0,5% CH3COOH), system of three simple electrodes WE: HSLA X65
steel, CE: ECS and CE: Platinum wire. The test parameters were as follows: the electrochemical tests were
recorded on a potentiostat (WAUTOLAB type Il) coupled to a frequency response analyzer (FRA2). At a frequency
scale between 102 Hz to 10° Hz with an acquisition of 10 points per logarithmic decade and a perturbation

amplitude of 10 mV. Data analyzed by Nova 1.1 for data logging and Zview. ASTM G106-89(2015) — Standard.
(12)

3. RESULTS
1. Analysis of inclusions and Microstructure analysis

Figure 1 (a-b) shows the results obtained with the examinations by Optical Microscopy-MO and Scanning Electron
Microscopy -SEM of the inclusions found in the HSLA X65 tube. The inclusions were examined according to the
recommendations of the ASTM E45 (2015) standard. which indicates that they should be examined in the rolling
direction. As an image presented by MO, without attack, of the polished surface of the HSLA X65 tube, the inclusions
are randomly distributed in the matrix, they present a circular format, chemical analysis complemented for these
studies showed that they are rich in Al, Ca and Ti as well as S and Mn. Inclusion size between 2.8 and 9.2 um. In
Figure 4.4 (c) shows results of microstructural analyzes on samples or test bodies cut from the region perpendicular
to the rolling direction (ASTM EA45). Sanded surfaces up to #1200 and polished up to 1pm, later attacked with
metallographic reagent NITAL 2% (2% nitric acid in ethyl alcohol). The presented results of the surface of the HSLA
X65 steel indicated a ferrite matrix with and pearlite islands. The Average grain size: 6.5 + 0.4 ym according ASTM
INTERNATIONAL E112-13, 2014.
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Figure 1. (a-b) Distribution of the inclusions of the HSLA API 5L X65 tube. Polyment 1um sim attack, 100X
MO maghnification. (c) SEM microstructural analysis- Nital 2%.

2. Electrochemical tests:

In order to study the effect of H2S on the electrochemical behavior of HSLA X65 steel, tests were carried out using
electrochemical impedance techniques in solution A of the NACE TM 0284-2026 standard, in the presence and
absence of H2S. Figure 2(a) shows the results of the open circuit potential tests (Open Circuit Potential - OCP) as a
function of the inversion time. It can be seen that in the presence of H2S the OCP Potential decreases, becoming
more negative (greater activity), results of the electrochemical impedance tests show deformed Nyquist diagrams
(Figure 2(b))), whose impedance values decrease in the presence of H2S, confirming greater susceptibility to

corrosion, that is, greater reaction kinetics.
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Figure 2. (a)Open Potential Circuit -OCP results and (b) Nyquist diagrams of HSLA X665 steel in solution A,
NACE TMO0284 (2016), without and with H,S saturation.

Figure 3 presents the surface characterization of the samples exposed to the environment in the presence of H2S that
were the most corroded, whose surface by OM (Figure 3(a)) shows a generalized and localized attack in some
regions, seen by SEM (Figure 3(b)) there is a localized attack, showing that the regions in the inclusions are regions
with greater activity since in these regions the attack is more acute, whose EDS (Figure 3(c)) analysis shows
producers rich in S, Mn, Fe that would correspond to the formation of sulfates and the dissolution of iron.
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Figure 3. OM (a) and SEM (b) EDS analysis of HSLA X65 samples the electrochemical test. Exposure to
solution A saturated with H»S.

4. DISCUSSION
1. Analysis of inclusions and Microstructure analysis

The role of inclusions is very important to guarantee resistance to corrosion or resistance to embrittlement, irregular
inclusions with a high concentration of MnS are considered deleterious and facilitate localized corrosion: @214 |n this
case, the HSLA X65 steel presents inclusions of a leased format with elements rich in Ca, Al, Ti which favor the
formation of round inclusions and reduce MnS inclusions. On the other hand, the microstructure guarantees the
mechanical properties, very hard phases in a steel can make it brittle, or very soft phases reduce the tensile strength.
(13-14) The presence of perlite is associated with the percentage of carbon, cooling rate during the manufacturing
process. For this HSLA X65 steel, the microstructure and grain size are as expected.

2. Electrochemical tests:

The electrochemical behavior is very important to complement the knowledge of a material against aggressive
environments such as a sour gas environment. Gravimetric techniques take time and need several test bodies and
more time to carry out; on the other hand, electrochemical impedance techniques such as EIS allow knowing the
resistance to corrosion with greater ease of use and less time. 1518) | ijkewise, environments rich in H2S reduce the
pH of the medium, facilitating corrosion, so the results are within those expected, the presence of hydrogen inside the
material can directly affect the properties of the material, weaken the material so that the Structures used in the natural
oil and gas industry must be practical, low-cost, and reproducible to complement quality control systems before
certifying materials applied to this type of industry. 15-16)

5. CONCLUSIONS
In this investigation the following conclusions can be drawn:

1. Electrochemical tests proved to be a very useful tool for determining the electrochemical behavior, thus showing a
reduction in the impedance modulus in the presence of H2S, showing greater susceptibility to corrosion.

2. In sour gas media there is the formation of iron sulfate as a product of dissociation.

3. Inclusions of MnS can facilitate localized corrosion in sour gas media.

1009



International Journal of Membrane Science and Technology, 2023, Vol. 10, No. 1, pp 1006-1011

Conflicts of Interest: The authors declare that they have no conflicts of interest.

Acknowledgments: The authors of this paper would like to thank the Department of Metallurgical and Materials for
Sao Paulo University -USP.

6. REFERENCES

[1]. Layth Kraidi, Raj Shah, Wilfred Matipa, Fiona Borthwick, Analyzing the critical risk factors associated with oil and
gas pipeline projects in Iraq, International Journal of Critical Infrastructure Protection.2019;24:14-22.
https://doi.org/10.1016/}.ijcip.2018.10.010.

[2]. P.K.C. Venkatsurya, Z. Jia, R.D.K. Misra, M.D. Mulholland, M. Manohar, J.E. Hartmann,

[3]. Understanding mechanical property anisotropy in high strength niobium-microalloyed linepipe steels, Materials
Science and Engineering. 2012; 556: 194-210. https://doi.org/10.1016/j.msea.2012.06.078.

[4]. Hag AJ, Muzaka K, Dunne DP, Calka A, Pereloma EV. Effect of microstructure and composition on hydrogen
permeation in X70 pipeline steels. International Journal of Hydrogen Energy. 2013;38(5):2544-2556.
https://doi.org/10.1016/j.ijhydene.2012.11.127.

[5]. Liu Q, Zhou Q, Venezuela J, Zhang M, Atrens A. The role of the microstructure on the influence of hydrogen on
some advanced high-strength steels. Materials Science & Engineering. 2018; 715:370-378.
https://doi.org/10.1016/j.msea.2017.12.079.

[6]. Mohadi-Bonab MA, Eskandari M, Rahman KMM, Ouellet R, Szpunar JA. An extensive study of hydrogen-
induced cracking susceptibility in an APl X60 sour service pipeline steel. International Journal of Hydrogen
Energy. 2016;41(7): 4185-4197 https://doi.org/10.1016/j.ijhydene.2016.01.031.

[7]. Qi YM, Luo HY, Zheng SQ, Chen CF, Wang DN. Effect of immersion time on the hydrogen content and tensile
properties of A350LF2 steel exposed to hydrogen sulphide environments. Corrosion Science. 2013; 69:164-174.
https://doi.org/10.1016/j.corsci.2012.11.038.

[8]. Chung, Yun, Pytlewski, Kenneth R., and D.M. McGarry. "Hydrogen Embrittlement Cracking of 16Cr-5Ni
Martensitic Stainless Steel in Seawater." Paper presented at the CORROSION 2001, Houston, Texas, March
2001. https://onepetro.org/NACECORR/proceedings/CORR0O1/AlI-CORRO01/NACE-01229/112800.

[9]. Sharvan Kumar, William A. Curtin, Crack interaction with microstructure. Materials Today.2007; 10(9): 34-44.
https://doi.org/10.1016/S1369-7021(07)70207-9.

[10]. Craig, B.D., Krauss, G. The structure of tempered martensite and its susceptibility to hydrogen stress cracking.
Metall Trans. 1980; 11: 1799-1808. https://doi.org/10.1007/BF02655095.

[11]. NACE International. NACE Standard TM0284-2016- Evaluation of Pipeline and Pressure Vessel Steels for
Resistance to Hydrogen Induced Cracking. Houston: NACE International; 2016.

[12]. ASTM International. ASTM E112-13 - Standard Test Methods for Determining Average Grain Size. West
Conshohocken: ASTM International; 2021. https://www.astm.org/e0112-13r21.html.

[13]. ASTM International. ASTM E45-17 - Standard Test Methods for Determining the Inclusion Content of Steel. West
Conshohocken: ASTM International; 2017. https://www.astm.org/standards/e45.

[14]. ASTM International. ASTM G106-89(2015) -Standard Practice for Verification of Algorithm and Equipment for
Electrochemical Impedance Measurements. West Conshohocken: ASTM International; 2015.
https://www.astm.org/g0106-89r15.html.

[15]. Arzola S, Mendoza-Florez J, Duran-Romero R, Genesca J. Electrochemical Behavior of APl X70 steel in
Hydrogen Sulfide-Containing Solutions. Corrosion. 2006;62(5):433-443.
https://onepetro.org/corrosion/article/116759/Electrochemical-Behavior-of-API-X70-Steel-in.

[16]. Arzola-Peralta S, Genesca Llongueras J, Palomar-Pardavé M, Romero-Romo M. Study of the electrochemical
behaviour of a carbon steel electrode in sodium sulfate aqueous solutions using electrochemical impedance
spectroscopy. Journal of Solid State Electrochemistry. 2003;7(5):283-288. https://doi.org/10.1007/s10008-002-
0344-x.

[17].L. Foroni, C. Malara, Hydrogen embritlement susceptibilty of precipitation hardened Ni
alloys,in:PaperNo.3948,NACE Corrosion Conference,2014.https://doi.org/10.2355/isijinternational.ISIJINT -
2019-130.

FINANCING
The collaboration and support of the laboratories of the University of Sdo Paulo -USP Brazil, LPE, PMT-USP is
appreciated.

CONFLICT OF INTEREST
"The authors declare that there is no conflict of interest".

1010


https://doi.org/10.1016/j.ijcip.2018.10.010
https://doi.org/10.1016/j.msea.2012.06.078
https://doi.org/10.1016/j.ijhydene.2012.11.127
https://doi.org/10.1016/j.msea.2017.12.079
https://doi.org/10.1016/j.ijhydene.2016.01.031
https://doi.org/10.1016/j.corsci.2012.11.038
https://onepetro.org/NACECORR/proceedings/CORR01/All-CORR01/NACE-01229/112800
https://doi.org/10.1016/S1369-7021(07)70207-9
https://doi.org/10.1007/BF02655095
https://www.astm.org/e0112-13r21.html
https://www.astm.org/standards/e45
https://www.astm.org/g0106-89r15.html
https://onepetro.org/corrosion/article/116759/Electrochemical-Behavior-of-API-X70-Steel-in
https://doi.org/10.1007/s10008-002-0344-x
https://doi.org/10.1007/s10008-002-0344-x

International Journal of Membrane Science and Technology, 2023, Vol. 10, No. 1, pp 1006-1011

AUTHORSHIP CONTRIBUTION:

. Conceptualization: Janeth Marlene Quispe-Avilés

. Data curation: Janeth Marlene Quispe-Aviles

. Formal analysis: Janeth Marlene Quispe-Avilés

. Acquisition of funds: Janeth Marlene Quispe-Avilés

. Research: Janeth Marlene Quispe-Avilés

. Methodology: Janeth Marlene Quispe-Avilés

. Project management; Janeth Marlene Quispe-Avilés

. Resources: Janeth Marlene Quispe-Avilés

. Software: Janeth Marlene Quispe-Avilés

10. Supervision: Janeth Marlene Quispe-Avilés

11. Validation: Janeth Marlene Quispe-Avilés

12. Display: Janeth Marlene Quispe-Avilés

13. Drafting - original draft: Janeth Marlene Quispe-Avilés
14. Writing - proofreading and editing: Janeth Marlene Quispe-Avilés

O©CoO~NOOOUITr,WNE

DOI: https://doi.org/10.15379/ijmst.v10i1.2694

This is an open access article licensed under the terms of the Creative Commons Attribution Non-Commercial License
(http://creativecommons.org/licenses/by-nc/3.0/), which permits unrestricted, non-commercial use, distribution and reproduction in any medium,
provided the work is properly cited.

1011


mailto:https://doi.org/10.15379/ijmst.v10i3.1470

