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Preface 

This thesis is submitted to describe the authentically performed investigations during a period 

from October 2018 to May 2022 at the Norwegian University of Science and Technology 

(NTNU) for partial fulfillment of the requirements for the degree of Philosophiae Doctor. 

The Ph.D. work was carried out at the department of Mechanical and Industrial Engineering 

under the supervision of Professor Roy Johnsen, and Professor Afrooz Barnoush (from October 

2018 until January 2020). Dr. Tarlan Hajilou, Professor Tom Depover, and Dr. Arne Dugstad 

were appointed as co-supervisors in this work.  

The work was part of the project “Environmental Cracking of Flexible Pipe Armor Wires”. 

The project was financially supported by the Research Council of Norway, Equinor, Shell, 

Chevron, Petrobras, OKEA, TechnipFMC, NOV, Baker Hughes, and 4Subsea. 

The thesis consists of two parts. The first part includes an introduction, a brief literature review, 

and a summary of the work. The second part includes three articles published in scientific 

journals. 

Shabnam Karimi 

August 2023, Trondheim 
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Abstract 
The effect of cementite morphology on corrosion layer formation, hydrogen uptake, crack 

initiation, and growth in the presence of hydrogen was investigated in carbon steels which are 

used to fabricate armor wires in flexible pipelines.  

In situ electrochemical micro-cantilever bending test was used to examine the crack initiation 

and growth path considering hydrogen interaction with the cementite morphology of the steels. 

To realize this, a miniaturized electrochemical three-electrode cell was incorporated into the 

Nanoindenter. The fabricated micro-cantilevers were bent under hydrogen-free and in situ 

hydrogen-charged conditions. It was shown that in spheroidite microstructure, the crack growth 

followed a straight path from the notch through the thickness of the micro-cantilever, and under 

high negative charging potentials (high hydrogen fugacity) the crack growth is independent of 

grain boundaries or ferrite-cementite interfaces. In the ferrite-pearlite microstructure, 

competition between the shear mechanism and the interfacial cracking determines the crack 

growth path. 

The linear polarization resistance and weight loss tests were used to examine the effect of 

cementite morphology on the corrosion layer formation on carbon steels in an aqueous solution 

containing CO2 and CO2/H2S. After the corrosion test, the corrosion layers that formed on the 

carbon steel surfaces were characterized using scanning electron microscopy-energy dispersive 

spectroscopy, focus ion beam, and x-ray photoelectron spectroscopy to reveal the effect of 

cementite morphology on the layer formation and corresponding corrosion properties. It was 

revealed that as the cementite phase fraction is increased, the corrosion rate increases in the 

CO2 environment, while no similar trend was observed in the CO2/H2S environment, since the 

iron sulfide layer which formed immediately after the exposure prevented corrosion on the 

substrate material. Under CO2 exposure, the corrosion rate of the materials with lamellar 

ferrite-pearlite microstructures was higher than the materials with a spheroidite microstructure. 

A mechanism that explains the role of cementite morphology on corrosion layer formation in 

a CO2 environment is proposed for the studied materials. 

Hydrogen thermal desorption and hot extraction analysis were performed on the studied 

materials after exposure to three different environments (an aqueous solution with CO2 

bubbling, CO2/H2S bubbling, and cathodic charging) to investigate the influence of the 

charging condition and environment, the cementite morphology, and the corrosion layer on the 

hydrogen uptake and hydrogen desorption. The hydrogen uptake is substantially higher in the 

CO2/H2S environment compared to the CO2 environment for all materials. The hydrogen 
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uptake increases with carbon content in the CO2/H2S environment and under cathodic charging. 

The lamellar cementite morphology absorbed more hydrogen than the material with spheroidite 

microstructure with almost the same amount of carbon content in the microstructure. The 

corrosion layer formed on the steels in the CO2 environment strongly affects the hydrogen 

effusion and the thermal desorption spectroscopy spectrum, while the corrosion layer formed 

in the CO2/H2S environment does not show this effect. 
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Thesis overview 

This thesis consists of two parts, an introductory part, and three research papers that were 

published in scientific journals. The first part is the introductory part that provides the 

motivation, research objectives and scopes, the fundamental background, the main testing 

methods applied in this thesis work, a summary of the journal papers on the thesis topic, the 

main conclusions, and an outlook for future works. In the second part, the publications that 

have been published in scientific journals are collected. 

 

List of papers and contributions 

Three research papers published to peer-review journals are included in this thesis. The details 

of the papers and author contributions are presented below. 

 

Peer-review journal papers 

1. Shabnam Karimi, Iman Taji, Tarlan Hajilou, Afrooz Barnoush, and Roy Johnsen. 

"Evaluation of the cementite morphology influence on the hydrogen induced crack 

nucleation and propagation path in carbon steels." International Journal of Hydrogen 

Energy 47, no. 30 (2022): 14121-14129. 

2. Shabnam Karimi, Iman Taji, Tarlan Hajilou, Simona Palencsar, Arne Dugstad, Afrooz 

Barnoush, Kim Verbeken, Tom Depover, and Roy Johnsen. "Role of cementite 

morphology on corrosion layer formation of high-strength carbon steels in sweet and 

sour environments. " Corrosion Science 214 (2023) 111031.  

3. Shabnam Karimi, Iman Taji, Simona Palencsar, Arne Dugstad, Tarlan Hajilou, Afrooz 

Barnoush, Kim Verbeken, Roy Johnsen, and Tom Depover. "Evaluation of 

microstructural and environmental effects on the hydrogen uptake and desorption in 

high-strength carbon steels: a thermal desorption spectroscopy study. " Corrosion 

Science 219 (2023) 111210 . 

 

Statement of author contributions 
Shabnam Karimi planned and conducted the experimental work, analyzed the data, and 

prepared the full manuscript. Iman Taji and Tarlan Hjilou helped with planning the tests, the 

experimental work, and analyzing the data. Simona Palencsar and Arne Dugstad performed the 

corrosion tests at the institute for energy technology. Tom Depover helped with the TDS 
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experiments. Roy Johnsen contributed to planning the tests and intellectual discussions on data 

analysis. All the authors contributed to revising the manuscripts. 

 

Other peer-review journal publications that are not included in the thesis, but 

including contribution from the PhD candidate performed as part of the PhD 

project: 

1. Iman Taji, Tarlan Hajilou, Anna Sophie Ebner, Daniel Scheiber, Shabnam Karimi, 

Ernst Plesiutschnig, Werner Ecker, Afrooz Barnoush, Verena Maier-Kiener, Roy 

Johnsen, Vsevolod I Razumovskiy. "Hydrogen assisted intergranular cracking of alloy 

725: The effect of boron and copper alloying" Corrosion Science 203 (2022): 110331. 

2. Iman Taji, Tarlan Hajilou, Shabnam Karimi, Florian Schott, Ernst Plesiutschnig, 

Afrooz Barnoush, Roy Johnsen. "Role of grain boundaries in hydrogen embrittlement 

of alloy 725: single and bi-crystal microcantilever bending study" International Journal 

of Hydrogen Energy 47, no. 25 (2022): 12771-1278. 

1. Introduction  

1.1 Motivation 

Flexible pipes are critical elements in the offshore oil and gas industry. They are applied for 

the transition of fluids, gas, and hydrocarbons between the installations located at the seabed 

and the production facilities. As displayed in Fig.1.1[3], flexible pipes encompass several 

layers made from different materials to fulfill stiffness, strength, and fluid contaminants 

requirements and each layer plays a particular role. A flexible pipe is mainly composed of five 

layers: the carcass layer which is the nearest layer to the bore and made of a corrosion-resistant 

alloy, a polymer sheath, a pressure armor layer made of steel, a tensile armor layer made of 

high-strength steel, and the outer polymeric layer [4]. If there are damages in the inner 

polymeric layer, the water containing corrosive species like CO2 and H2S can penetrate from 

the bore into the annulus space around the armor wires. The presence of these corrosive species 

can cause corrosion and hydrogen embrittlement (HE) of the armor wires [5]. The corrosion 

process and the cathodic protection of the wires can generate atomic hydrogen and introduce it 

to the wires through the damages in the outer polymeric layer. The failure mechanisms' 

explanation when damages, fractures, and corrosion attacks occur in flexible pipes can be very 

complicated [6].  
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To be able to explain the complicated failure mechanisms of flexible pipes, understanding the 

the combined effect of the environmental conditions and the role of the microstructure of the  

 
Figure 0.1. The cross-section of an unbonded flexible pipe [3]. 

 
armor wire steels on the corrosion behavior and hydrogen uptake, are important research 

questions to be answered. In this thesis, several high-strength steels which are used in the armor 

wires (later called armor wires) in flexible pipes are included to study the role of microstructure, 

particularly the role of cementite morphology and distribution, on fracture behavior in the 

presence of hydrogen. Besides, the environmental effects coupling with the steel 

microstructure’s role on corrosion, corrosion layer formation, and hydrogen uptake in CO2 and 

CO2/H2S environments are investigated. 

 

1.2 Tensile armor layer 

Each armor wire composes of several carbon steel wires with a rectangular cross-section laid 

at an angle usually between 30 and 35 degrees from the pipe's longitudinal axis giving it a 

helical shape. Cold-drawn and heat-treated carbon steels are often used in the armor wires due 

to the development of fields and immersing the pipes in deeper water and the consequent 

increased mechanical loads on flexible pipes [7], [8].  

The armor wires provide the tensile strength in the pipe to resist axial stress due to internal 

pressure and external forces. The weight of the flexible pipe is carried by armor wires to keep 

the integrity of the pipe. Two or four layers of armor wires are used in the pipe structure and 
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the lay direction of each layer alternate to avoid torsion during tension loading. Any damage 

to the armor wires could crucially decrease the load capacity of the flexible pipe. The rupture 

of armor wires is one of the most severe failures that can happen in flexible pipes which may 

lead to the failure of the whole structure. Different failure modes and mechanisms for armor 

wires include burst (rupture of tensile armor due to excess internal pressure), tensile failure 

(rupture of tensile armor due to excess tension), compressive failure (bird-caging of armor 

wires), over-bending (unlocking of interlocked pressure or tensile armor layer), torsional 

failure (failure of armor wires, bird-caging of armor wires), fatigue failure (Armor wire fatigue) 

and corrosion (tensile armor exposed to seawater or diffused product).  

 

1.3 Research objectives 

This work focuses on the role of the microstructure on corrosion, hydrogen uptake, and 

mechanical behavior in the presence of hydrogen in carbon steels used as armor wires. The 

effect of the distribution and the morphology of the cementite phase formed in the 

microstructure during the thermo-mechanical processes, on the HE was studied in small-scale 

tests using in situ electrochemical micro-cantilever bending (ECCB) technique. In addition, the 

interaction between the cementite morphology, corrosion behavior, and corrosion layer 

formation was investigated by doing linear polarization resistance (LPR) tests and Focus ion 

beam (FIB) and SEM characterization of the corrosion layers formed in simulated 

environments containing CO2 and H2S species at room temperature. The hydrogen uptake 

capacitance of different microstructures with different cementite morphologies was studied 

based on thermal desorption spectroscopy (TDS) and hot extraction test results. The main 

objectives of this work are as follows: 

▪ Establish the correlation between the lamellar and spherical cementite morphology and 

the fracture mechanism in the presence of hydrogen. 

▪ Investigate the combined effect of environment and cementite morphology on corrosion 

under exposure to CO2 and CO2/H2S. 

▪ Reveal the role of microstructure and especially the cementite morphology on the 

corrosion layer formation in both CO2 and CO2/H2S environments. 

▪ Investigate the effect of environmental conditions, microstructures, and corrosion 

layers on the hydrogen uptake, hydrogen effusion, and TDS spectrum. 
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2. Degradation of armor wires 
A flexible pipe may fail and lose its integrity due to various damage and failure mechanisms. 

One of the main damages that have received remarkable attention is corrosion. Any damage in 

the internal polymeric layer (see Fig.1.1) of the flexible pipes may lead to corrosive species 

like CO2, H2S, and O2 diffusing into the annulus space around the armor wires and causing the 

corrosion of armor wires. The application of carbon steels is more popular for pipelines than 

corrosion resistance alloys and stainless steels because they are more cost-effective. However, 

the application prospects of carbon steels in armor wires remain limited due to their 

susceptibility to corrosion failures in sweet (CO2-containing) and sour (H2S-containing) 

environments. Sweet corrosion is the most frequent type of corrosion which occurs in oils 

containing a high partial pressure of CO2. Sour corrosion generally occurs in oils containing 

H2S at partial pressures higher than 0.003 atm. The partial pressure ratio of CO2 and H2S 

(pCO2/pH2S) defines the corrosion type. Although there is no consensus about this ratio, ratios 

lower than 20 and higher than 500 seem to sort sweet and sour corrosion, respectively [8]. The 

corrosion failure cases of armor wires are usually due to the inadequate understanding of the 

corrosion process of carbon steels in sweet and sour environments [9]–[11]. 

 

2.1 Sweet Corrosion  

Sweet corrosion (CO2 corrosion) of carbon steels in an aqueous solution is one of the most 

serious problems in the oil and gas industry since 1940. After the use of CO2 as a technique to 

enhance oil recovery and reduce greenhouse gas emissions in oil production and transport, the 

understanding of CO2 corrosion of carbon steels has become more essential [11], [12].  

In the aqueous CO2 environment, dissolved CO2 hydrates form carbonic acid. Carbonic acid 

dissociates into a hydrogen ion and a bicarbonate ion which dissociates to give another 

hydrogen ion and a carbonate ion. The corrosion process of carbon steel occurs through the 

anodic dissolution of iron and the cathodic evolution of hydrogen. There is a consensus in the 

literature that the rate of the cathodic process or hydrogen evolution reaction (HER) on steel is 

increased in the presence of CO2 in comparison with the strong acid solutions with constant 

pH [13]–[15]. This fact is generally used in oil and gas industries to explain the high level of 

corrosion rate in CO2-containing solutions [16]. Different cathodic process mechanisms have 

been extensively discussed: 

- The direct reduction mechanism which is the direct reduction of H2CO3 [14], [16] 
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- The buffering effect mechanism in which the dissolved CO2 constitutes an additional 

reservoir for HER [17] 

- H2O reduction [18] 

De Waard and Milliams [19] are the first scientists who proposed the direct reduction 

mechanism of H2CO3 in an aqueous solution occurs on steel surface as follows: 

 

𝐻2𝐶𝑂3(𝑎𝑑𝑠) +  𝑒−  →  𝐻(𝑎𝑑𝑠) + 𝐻𝐶𝑂3(𝑎𝑑𝑠)
−                                                          (1) 

𝐻𝐶𝑂3(𝑎𝑑𝑠)
− +  𝐻+ →  𝐻2 𝐶𝑂3(𝑎𝑑𝑠)                                                                       (2)  

2𝐻(𝑎𝑑𝑠) →  𝐻2                                                                                                      (3) 

 

The buffering effect mechanism can explain the increase of HER in CO2-containing solutions 

as follows [17]: 

 

𝐻2𝑂 + 𝐶𝑂2(𝑎𝑞) → 𝐻𝐶𝑂3
− + 𝐻+                                                                          (4) 

𝐻𝐶𝑂3
− → 𝐶𝑂3

2− +  𝐻+                                                                                          (5) 

2𝐻+ + 2𝑒− →  𝐻2                                                                                                (6)  

 

And the water reduction which only plays a significant role at very high pH or very low partial 

pressure of CO2 [18], [20] is as follows: 

 

𝐻2𝑂𝑒𝑞 + 𝑒− →
1

2
𝐻2(𝑔) + 𝑂𝐻𝑒𝑞

−                                                                              (7) 

 

The anodic dissolution of iron (Eq.8) is also affected by CO2 presence and the kinetic of iron 

dissolution in CO2-containing solutions is different than the kinetic in strong acids. This 

difference is due to the carbonic species which act as a chemical ligand and accelerate the 

dissolution of iron [21].      

 

𝐹𝑒2+ + 2𝑒− → 𝐹𝑒                                                                                                (8)                                                               

 

The CO2 corrosion process is often accompanied by scale formation. The overall reaction is: 

 

𝐹𝑒 + 𝐶𝑂2 +  𝐻2𝑂 → 𝐹𝑒𝐶𝑂3 + 𝐻2                                                                      (9) 
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The most common type of corrosion layer formed in CO2 corrosion is iron carbonate (FeCO3). 

It is believed that FeCO3 precipitation is achieved when the concentrations of Fe2+ and CO3
2- 

exceed the solubility limit. However, the corrosion of carbon steel leads to a higher pH at the 

steel-electrolyte interface which in turn leads to an increase in CO3
2- concentration at the 

surface, and less Fe2+ concentration is required to exceed the FeCO3 solubility limit [22], [23]. 

This corrosion layer can be protective and reduce the corrosion rate by several order of 

magnitude in some instances or non-protective depending on the conditions under which it is 

formed [21], [24]. It can decrease the corrosion rate by providing a diffusion barrier for the 

corrosion species transfer and covering a part of the steel surface. The corrosion layers' 

properties like thickness, composition, morphology, and porosity control the diffusion of the 

corrosion products and reactants through the layer and govern the rate of corrosion. 

 

2.2 Sour Corrosion  

The carbon steel corrosion in aqueous solutions containing dissolved H2S and CO2 is called 

sour corrosion (CO2/H2S corrosion). In a coexistence system of  CO2–H2S, even a small amount 

of H2S has a considerable effect on CO2 corrosion and the corrosion behavior is more obscure 

and complex to understand [25]. Although the low concentrations of H2S can inhibit the 

corrosion process due to the protective iron sulfide film formation on the steel surface, the high 

H2S concentrations can cause severe corrosion and a catastrophic failure [26], [27], [28].  

Hydrogen sulfide (H2S) is a usual species in the reservoirs of natural gas. The sour corrosion 

of carbon steel in the presence of H2S is the result of the dissolution of iron (Eq.8) as the main 

anodic reaction, accompanied by different cathodic reactions. Exactly like CO2, H2S can 

dissolve in an aqueous solution and make a weak acid (Eq.10) which can hydrate and result in 

the sour corrosion of carbon steel. 

 

𝐻2𝑆(𝑔) → 𝐻2𝑆(𝑎𝑞)                                                                                                  (10)                                                                             

𝐻2𝑆(𝑎𝑞) → 𝐻𝑆(𝑎𝑞)
− + 𝐻(𝑎𝑞)

+                                                                                     (11) 

𝐻𝑆(𝑎𝑞)
− → 𝑆(𝑎𝑞)

2− + 𝐻(𝑎𝑞)
+                                                                                          (12) 

 

Therefore, both CO2 and H2S provide oxidizing power and raise iron corrosion by establishing 

an equilibrium between the anodic and cathodic reactions. Much like sweet environments 

which are previously discussed, different cathodic process mechanisms were regarded in the 
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literature for the sour environment. The direct dissociation of H2S (Eq.13) [29], the reduction 

of H+ (Eq.6) in which H2S plays a buffering role in the mechanism, and H2O reduction (Eq.7). 

Based on recent studies, under oil and gas transportation, the dominant cathodic reaction in 

both sweet and sour environments is H+ reduction (Eq.6) [30], [31] [32]. 

 

𝐻2𝑆 + 𝑒− → 𝐻𝑆− +
1

2
𝐻2                                                                                         (13) 

 

Shoesmith et al. stated that the corrosion reaction of iron in a sour environment occurs 

predominantly by a solid-state reaction [33]: 

 

𝐹𝑒 + 𝐻2𝑆 → 𝐹𝑒𝑆 + 𝐻2                                                                                              (14) 

 

The formation of the protective FeS (mackinawite) scale is the main parameter for corrosion 

control, rather than the electrochemical kinetics [26], [34]. 

 

2.3 Hydrogen uptake in CO2 and CO2/H2S environment 

Hydrogen damage is one of the most destructive types of corrosion in CO2 and CO2/H2S 

environments which can be known as hydrogen-type corrosion or hydrogen embrittlement 

(HE) [35]. Hydrogen can enter the metal from two sources: one is the internal hydrogen or the 

entering of hydrogen into the metal from the thermomechanical and chemical processes such 

as pickling, cathodic hydrogenation, electroplating, heat treatment, etc. The other source is the 

external hydrogen or entering of hydrogen into the metal from hydrogen-generating species 

(like CO2 and H2S, etc) which is produced during the corrosion process. The cathodic corrosion 

reaction in CO2 and H2S environments is the main source of hydrogen production [36]. After 

the atomic hydrogen absorbs into the metal, it can diffuse through the lattice or along the grain 

boundaries and occupy the microstructure defects such as interfaces, grain boundaries, voids, 

etc. These microstructure defects are categorized as hydrogen traps. The traps can be reversible 

or irreversible depending on their hydrogen binding energies. The hydrogen traps have a 

considerable effect on hydrogen diffusion [37].  

The hydrogen uptake in carbon steels depends on different factors such as the environment, the 

surface condition, and the steel microstructure [4]. H2S is a major source of hydrogen. It reacts 

with the steel surface to produce iron sulfide and releases hydrogen previously bonded with 

sulfur that can be absorbed and cause a decrease in mechanical properties [38]. Moreover, H2S 
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hinders the transformation of atomic hydrogen into hydrogen molecules and facilitates the 

diffusion of atomic hydrogen into steel [39]. Although CO2 is less aggressive than H2S in 

increasing the adsorption of hydrogen in steels, it can have a direct contribution to the hydrogen 

uptake in carbon steels due to the enhanced cathodic reaction rate in its presence in an aqueous 

solution [14]. However, the corrosion products which form on the carbon steel surface are one 

of the important parameters that affect both the corrosion rate and the hydrogen uptake [40].  

The corrosion products can block the hydrogen entry into the material or be considered as a 

hydrogen reservoir that can increase hydrogen absorption [41], [42], [43]. 

 

2.4 Hydrogen embrittlement (HE) 

HE is a failure mechanism that occurs in a susceptible microstructure in the presence of 

elemental hydrogen and mechanical stress. As mentioned in the previous section, hydrogen can 

be introduced to the steel during the manufacturing process or its application and use. To 

explain the HE mechanism, different theories have been proposed in literature such as 

hydrogen-enhanced localized plasticity (HELP) [44], hydride formation [2], hydrogen-

enhanced decohesion (HEDE) [45], hydrogen-enhanced strain-induced vacancies [46], 

adsorption-induced dislocation emission (AIDE) [47], and the defactant theory [48]. 

The HELP mechanism (Fig.2.1) is based on the idea that the presence of hydrogen in a solid 

solution declines the obstacles to dislocation motion, thereby intensifying the amount of 

deformation that occurs in a localized zone adjacent to the fracture surface. Therefore, the 

fracture process is a highly localized plastic failure process rather than embrittlement and the 

root cause of the HE in this mechanism is the increase in the dislocation velocity, e.g., by the 

formation of very shallow and localized micro-voids and a localized reduction in flow stress. 

The resultant fracture surface has a macroscopically brittle appearance. 

 

 
Figure 2.1. Schematic diagram of HELP mechanism [1]. 
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Hydride formation (Fig.2.2) is a mechanism based on the formation and fracture of hydrides at 

crack tips. In this mechanism, the hydrogen diffuses to the regions with high hydrostatic stress 

at the crack tip and results in the nucleation and growth of the hydride phase. The cleavage of 

the hydride occurs when it reaches a critical size and the progressive crack is arrested at the 

hydride-matrix interface [2]. The hydrogen-enhanced strain-induced vacancies mechanism has 

a close concept to the HELP mechanism. It occurs due to the decrease in the formation energy 

of vacancy in the presence of hydrogen [49]. 

 

 
Figure 2.2. Schematic diagram of hydride formation mechanism [2]. 

 

In the HEDE mechanism (Fig.2.3), hydrogen accumulates at regions of high stress and results 

in the weakening of the interatomic bonds (Fe-Fe). Indeed, this weakening occurs when 

hydrogen donates its 1s electron to the unfilled 3d shell of the iron atoms. This mechanism 

involves also the decohesion at grain boundaries and particle/matrix interfaces ahead of the 

crack due to the hydrogen segregation in these regions. 

 

 
Figure 2.3. Schematic diagram of HEDE mechanism [2]. 
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For the adsorption-induced dislocation emission (AIDE) mechanism (Fig.2.4) both nucleation 

and subsequent movement of dislocations away from the crack tip are considered. It is 

important to mention that the nucleation step is critical and facilitated by hydrogen adsorption. 

After nucleation, dislocations can move away from the crack tip under the applied stress. 

Indeed, when a dislocation core is made in the nucleation step the breaking and reforming of 

interatomic bonds occur over several atomic distances which can facilitate the process [2]. 

Based on the defactant theory, the activation energy for dislocation nucleation is reduced by 

hydrogen. In this mechanism, hydrogen can facilitates the dislocation nucleation and decrease 

the energy of the double kink nucleation for screw dislocations [50], [51]. HE susceptibility of 

carbon steels is one of the most important concerns for material selection in the oil and gas 

industry [52]. The produced H+ during the cathodic reactions in sweet and sour environments 

can adsorb on the steel surface. The adsorbed H+ is reduced to elemental H and absorbed into 

the steel which can result in HE. When elemental hydrogen ingresses into the steel, it can 

occupy the lattice sites or the microstructural sites that show a higher affinity for hydrogen than 

the lattice. These microstructural sites such as dislocations, vacancies, grain boundaries, voids,  

 

 
Figure 2.4. Schematic diagram of AIDE mechanism [41]. 

 

phase boundaries and some intermetallic particles function as hydrogen traps in steels. The 

hydrogen traps can cause hydrogen fixation or hydrogen dispersion and the hydrogen motion 

in the steel is affected by them. The higher binding energy of hydrogen with the hydrogen trap 

leads to a stronger stability of hydrogen in the trap [53].  
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Johnson declared for the first time in 1875 that only diffusible hydrogen can cause HE [54] and 

that the susceptibility to HE is highly dependent upon diffusible hydrogen (reversible or 

trapped weakly) not non-diffusible (irreversible or trapped strongly) [55]. The diffusible 

hydrogen can accumulate in the regions with a high level of stress in the steel and facilitate 

crack initiation and propagation. 

 

2.5 Carbon steel microstructure effect  

The carbon steel microstructure is a crucial aspect of material design and selection in armor 

wires. Considering a specified chemical composition, the nature of the microstructure, the 

degree of deformation, and the shape, size, and distribution of the carbide phase (cementite, 

Fe3C) are usually what determines the steel corrosion resistance in CO2 and CO2/H2S 

environments [56]. In fact, the driving force for corrosion in aqueous environments is the 

heterogeneities in the microstructure and the resultant potential difference of small areas. In 

this regard, the different phases in the steel microstructure can act as anodic or cathodic 

preferential sites during the corrosion process. Cementite (Fe3C) functions as a preferential site 

for the hydrogen cathodic reaction in ferrite-pearlite steels [57]. A large number of researches 

published that the ferrite-pearlite microstructures show more resistance to CO2 corrosion than 

martensitic steels [58], while some other studies reported an opposite behavior [59], [60]. 

However, there is an agreement in the literature that the corrosion product's formation and 

properties and its adherence to the steel surface are dependent on the steel microstructure [61], 

[62], [63]. The higher corrosion resistance of the lamellar ferritic-pearlitic microstructure than 

the martensitic or bainitic steels is because the lamellar cementite phase provides a stronger 

adherence to FeCO3 protective film. As mentioned in section 2.1, the formation of a protective 

layer of FeCO3, in CO2 environments can prevent the diffusion of corrosive specimens and the 

dissolution of the steel [16]. Therefore, the cementite morphology in carbon steel 

microstructures plays a vital role in the steel corrosion behavior. 

As noted previously, the HE susceptibility of steel is mostly determined by the hydrogen 

diffusivity and the hydrogen uptake capacity [64]. Therefore, the most important factors that 

determine the HE susceptibility of a microstructure are the hydrogen trapping sites and 

hydrogen permeability and diffusion in that microstructure. It has been noted in the literature 

that carbon steel with as-quenched martensitic microstructure shows less HE resistance, while 

tempered martensitic or tempered bainitic microstructures show the highest level of HE 

resistance. Pearlitic microstructures and spheroidite microstructures HE resistance are in the 



 

14 
 

middle of the two abovementioned ones [65]. However, in high-strength carbon steel with 

ferritic-pearlitic microstructures, the ferrite–cementite interfaces are the main trapping sites 

and the effective diffusion coefficients increase with a decrease in the ferrite–cementite 

interface area [66].  

The role of microstructure in HE is a complex issue that needs more investigation. Nonetheless, 

some considerations are highly effective in HE resistance in a microstructure and they should 

not be ignored, such as the morphology of the martensite or pearlite, the phase distribution, the 

presence of retained austenite, the interfaces, etc. [67]. 
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3. Experimental procedure  

The details of experimental procedures are mainly presented in the respective papers concluded 

from this Ph.D. work. However, a general overview of the methodology and the used 

equipment is provided in this section. 

 

3.1 Materials and sample preparation  

Four types of carbon steels that are applied as armor wires in pipelines were used in this Ph.D. 

thesis. The samples are named based on their carbon content, CS28, CS62, CS65, and CS83 

(for instance the carbon content of material CS65 is 0.65%). The compositions and mechanical 

properties of these four steels are listed in Table 3.1. The carbon steels are armor wires of 

flexible pipes, received in the form of drawn curved wires with different widths of 9 to 12 mm 

and a thickness of 3 mm.  

 
Table 3.1. Chemical composition in wt% and the mechanical properties (yield strength (YS), and ultimate 

tensile strength (UTS) of the studied materials [66]. 

Element  C Al Si P Mo V Cr Mn Ni Cu YS(MPa) UTS(MPa) 

CS28 0.28 0.32 0.32 0.2 0.2 0.4 0.42 0.72 0.46 0.62 800 850 

CS62 0.62 0.26 0.40 0.23 0.46 0.70 0.61 1.36 0.89 0.75 1100 1300 

CS65 0.65 0.30 0.24 0.20 0.35 0.51 0.51 0.96 0.60 0.75 1250 1400 

CS83 0.83 0.19 0.35 0.30 0.35 0.54 0.55 1.07 0.69 0.59 1400 1600 

 

The microstructure of the studied materials is shown in Fig.3.1. In general the microstructure   

of all materials includes ferrite and cementite. However, the cementite morphology and 

distribution are not the same in different materials microstructures. Material CS28 is a low-

carbon steel with both large and small drawn ferrite grains, including different types of small 

ferrite sub grains The cementite particles continuously precipitated mainly along the grain 

boundaries, while a small fraction of cementite particles was dispersed inside the ferrite grains. 

Materials CS62 and CS65 are high-carbon steels that exhibited a ferrite-cementite 

microstructure with small fractions of ferrite. The morphology of the cementite in material 

CS62 consisted of spherical particles or broken lamellae in a ferrite matrix, whereas material 

CS65 showed a pearlite microstructure with thick lamellae of cementite in a ferrite matrix. The 

ferrite grain size and connection network between the ferritic grains were larger in material 

CS65 than in material CS62. Material CS83 was a hypereutectoid high-carbon steel that 
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exhibited a predominantly lamellar pearlite microstructure with a lower fraction of ferrite than 

the other materials. The ferrite, cementite, and pearlite phase fractions for all materials were 

determined by image analysis using ImageJ, and the data are listed in Table 3.2. 

 
Table 3.2. Microstructures phase fraction and interlamellar spacing [68]. 

Element  Ferrite (%) Cementite (%) Pearlite (%) Interlamellar spacing (nm) 

CS28 96 4 35 - 

CS62 91 9 81 - 

CS65 90 10 85 242±64 

CS83 80 12 98 117±30 

 

The following investigations were performed for each of the materials:  

▪ Microstructure characterization with scanning electron microscopy (SEM), and Micro- 

            cantilever bending test:  

The studied materials were cut into disk shape samples using the electrochemical discharge 

machining technique (EDM) with a diameter of 9 to 12 mm (each wire had a different width) 

and a thickness the same as the original wires. All the samples were ground sequentially from 

120 to 4000 grit SiC papers followed by mechanical polishing up to 1µm diamond suspensions 

and finally etched in 2% nital solution.  

▪ Transmission electron microscopy (TEM): 

After the micro-cantilever bending test, to investigate the crack propagation path under the 

notch root, the notch area was covered by a platinum-carbon layer using focused ion beam 

(FIB) deposition to prevent any damage to the crack by the gallium ion beam. Then the cross-

sections normal to the cantilever directions were milled and sliced by FIB. Each slicing step 

was 100 to 200 nm in thickness. The final thickness of the TEM sample was 100 nm. 

▪ Corrosion test, Thermal desorption spectroscopy (TDS) test, X-ray photoelectron 

spectroscopy (XPS), and Energy dispersive spectroscopy (EDS): 

The as-received wires were cut into rectangular specimens with a length of 12 mm and 

the same width and thickness as the original wires. All surfaces were ground with 320 

grit SiC paper washed in acetone and isopropanol in an ultrasound bath, and dried. 
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Figure 3.1. S EM micrographs of the studied materials surface. The right column shows the high magnification 

images of the microstructure of the materials. The magnification of the S EM images in each column is the same 

for all materials. The ferrite and pearlite phases are marked by F and P, respectively. The cementite particles, 

cementite lamellae, and broken lamella of cementite are marked by C-P, C-L, and C-BL, respectively [68]. 

 

3.2 Hydrogen charging   
3.2.1 Electrochemical hydrogen charging 

The hydrogen charging electrolyte used for the ECCB test is a glycerol-based solution, which 

consists of 1.3 molar borax (sodium tetraborate decahydrate) dissolved in glycerol. 1g/l 
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thiourea dissolved in 20 vol.% distilled water is added as a poison to increase the efficiency of 

hydrogen absorption [69]. This glycerol-based electrolyte can protect the sample surface from 

corrosion during the test because of its extremely low oxygen solubility and diffusivity [51]. 

For hydrogen charging of the specimens for the ECCB test, an integrated miniaturized three-

electrode electrochemical cell with a platinum counter electrode was used. The counter 

electrode was immersed in the cell electrolyte. Hg/HgSO4 was used as the reference electrode 

to avoid the surface attack which can be made by chloride ions (The Cl- ions which can be 

found in Calomel or Ag/AgCl electrodes, do not exist in this electrode. Cl- ions can interfere 

with the corrosion reactions). The reference electrode was connected to the cell through a tube 

that contains a similar solution as the charging electrolyte (Fig.3.2). The micro-cantilevers were 

potentiostatically charged at -1050 and -1550 mV versus Ag/AgCl (the potentials were 

converted and reported versus Ag/AgCl). The hydrogen charging was performed at room 

temperature.  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.2. Schematic drawing of the in situ ECCB test setup. 

 

Another set of samples that were prepared for doing the TDS tests were electrochemically 

charged in a three-electrode cell using a 3.5% NaCl solution at a constant potential of -1400 

mV versus an Ag/AgCl reference electrode. 1 g/L thiourea was added to the solution as a 

poison. A piece of platinum wire was used as the counter electrode (Fig.3.3). Samples of carbon 

steels with high carbon content, CS62, CS65, and CS83, (later called high-carbon steel) were 

charged in this cell for a duration securing saturation of the samples. The charging duration 

was aquired based on Fick’s law of diffusion [70], using the permeation diffusivity data from 

Skilbred et al. study on the same materials used in this PhD [66]. 
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Figure 3.3. Schematic drawing of the three-electrode charging cell for electrochemical hydrogen charging. 

 
3.2.2 Hydrogen charging during the corrosion test 

Modified ASTM D1141-90 seawater (without calcium chloride to avoid the formation of 

calcium carbonate) [71] was used as the corrosion test electrolyte. The corrosion tests were 

performed in a setup comprising two parts: the test cell, where the samples were immersed in 

the electrolyte, and the refill cell, which contained the fresh electrolyte required to replenish 

the electrolyte in the test cell (Fig.3.4.). Both the test cell and the refill cell were continuously 

purged with the required gas mixture. A gas-dosing system based on the Bronkhorst mass flow 

controller was used to blend the N2, CO2, and H2S. Both cells were kept at room temperature. 

The analysis of the hydrogen uptake in the samples during the corrosion test and the 

comparison between the hydrogen uptake after electrochemical charging and after the 

corrosion test is a part of this thesis. 

The hydrogen charging conditions in CO2 and CO2/H2S environments are summarized as 

follows: 

▪ CO2 exposure: 25 °C, 0.2 bar CO2, gas flow: 200ml/min in modified ASTM seawater 

(no Ca2+), low Fe2+ concentration due to electrolyte replacement (100-250 ml/h), 

exposure time: 21 days. 

▪ CO2/H2S exposure: 25 °C, 0.2 bar CO2, 1 mbar H2S, gas flow: 200 ml/min in modified 

ASTM seawater (no Ca2+), low Fe2+ concentration due to the formation of iron sulfide 

layer, exposure time: 21 days. 
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Figure 3.4. Schematic drawing of the corrosion test setup used for CO2 exposure. The test cell is replenished by 

fresh artificial seawater in the CO2 environment experiment, while in the CO2/H2S environment experiment the 

precipitation of FeS kept the concentration of the dissolved Fe2+ ions low, and therefore the test cell is not 

replenished by fresh artificial seawater [68]. 

 

3.3 Hydrogen uptake measurement 

Hydrogen uptake measurements and analysis were done on high-carbon steels, i.e. CS62, 

CS65, and CS83. TDS was applied to measure the hydrogen uptake and analyze the interaction 

between the carbon steel microstructures and hydrogen after corrosion tests in CO2, and 

CO2/H2S environments and after the electrochemical charging in 3.5% NaCl solution. The 

specimens were rinsed with isopropanol or ethanol and inserted in the liquid nitrogen as quickly 

as possible (took less than 1 minute) after being removed from the corrosion test cell or 

electrochemical charging cell to prevent the hydrogen egress from the samples. Besides, 

keeping the samples in liquid nitrogen gives this opportunity to start the TDS tests with a 

specimen at a lower temperature to minimize the hydrogen loss before the test onset. The 

hydrogen uptake analysis was performed using Bruker G4 PHOENIX DH machine. This 

apparatus consists of an ultra-high vacuum (UHV) measurement chamber equipped with a 

vacuum quartz furnace and a mass spectrometer. The infrared furnace allows the fast heating 

of the sample from room temperature up to 800 ℃ (Fig.3.5.). Two methods were used for 

hydrogen uptake analysis using Bruker G4 PHOENIX DH machine as follows: 
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▪ Hot extraction: The hot extraction method is based on the thermal activation of 

hydrogen atoms in the solid-state specimen and consecutive thermal desorption. In this 

method, the specimen is heated (via infrared radiation in G4 PHOENIX DH machine 

vacuum quartz furnace) and hydrogen is activated and desorbed out of the specimen. 

The desorbed hydrogen atoms are recombined to form hydrogen molecules. An inert 

gas (which is nitrogen in this study) is purged to the system continuously and acts as a 

gas flow to carry the desorbing hydrogen. The gas mixture is transferred to a mass 

spectrometer or a thermal conductivity detector (TCD) to measure the hydrogen content 

(in this study mass spectroscopy was used both in hot extraction and TDS analysis) 

[72]. In this study, the total hydrogen concentration of the studied high-carbon steel 

specimens was measured by Bruker G4 PHOENIX DH hot-extraction analyzer at 650 

℃ for 15 mins after hydrogen charging. 

 

 
   Figure 3.5. Bruker G4 PHOENIX DH. 

 
▪ TDS: TDS provides an indirect assessment of the microstructural features that play a 

controlling role in the hydrogen diffusivity, solubility, and trapping in the studied steels 

[73]. TDS has the same fundamentals in the hydrogen measurement technique as the 

hot extraction method. In this method, a sample that is charged previously by hydrogen 

is continuously heated following a predefined linear temperature ramp profile while the 

amount of hydrogen gas desorbed from the material is recorded. The plot of the flow 

of the desorbed hydrogen gas as a function of temperature is a TDS spectrum. The TDS 

spectrum can be deconvoluted into several peaks, each one corresponding to specific 

hydrogen traps. The activation energy of hydrogen for each trap site can be get by 
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recording Tmax and the used heating rate and by fitting the data. At least three heating 

rates should be selected to obtain a reliable fitting result [74], [75]. 

In this study, for the TDS analysis and the hydrogen desorption rate measurements, the 

temperature ramping program was used from 25 ℃ to 650 ℃ with various linear 

heating rates, i.e., 0.2, 0.3, and 0.5 K∙s-1.  

 

3.4 Corrosion layer characterization 

The characteristics of the corrosion layer which is formed on the carbon steel surfaces during 

the corrosion process in CO2 and CO2/H2S environment can affect the corrosion rate, hydrogen 

uptake, and hydrogen desorption of carbon steels. In this study, the role of cementite 

morphology on the corrosion rate and corrosion layer formation is investigated using SEM, 

FIB, EDS, and XPS. 

 

3.4.1 SEM, EDS, and FIB characterization 

To observe the morphology and thickness of the corrosion layers, the samples which were 

exposed to the CO2 environment were embedded in DuroCit-3kit, an acrylic resin that is 

suitable to protect the formed corrosion layer on the carbon steel's surface. After the curing 

time, the embedded samples were cut and the cross-section of the embedded cut samples was 

grounded up to 4000 grit SiC abrasive paper and polished up to 1µm diamond suspensions. 

The thickness of the corrosion layer formed on the samples which were exposed to the CO2/H2S 

environment was less than 1µm and the embedding process could damage these layers. 

Therefore, FIB-SEM (Helios Nanolab DualBeam FIB, Thermo Fisher Inc., USA) was 

employed to characterize the cross-sections of the specimens exposed to the CO2/H2S 

environment. First, two platinum protection layers with thicknesses of 1 μm using an electron 

beam and 1.5 μm using an ion beam were applied on a selected area on the sample surfaces to 

protect the corrosion layer from potential damage by the ion beam. Then, the cross-sections of 

the corrosion layers were imaged. 

 

3.4.2 XPS characterization 

XPS is an effective and useful technique that can provide information regarding the elemental 

composition and chemical state of the corrosion layers [76]. The output of the XPS tests are 

spectra which are gained by irradiating the surface of a material with an X-ray beam and 
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measuring the kinetic energy and number of electrons that escape from the material. This 

technique delivers the information from a thin surface layer.  

In this study, XPS was used to get the chemical composition information from the surface of 

the corrosion layers formed on the studied carbon steels exposed to the CO2 and CO2/H2S 

environments. After the corrosion tests, the samples were taken out from the electrolyte and 

washed with isopropanol and deionized water, and transferred immediately to a desiccator. The 

XPS were performed using Kratos Axis Ultra DLD equipped with an Al Kα source. The sample 

analysis chamber pressure was 1 × 10−9 Torr (0.13 μPa) during the operation. First, the 

elemental maps were obtained with the pass energy of 160 eV with two sweeps. High-

resolution regional acquisitions were performed with the pass energy of 20 eV with ten sweeps 

and 0.1 eV step size for each element. The analysis area was 300 × 700 μm2, and five areas 

were analyzed for each sample. Argon sputtering with the energy of 4 V was used for 30 

seconds to remove the surface contaminations before the start of the XPS analysis. The analysis 

started with the elemental map, then the high-resolution regional spectroscopy was carried out 

followed by 30 s argon sputtering. The obtained data were analyzed using Casa XPS software 

[77]. 

 

3.5 In situ electrochemical micro-cantilever bending (ECCB) test  

3.5.1 Micro-cantilever fabrication 

The micro-sized cantilevers with pentagonal cross-sections and a notch (with notch depth 

identical for all the micro-cantilevers), were fabricated using FEI Helios 600 DualBeam FIB 

microscope. The reason for using a notch was to increase the local stress in the notch root. A 

geometry was designed and tested to fulfill the research objectives. Micro-cantilevers were 

milled on the disk shape samples and the same design was used to mill the micro-cantilevers 

on two selected steels, CS62, and CS65, with high carbon content (Fig.3.6). The reason for 

choosing these two materials is that they have almost a similar chemical composition and they 

both have a ferrite-cementite microstructure. But the cementite morphology in material CS62 

is spherical while in material CS65 is lamellar. Therefore, the comparison between these two 

materials would be helpful to understand the role of cementite morphology on crack initiation 

and growth in the presence of hydrogen.  
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3.5.2 In situ bending test 

The micro-cantilever bending tests were performed using the Hysitron TI950 TriboIndenter 

system. This system is a depth-sensing nanomechanical test instrument that provides the 

possibility to perform quantitative nanomechanical testing. A miniaturized three-electrode cell 

 

 

 

 

 

 
 
 
 
 
 
 
 

   Figure 3.6. The micro-cantilever design used in this study. 

 
 was used for in situ charging of the microcantilevers as schematically shown in Fig.3.2. The 

electrochemical charging cell was installed in the Hysitron TI950 TriboIndenter chamber 

(Fig.3.7). The HE effect on mechanical properties was analyzed by the comparison experiments 

that the same set of cantilevers bent in two different environmental conditions, hydrogen-free, 

and hydrogen-charging conditions. The hydrogen charging process in the miniaturized cell was 

explained previously in section 3.2.1. 

During the micro-cantilever bending test, the load (F) versus the displacement (∆) is measured 

continuously. These data are converted into the common measuring units.  

 

3.5.3 Post-mortem microstructure analysis 

Micro-cantilevers bent in different environmental conditions were gently taken out of the cell, 

and washed with deionized water and ethanol. The bent micro-cantilevers were imaged by 

SEM. To have a clearer view of the crack growth path, the slice and view technique was 

performed on the bent micro-cantilever’s notch area. In this technique, the cross-section of the 

micro-cantilever in the notch area is milled in FIB to get a view from the internal parts of the 

micro-cantilever and get a deeper view of the crack initiation and growth. In the first step of 

Force 

2 µm 

5 µm 

c 



 

25 
 

the slice and view technique, the surface of the micro-cantilevers was covered by platinum to 

avoid damaging the surface during the cross-section ion milling process. The notch area was 

covered by an excess layer of platinum to be detectable (Fig.3.8). In the next step, the area near 

the cantilever root was milled to keep the notch area intact during the micro-cantilever milling 

process. The bent micro-cantilevers were transferred to a copper grid using a lift-out finger and 

then the cross-section of the notch area of the micro-cantilevers was milled from both sides 

with intervals of 100 nm followed by taking an SEM image. The final thickness was 

approximately 100 nm which was used for TEM characterization. The transferring procedure 

is shown in Fig.3.9. 

 

 
Figure 3.7. The three-electrode miniaturized cell installed in the Hysitron TI950 TriboIndenter chamber. 

 

 
Figure 3.8. Platinum coating on a bent micro-cantilever. The notch area is covered by an excess layer of platinum. 
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3.5.4 Transmission electron microscopy (TEM) 

TEM was performed by using a double spherical aberration corrected, cold field emission 

gun JEOL ARM 200FC, operated at 200 kV, on the prepared micro-cantilevers with 100 nm  

thickness. TEM was used to evaluate the cementite morphology role in crack initiation and 

propagation. TEM made it possible to follow the crack path through the lamellar cementite 

morphology in the pearlitic microstructure or the behavior of the crack around a cementite 

particle in the spheroidite microstructure. Electron energy loss spectroscopy (EELS) and 

scanning transmission electron microscopy (STEM) were performed simultaneously to get 

precise information about the microstructure phases. 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

Figure 3.9. The procedure of lifting off the TEM sample with 100 nm thickness and transferring it to a 
copper grid. a) the omniprobe is attached to the cut micro-cantilever (TEM sample) by platinum deposition with 

a low current (0.44 nA), b) the TEM sample is placed and attached to a finger of the copper grid and it is 
detached from the omniprobe, c) overview of two TEM samples attached to the fingers of the copper grid, d) a 

close image of the attached micro-cantilever to a finger. The thickness of the TEM sample is 100 nm. 

 

 

 

 

 

 

 

https://www.sciencedirect.com/topics/engineering/spherical-aberration
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4. Summary of the journal papers 
4.1 Paper 1 

4.1.1 Introduction 

Paper 1 with the title: “ Evaluation of the cementite morphology influence on the hydrogen 

induced crack nucleation and propagation path in carbon steels” was published in the 

International Journal of Hydrogen Energy [78]. 

The main objective of paper 1 was to determine the cementite morphology role in the crack 

initiation and growth path in a ferrite-pearlite microstructure and in the presence of hydrogen. 

Consequently, the experimental procedure consisted of micro-cantilever fabrication using FIB 

and in situ ECCB tests. A miniaturized three-electrode electrochemical cell was incorporated 

into the nanoindenter to charge the micro-cantilevers with hydrogen and test them in situ. Two 

high-carbon steels with similar cementite phase fractions and different cementite morphologies 

(lamellar and spherical) were chosen for this study. The ECCB tests were performed in three 

environments, hydrogen-free, -1050 mV hydrogen charging, and -1550 mV hydrogen- 

charging (the potentials reported here are versus Ag/AgCl reference electrode). The 

postmortem analysis was done using SEM, FIB, and TEM to follow the crack path. 

 

4.1.2 Main results and conclusions  

The L-∆ curves from the ECCB tests displayed a higher strength and yield point in all 

environmental conditions for the pearlite microstructure. The spheroidite microstructure 

exhibits a load reduction with displacement increment in hydrogen-charging environments, 

while the load decreases continuously in all environments for the pearlite microstructure. 

However, it should be mentioned that for the pearlite microstructure, this decrease is small 

under both hydrogen-free and -1050 mV hydrogen charging and it’s significant only under -

1550 mV hydrogen charging. 

In the first step of charging (-1050 mV), the pearlite microstructure showed more resistance to 

delamination in comparison with the spheroidite microstructure. Several small cracks appeared 

just in the middle of the width of the micro-cantilever where the material experience stress 

triaxiality. In the spheroidite microstructure, the ferrite-cementite delamination mechanism 

involves a higher volume of the material near the notch area and the initiated crack follows a 

tortuous path that passes around the cementite particles.   

In the second step of charging (-1550 mV), by increasing the hydrogen concentration, the main 

crack is initiated from the notch tip and propagates transgranular through the micro-cantilever 

thickness in the spheroidite microstructure. In this case, the crack path is independent of the 
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grain boundaries or ferrite-cementite interfaces. In the pearlite microstructure, the lamellae 

cause the crack to transact the ferrite-cementite interfaces in a non-straightforward path. and in 

this way delayed the micro-cantilever fracture. In this microstructure, a competition between 

the crack growth with the shear mechanism and the interfacial cracking leads to a curved 

growth path through the thickness of the micro-cantilever. It can be concluded that in the 

pearlite microstructure, the lamellar morphology of the cementite phase delays the fracture of 

the micro-cantilever. 

 

4.2 Paper 2 
4.2.1 Introduction 

Paper 2, with the title: “ Role of cementite morphology on corrosion layer formation of high-

strength carbon steels in sweet and sour environments”, is published in the Corrosion Science 

journal and is included in the Appendix [68]. 

The main objective of this paper was to investigate the characteristics of the corrosion layers 

formed on four different carbon steels to reveal the role of microstructure and especially the 

cementite morphology on the corrosion layer formation in both CO2 and CO2/H2S 

environments. The second objective of this study was to evaluate the role of corrosion layer 

characteristics in the corrosion behavior of the studied materials. In the second paper, we chose 

three high-carbon steels and one low-carbon steel. We focused on the high-carbon steels (which 

have higher than 0.6 w% carbon and are less investigated in the literature), and a low-carbon 

steel to be compared with the high-carbon steels. The high-carbon steel microstructures 

included ferrite-pearlite and spheroidite. These materials were exposed to CO2 and CO2/H2S 

environments in an aqueous solution. The corrosion rate of the studied materials was measured 

using the LPR technique and weight loss measurements. The corrosion layer formed on the 

surface of the samples was characterized using SEM, EDS, FIB, and XPS.  

 

4.2.2 Main results and conclusions  

The LPR data and the weight loss measurements showed that the corrosion layer formed on all 

materials in the CO2/H2S environment provided significant protection in contrast to the layers 

formed in the CO2 environment.  

An increasing trend in corrosion rate with the cementite phase fraction increment was observed 

in the CO2 environment. The FIB-SEM characterization of the corrosion layers revealed that 

in the CO2 environment, the corrosion layer formed on high-carbon steels was thicker than the 

low-carbon steel. However, the protectivity of these layers was not sufficient to prevent their 
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high corrosion rates which were escalated by the micro-galvanic effect. The corrosion rate of 

the material with the ferrite-pearlite microstructure is higher than the material with the 

spheroidite microstructure, with a similar cementite phase fraction. Besides, the increment in 

the corrosion rate is higher for ferrite-pearlite microstructures because the micro-galvanic 

effect is more prominent in ferrite-pearlite microstructures than in the spheroidite 

microstructure. Moreover, the SEM-FIB results showed that the corrosion layer formed on the 

high-carbon ferrite-pearlite microstructure is quite porous, while the corrosion layer formed on 

the low-carbon steel was more closely-packed. In the present study, the Fe2+ concentration was 

kept low (less than 80 ppm) during the corrosion tests. In this condition, in pearlitic 

microstructures, the remaining cementite network gives rise to the formation of a porous 

corrosion layer. Since the Fe2+ concentration is low, Fe2+ and Fe3+ compounds (like FeCO3, 

Fe(OH)2, and Fe2O3) as the corrosion products do not cover the porosities in between the 

remaining cementite layers completely. Moreover, in a pearlitic microstructure with small 

interlamellar spacing, the acidity prevents the corrosion product precipitation. The ferrite-

pearlite microstructure with larger ferrite areas has a non-uniform microstructure. In this 

microstructure, the crevice corrosion and breakdown of the layer lead to the formation of a 

rough and thinner corrosion layer. In the spheroidite microstructures, the uniform 

microstructure causes the formation of a porous layer with lower porosity than the corrosion 

layers in ferrite-pearlite microstructures. The low-carbon steel showed a more compact 

corrosion layer and less corrosion rate. 

In the CO2/H2S environment, no special trend was observed in the corrosion rate based on the 

cementite phase fraction of the studied materials. The presence of H2S induced a significant 

reduction in the corrosion rate in comparison with the CO2 environment. A substantial 

reduction in the corrosion layer thickness was also observed in the materials exposed to the 

H2S environment compared with the samples in the CO2 environment. However, the layers 

showed high protectivity, and unlike the CO2 environment, the thickness of the layers matters. 

The higher the layer thickness, the more protection is reached. In the CO2/H2S environment, 

after the maximum protectiveness was reached, the corrosion rate of the studied low-carbon 

steel stabilized, while there was a slight increase in the corrosion rate of the high-carbon steels 

with both the spheroidite microstructure and the ferrite-pearlite microstructure. The XPS 

results showed the presence of FeS, FeS2, and also Fe2+ and Fe3+ compounds in all the formed 

layers regardless of their microstructures in the CO2/H2S environment. It was found from the 

XPS results that with increasing the cementite phase fraction, particularly in ferrite-pearlite 
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microstructures, the proportion of the Fe2+ compound decreased, while the proportion of the 

Fe3+ compound increased.  

The delicate differences between the studied materials in the role of cementite morphology on 

the corrosion layer formation and the consequent effect of the corrosion layer on the corrosion 

rate are discussed in the paper. A mechanism that explains the role of cementite morphology 

on corrosion layer formation in the CO2 environment is proposed for the studied materials. 

 

4.3 Paper 3 

4.3.1 Introduction 

Paper 3 with the title:” Evaluation of microstructural and environmental effects on the 

hydrogen uptake and desorption in high-strength carbon steels: a thermal desorption 

spectroscopy study”, is published in the Corrosion Science journal. 

The main objective of this paper was to analyze the role of the environment, cementite 

morphology, and corrosion layers on hydrogen uptake and hydrogen desorption. Hydrogen 

thermal desorption and hot extraction analysis were performed on three high-strength carbon 

steels with different cementite morphology and microstructure. These materials were charged 

in three different environments. They were exposed to modified artificial seawater bubbled 

once with CO2 and in another test with CO2/H2S at open circuit potential for 21 days. The 
same materials were also charged cathodically in a 3.5% NaCl solution containing 1 g/l 

thiourea. All tests were done at room temperature.  

The role of the environment on hydrogen uptake was discussed by comparing the hydrogen 

uptake measurements in different environments for each material. The deconvolution of the 

TDS spectrum and the calculation of the activation energies for each TDS spectrum peak were 

used to discuss the role of the microstructure on hydrogen absorption for each material. For 

analyzing the corrosion layer effect on hydrogen desorption, the corrosion layer that was 

formed on the surface of the samples in the CO2 and CO2/H2S environment was characterized 

using FEB-SEM. The corrosion layer effect on hydrogen effusion was discussed based on the 

TDS spectrum and the corrosion layer characterization. 

 

4.3.2 Main results and conclusions  

The hot extraction results revealed that the hydrogen uptake in all the materials showed a higher 

value in the CO2/H2S environment compared with the results in the CO2 environment. The 

hydrogen uptake was higher for all the materials which were charged cathodically to their 

saturation in comparison with the materials exposed to the actual CO2 and CO2/H2S 
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environments. The hydrogen uptake increased with the cementite phase fraction increment. 

Materials with ferrite-pearlite microstructures have a significantly higher capability of 

hydrogen uptake in all charging conditions. Besides, the ferrite-pearlite microstructures 

showed higher temperature peaks which were not observable in the spheroidite microstructure. 

The ferrite-pearlite or pearlite-pearlite interfaces act as strong irreversible traps in pearlitic 

microstructures. 

In the CO2 environment, the hydrogen uptake and the hydrogen desorption were affected by 

the corrosion layer formed on the steel. In this condition, hydrogen is desorbed with a delay 

because hydrogen passed through a tortuous corrosion layer containing remaining Fe3C 

partially filled with corrosion products that can trap the hydrogen and release it with a delay. 

In the CO2/H2S environment and cathodic hydrogen charging condition, the tortuosity in the 

ferrite-pearlite microstructure delays the hydrogen desorption from the traps. This leads to 

hydrogen desorption continuing at higher temperatures. The thin corrosion layer formed in the 

CO2/H2S environment does not affect the hydrogen desorption rate while based on our previous 

article it retards the corrosion rate. 

 

5. Conclusions and future works 
5.1 Conclusions 

This work mainly investigated the effect of cementite morphology on corrosion behavior, 

hydrogen uptake, and hydrogen embrittlement of armor wire carbon steels. The experiments 

were performed on four types of carbon steels with different microstructures which are used as 

armor wires in flexible pipes. 

The following conclusions are from the study of the role of cementite morphology on the 

hydrogen-induced crack nucleation and propagation path using the ECCB method: 

▪ In spheroidite microstructure and under the lower hydrogen concentration, the ferrite-

cementite interface delamination mechanism involves a higher volume of the material 

near the notch area. 

▪  The pearlitic microstructure showed more resistance to delamination and several small 

cracks appeared just in the area where the material experience stress triaxiality. 

▪ In the spheroidite microstructure, by increasing the hydrogen concentration, the crack 

initiates from the notch tip and propagates transgranulary through the sample thickness. 

▪  The pearlitic microstructure, by increasing the hydrogen concentration, depicted a 

competition between the crack growth with the shear mechanism and the interfacial 

https://www.sciencedirect.com/topics/chemistry/delamination
https://www.sciencedirect.com/topics/engineering/stress-triaxiality
https://www.sciencedirect.com/topics/engineering/notch-tip
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cracking which leads to a curved growth path through the thickness of the micro-

cantilever. 

▪ In pearlitic microstructure, the shear mechanism activates, and the lamellas cause the 

crack to transact the ferrite-cementite interfaces in a non-straightforward path and in 

this way delay the fracture of the sample. 

The following conclusions are from the investigation of the role of cementite morphology on 

corrosion behavior and corrosion layer formation of high-strength carbon steels in CO2 and 

CO2/H2S environments: 

▪ The corrosion layer formed on all microstructures in the CO2/H2S environment 

provided significant protection, in contrast to the layer formed in the CO2 environment. 

▪ With increasing carbon content and cementite phase fraction, the corrosion rate 

increased in the CO2 environment while no special trend was observed in 

the CO2/H2S environment. 

▪ The corrosion rate of the material with ferritic/pearlitic microstructure was higher than 

the material spheroidite microstructure owing to the more prominent micro-galvanic 

effect in lamellar microstructures. 

▪ In the CO2/H2S environment, the corrosion rate of the low-carbon steel stabilized is the 

maximum protectiveness is reached. 

▪  For materials with high carbon content and spheroidite or pearlite microstructures, the 

corrosion rate showed a slight increase until the end of the experiment. The pearlite 

microstructure with the connected ferrite phase showed the highest corrosion rate 

increase. 

▪ It was found from XPS results that by increasing the carbon content, particularly in 

ferritic/pearlitic microstructures, the proportions of Fe2+ compounds decreased and the 

proportions of the Fe3+-related compounds increased. 

The following conclusions are from the investigation of the microstructure and environmental 

effects on hydrogen uptake and desorption using TDS: 

▪ The hydrogen uptake in all studied materials shows a higher value in the CO2/H2S 

environment compared with the results in the pure CO2 environment.  

▪ The hydrogen uptake is higher for all materials which are charged cathodically to their 

saturation in comparison with the materials exposed to CO2 and CO2/H2S environments 

under the actual exposure conditions. 
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▪ The hydrogen uptake in the material with the lamellar cementite morphology is 

significantly higher than the material with the spherical cementite morphology with 

almost similar carbon content, in the CO2/H2S environment, and cathodic hydrogen 

charging condition. 

▪ In the CO2 environment, the hydrogen uptake and the hydrogen desorption are affected 

by the corrosion layer formed on the steel. In this condition, hydrogen desorbs with a 

delay because hydrogen passes through a tortuous corrosion layer containing remaining 

Fe3C partially filled with corrosion products that can trap hydrogen and release it with 

a delay. 

▪ The pearlite/ferrite and pearlite/pearlite interfaces act as strong irreversible traps in 

pearlitic microstructures. 

▪ In the CO2/H2S environment and cathodic hydrogen charging condition, the tortuosity 

in the lamellar pearlitic microstructures delays the hydrogen desorption from the traps. 

This leads to hydrogen desorption continuing at higher temperatures. 

▪ The thin corrosion layer formed in the CO2/H2S environment does not affect the 

hydrogen desorption rate while based on our previous study it retards the corrosion rate. 

 

5.2 Future works 

To sum up, the present PhD work comprehensively studied the role of the microstructure and 

particularly the cementite morphology of different carbon steels with ferrite-pearlite and 

spheroidite microstructures on the corrosion layer formation, corrosion rate, hydrogen uptake, 

HE susceptibility, and crack growth path. In this thises novel in situ ECCB and the corrosion 

tests in the presence of CO2 and CO2/H2S in the environment, TDS, hot extraction, and different 

measurement techniques were used. SEM, EDS, FIB, XPS, and TEM were used as sample 

preparation or postmortem analysis tools. 

Due to time and technical limitations, some works could not be performed and realized in the 

present PhD study. Some of the outlooks and future works are listed as follows: 

▪ Grain boundaries are one of the most vulnerable sites for HE. Therefore further studies 

focusing on the grain boundary behavior need to be done. This can be achieved by 

performing the Electron back scattered diffraction technique (EBSD) to investigate the 

distribution of the high-angle and low-angle grain boundaries in different 

microstructures. This data could be useful in TDS data analysis. Besides, different grain 

boundaries can be marked using micro-indenter and EBSD, and then the selected grain 
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boundaries can be tested with the ECCB method to investigate the interaction of 

different grain boundaries and their effects on the mechanical properties and HE. 

The effect of the presence of cementite in the grain boundary can be also investigated 

by performing the ECCB test on two different micro-cantilevers which both have the 

same angle, one with cementite and the other without. 

 

▪ The ECCB method can be used to study the effect of the interlamellar spacing in the 

pearlitic microstructures on the crack initiation and growth and also on the mechanical 

degradation in the presence of hydrogen. 

Moreover, milling the micro-cantilevers with different notch orientations in the 

pearlitic microstructures can be helpful to study the preferential crack growth path when 

the notch (the stress concentration) is parallel or perpendicular to the cementite 

lamellae.  

 

▪ Among the different factors that affect the CO2 or CO2/H2S environments 

aggressiveness, temperature plays a mutual role. In a corrosion process, an increase in 

the temperature elevates the corrosion rate, at the same time it might play a catalytic 

role in the corrosion layer formation [80]. Therefore, the effect of the temperature on 

the corrosion layer formation and the consequent effect on the corrosion rate in CO2 or 

CO2/H2S environments for the studied material needs to be investigated in further 

studies. 

 

▪ Aggressive environments (i.e., high CO2 and/or H2S contents) with high pressures and 

high temperatures are conditions to be faced by steels used in pipelines. The 

temperature in subsea pipelines can be higher than 100 °C [80]. The corrosion layer 

which is formed on the steel surface at high temperature is different from the layer 

formed at room temperature. The effect of the corrosion layer which is formed on high 

temperature in CO2 and CO2/H2S environments on hydrogen uptake needs to be studies 

in future works. 

 

 

 

 



 

35 
 

References 
 

[1] X. Li, X. Ma, J. Zhang, E. Akiyama, Y. Wang, and X. Song, “Review of hydrogen 

embrittlement in metals: hydrogen diffusion, hydrogen characterization, hydrogen 

embrittlement mechanism and prevention,” Acta Metall. Sin. English Lett., vol. 33, no. 

6, pp. 759–773, 2020, doi: 10.1007/s40195-020-01039-7. 

[2] S. Lynch, “Hydrogen embrittlement phenomena and mechanisms,” Corros. Rev., vol. 

30, no. 3–4, pp. 105–123, 2012, doi: 10.1515/corrrev-2012-0502. 

[3] X. Li and M. A. Vaz, “Analytical estimation on the number of bending cycles to initiate 

armour wires lateral buckling in flexible pipes,” Ocean Eng., vol. 228, no. September 

2020, p. 108838, 2021, doi: 10.1016/j.oceaneng.2021.108838. 

[4] E. S. Skilbred, S. Palencsár, A. Dugstad, and R. Johnsen, “Hydrogen uptake during 

active CO2-H2S corrosion of carbon steel wires in simulated annulus fluid,” Corros. 

Sci., vol. 199, no. February, 2022, doi: 10.1016/j.corsci.2022.110172. 

[5] A. Dugstad, S. Palencsár, T. Berntsen, and L. Børvik, “Corrosion of steel armour wires 

in flexible pipes - history effects,” Soc. Pet. Eng. - SPE Int. Oilf. Corros. Conf. Exhib. 

2018, no. June, pp. 18–19, 2018, doi: 10.2118/190907-ms. 

[6] M. G. Marinho, D.R. Pipa, C.S. Camerini, G.P. Pires, A.B. Moreira, S.R. Morikawa, 

J.M. Santos, “New techniques for integrity management of flexible riser-end fitting 

connection,” Proc. Int. Conf. Offshore Mech. Arct. Eng. - OMAE, vol. 3, pp. 643–648, 

2008, doi: 10.1115/OMAE2008-57929. 

[7] N. Desamais and C. Taravel-Condat, “On the beneficial influence of a very low supply 

of H2S on the hydrogen embrittlement resistance of carbon steel wires in flexible pipe 

annulus,”  In Offshore Technology Conference. OnePetro, 2009, doi: 10.4043/otc-

19950-ms. 

[8] Z. F. Yin, W. Z. Zhao, Z. Q. Bai, Y. R. Feng, and W. J. Zhou, “Corrosion behavior of 

SM 80SS tube steel in stimulant solution containing H2S and CO2,” Electrochimica 

Acta 53, vol. 53, no. 10, pp. 3690–3700, 2008, doi: 10.1016/j.electacta.2007.12.039. 

[9] S. Zhang et al., “Understanding the synergistic effect of CO2, H2S and fluid flow towards 

carbon steel corrosion,” Vacuum, vol. 196, no. October 2021, p. 110790, 2022, doi: 

10.1016/j.vacuum.2021.110790. 

[10] G. A. Zhang, Y. Zeng, X. P. Guo, F. Jiang, D. Y. Shi, and Z. Y. Chen, “Electrochemical 

corrosion behavior of carbon steel under dynamic high pressure H2S/CO2 environment,” 

Corros. Sci., vol. 65, pp. 37–47, 2012, doi: 10.1016/j.corsci.2012.08.007. 



 

36 
 

[11] T. das Chagas Almeida, M. C. E. Bandeira, R. M. Moreira, and O. R. Mattos, “New 

insights on the role of CO2 in the mechanism of carbon steel corrosion,” Corros. Sci., 

vol. 120, pp. 239–250, 2017, doi: 10.1016/j.corsci.2017.02.016. 

[12] R. Safi, R. K. Agarwal, and S. Banerjee, “Numerical simulation and optimization of CO2 

utilization for enhanced oil recovery from depleted reservoirs,” Chem. Eng. Sci., vol. 

144, pp. 30–38, 2016, doi: 10.1016/j.ces.2016.01.021. 

[13] T. Tran, B. Brown, S. Nesic, “Corrosion of mild steel in an aqueous CO2 environment – 

basic electrochemical mechanisms revisited,” NACE - Int. Corros. Conf., OnePetro, no. 

5671, pp. 1–11, 2015. 

[14] B. R. Linter and G. T. Burstein, “Reactions of pipeline steels in carbon dioxide 

solutions,” Corros. Sci., vol. 41, no. 1, pp. 117–139, 1999, doi: 10.1016/S0010-

938X(98)00104-8. 

[15] S. Nesic, J. Postlethwaite, and S. Olsen, “An Electrochemical model for prediction of 

corrosion of mild steel in aqueous carbon dioxide solutions,” Corros., vol. 52, no. 4, pp. 

280–294, 1996, doi: 10.5006/1.3293640. 

[16] M. B. Kermani and A. Morshed, “Critical review of corrosion science and engineering 

carbon dioxide corrosion in oil and gas production-a compendium,” Corrosion 59, vol. 

59, no. 8, pp. 659–683, 2003. 

[17] E. Remita, B. Tribollet, E. Sutter, V. Vivier, F. Ropital, and J. Kittel, “Hydrogen 

evolution in aqueous solutions containing dissolved CO2: Quantitative contribution of 

the buffering effect,” Corros. Sci., vol. 50, no. 5, pp. 1433–1440, 2008, doi: 

10.1016/j.corsci.2007.12.007. 

[18] S. N. Esmaeely, G. Bota, B. Brown, and S. Nešić, “Influence of pyrrhotite on the 

corrosion of mild steel,” Corrosion, vol. 74, no. 1, pp. 37–49, 2018, doi: 10.5006/2505. 

[19] C. De Waard, and D. E. Milliams, “Carbonic Acid Corrosion of Steel.,” Corrosion, vol. 

31, no. 5. pp. 177–181, 1975, doi: 10.5006/0010-9312-31.5.177. 

[20] S. Nesic, “Effects of multiphase flow on internal CO2 corrosion of mild steel pipelines,” 

Energy and Fuels, vol. 26, no. 7, pp. 4098–4111, 2012, doi: 10.1021/ef3002795. 

[21] S. Nešić, “Key issues related to modelling of internal corrosion of oil and gas pipelines 

-a review,” Corros.Sci., vol.49, no.12, pp.4308-4338, 2007, doi: 

10.1016/j.corsci.2007.06.006. 

[22] S. Nešić, M. Nordsveen, R. Nyborg, and A. Stangeland, “A mechanistic model for 

carbon dioxide corrosion of mild steel in the presence of protective iron carbonate films 

- part 2: a numerical experiment,” Corrosion, vol. 59, no. 6, pp. 489–497, 2003, doi: 



 

37 
 

10.5006/1.3277579. 

[23] S. Nešić, J. Han, B. N. Brown, and D. Young, “Mesh-capped probe design for direct pH 

measurements at an actively corroding metal surface,” J. Appl. Electrochem., vol. 40, 

no. 3, pp. 683–690, 2010, doi: 10.1007/s10800-009-0043-8. 

[24] R. Barker et al., “Iron carbonate formation kinetics onto corroding and pre-filmed 

carbon steel surfaces in carbon dioxide corrosion environments,” Appl. Surf. Sci., vol. 

469, no. March 2018, pp. 135–145, 2019, doi: 10.1016/j.apsusc.2018.10.238. 

[25] H. Karimi Abadeh and M. Javidi, “Assessment and influence of temperature, NaCl and 

H2S on CO2 corrosion behavior of different microstructures of API 5L X52 carbon steel 

in aqueous environments,” J. Nat. Gas Sci. Eng., vol. 67, no. April, pp. 93–107, 2019, 

doi: 10.1016/j.jngse.2019.04.023. 

[26] W. Sun, S. Nesic, “A mechanistic model of H2S corrosion of mild steel,” NACE - Int. 

Corros. Conf., OnePetro, no. 07655, pp. 1–26, 2007. 

[27] K. J. Lee, S. Nesic, “The effect of trace amount of H2S on CO2 corrosion investigated 

by using the EIS technique,” NACE - Int. Corros. Conf., OnePetro, no. 05630, pp. 1–16, 

2005. 

[28] R. Eustaquio-Rincón, M. E. Rebolledo-Libreros, A. Trejo, and R. Molnar, “Corrosion 

in aqueous solution of two alkanolamines with CO2 and H2S: N-methyldiethanolamine 

+ diethanolamine at 393 K,” Ind. Eng. Chem. Res., vol. 47, no. 14, pp. 4726–4735, 2008, 

doi: 10.1021/ie071557r. 

[29] P. W. Bolmer, “Polarization of iron in H2S-NaHS buffers,” Corrosion, vol. 21, no. 3. 

pp. 69–75, 1965, doi: 10.5006/0010-9312-21.3.69. 

[30] J. Kittel, F. Ropital, F. Grosjean, E. M. M. Sutter, and B. Tribollet, “Corrosion 

mechanisms in aqueous solutions containing dissolved H2S. part 1: characterisation of 

H2S reduction on a 316L rotating disc electrode,” Corros. Sci., vol. 66, pp. 324–329, 

2013, doi: 10.1016/j.corsci.2012.09.036. 

[31] A. Kahyarian and S. Nesic, “H2S corrosion of mild steel: a quantitative analysis of the 

mechanism of the cathodic reaction,” Electrochim. Acta, vol. 297, pp. 676–684, 2019, 

doi: 10.1016/j.electacta.2018.12.029. 

[32] R. Barker, Y. Hua, and A. Neville, “Internal corrosion of carbon steel pipelines for 

dense-phase CO2 transport in carbon capture and storage (CCS) – a review,” Int. Mater. 

Rev., vol. 62, no. 1, pp. 1–31, 2017, doi: 10.1080/09506608.2016.1176306. 

[33] D. W. Shoesmith, P. Taylor, M. G. Bailey, and D. G. Owen, “The formation of ferrous 

monosulfide polymorphs during the corrosion of iron by aqueous hydrogen sulfide at 



 

38 
 

21°C,” J. Electrochem. Soc., vol. 127, no. 5, pp. 1007–1015, 1980, doi: 

10.1149/1.2129808. 

[34] S. Nesic, H. Li, J. Huang, and D. Sormaz, “An open source mechanistic model for 

CO2/H2S corrosion of carbon steel,” In Corrosion. OnePetro, no. 09572, pp. 1–19, 2009. 

[35] S. Wang, L. Wang, X.Liu, M. Bao, L.Liu, X. Wang, C. Ren, “Influence of CO2 and H2S 

concentration on hydrogen permeation behavior of P110 steel,” Int. J. Electrochem. Sci., 

vol. 12, no. 11, pp. 10317–10337, 2017, doi: 10.20964/2017.11.29. 

[36] W.Y. Chu, S.Q. Li, C.M. Haiao, and J.Z. Tien, “ Mechanism of stress corrosion cracking 

of steels in H2S, ” Corrosion 36, no.9 (1980): 475-482. 

[37] B. A. Szost, R. H. Vegter, and P. E. J. Rivera-Díaz-Del-Castillo, “Hydrogen-trapping 

mechanisms in nanostructured steels,” Metall. Mater. Trans. A Phys. Metall. Mater. Sci., 

vol. 44, no. 10, pp. 4542–4550, 2013, doi: 10.1007/s11661-013-1795-7. 

[38] K. G. Solheim, J. K. Solberg, J. Walmsley, F. Rosenqvist, and T. H. Bjørnå, “The role 

of retained austenite in hydrogen embrittlement of supermartensitic stainless steel,” Eng. 

Fail. Anal., vol. 34, no. 4035, pp. 140–149, 2013, doi: 

10.1016/j.engfailanal.2013.07.025. 

[39] S. Papavinasam, “The main environmental factors influencing corrosion,” Corrosion 

Control in the Oil and Gas Industry (2014): 179-247. 

[40] E. Wallaert, T. Depover, I. De Graeve, and K. Verbeken, “FeS corrosion products 

formation and hydrogen uptake in a sour environment for quenched & tempered steel,” 

Metals (Basel)., vol. 8, no. 1, 2018, doi: 10.3390/met8010062. 

[41] S. Zheng, C. Zhou, P. Wang, C. Chen, and L. Chen, “Effects of the temperature on the 

hydrogen permeation behaviours of l360ncs pipeline steel in 1 MPa H2S environments,” 

Int. J. Electrochem. Sci., vol. 8, no. 2, pp. 2880–2891, 2013. 

[42] F. Huang, P. Cheng, X. Y. Zhao, J. Liu, Q. Hu, and Y. F. Cheng, “Effect of sulfide films 

formed on X65 steel surface on hydrogen permeation in H2S environments,” Int. J. 

Hydrogen Energy, vol. 42, no. 7, pp. 4561–4570, 2017, doi: 

10.1016/j.ijhydene.2016.10.130. 

[43] M. Monnot, R.P. Nogueira, V. Roche, G. Berthome, E. Chauveau, R. Estevez, M. 

Mantel, “Sulfide stress corrosion study of a super martensitic stainless steel in H2S sour 

environments: metallic sulfides formation and hydrogen embrittlement,” Appl. Surf. 

Sci., vol. 394, pp. 132–141, 2017, doi: 10.1016/j.apsusc.2016.10.072. 

[44] C. D. Beachem, “A new model for hydrogen-assisted cracking (hydrogen 

‘embrittlement’),” Metall. Trans., vol. 3, no. 2, pp. 441–455, 1972, doi: 



 

39 
 

10.1007/BF02642048. 

[45] A. R. Troiano, “The Role of hydrogen and other interstitials in the mechanical behavior 

of metals: (1959 Edward De Mille Campbell Memorial Lecture),” Metallogr. 

Microstruct. Anal., vol. 5, no. 6, pp. 557–569, 2016, doi: 10.1007/s13632-016-0319-4. 

[46] M. Hatano, M. Fujinami, K. Arai, H. Fujii, and M. Nagumo, “Hydrogen embrittlement 

of austenitic stainless steels revealed by deformation microstructures and strain-induced 

creation of vacancies,” Acta Mater., vol. 67, pp. 342–353, 2014, doi: 

10.1016/j.actamat.2013.12.039. 

[47] Z. Wang, X. Shi, X. S. Yang, W. He, S. Q. Shi, and X. Ma, “Atomistic simulation of the 

effect of the dissolution and adsorption of hydrogen atoms on the fracture of α-Fe single 

crystal under tensile load,” Int. J. Hydrogen Energy, vol. 46, no. 1, pp. 1347–1361, 2021, 

doi: 10.1016/j.ijhydene.2020.09.216. 

[48] R. Kirchheim, “Revisiting hydrogen embrittlement models and hydrogen-induced 

homogeneous nucleation of dislocations,” Scr. Mater., vol. 62, no. 2, pp. 67–70, 2010, 

doi: 10.1016/j.scriptamat.2009.09.037. 

[49] M. Nagumo, “Hydrogen related failure of steels - a new aspect,” Mater. Sci. Technol., 

vol. 20, no. 8, pp. 940–950, 2004, doi: 10.1179/026708304225019687. 

[50] R. Kirchheim, “On the solute-defect interaction in the framework of a defactant 

concept,” International journal of materials research 100, no. 4 (2009): 483-487.  

[51] M. Deutges, I. Knorr, C. Borchers, C. A. Volkert, and R. Kirchheim, “Influence of 

hydrogen on the deformation morphology of vanadium (100) micropillars in the α-phase 

of the vanadium-hydrogen system,” Scr. Mater., vol. 68, no. 1, pp. 71–74, 2013, doi: 

10.1016/j.scriptamat.2012.09.020. 

[52] C. Plennevaux, J. Kittel, M. Fregonese, B. Normand, F. Ropital, T. Cassagne, 

“Contribution of CO2 on hydrogen evolution and hydrogen permeation in low alloy 

steels exposed to H2S environment,” Electrochem. commun., vol. 26, no. 1, pp. 17–20, 

2013, doi: 10.1016/j.elecom.2012.10.010. 

[53] M. T. Ma, K. J. Li, Y. Si, P. J. Cao, H. Z. Lu, A. M. Guo, G. D. Wang, “Hydrogen 

embrittlement of advanced high-strength steel for automobile application: a review,” 

Acta Metall. Sin. (English Lett., no. 0123456789, 2023, doi: 10.1007/s40195-022-

01517-0. 

[54] W. H. Johnson, “II. On some remarkable changes produced in iron and steel by the 

action of hydrogen and acids,” Proceedings of the Royal Society of London 23, no. 156-

163 (1875): 168-179, doi: 10.1098/rspl.1874.0024. 



 

40 
 

[55] T. Doshida and K. Takai, “Dependence of hydrogen-induced lattice defects and 

hydrogen embrittlement of cold-drawn pearlitic steels on hydrogen trap state, 

temperature, strain rate and hydrogen content,” Acta Mater., vol. 79, pp. 93–107, 2014, 

doi: 10.1016/j.actamat.2014.07.008. 

[56] D. Clover, B. Kinsella, B. Pejcic, and R. De Marco, “The influence of microstructure on 

the corrosion rate of various carbon steels,” J. Appl. Electrochem., vol. 35, no. 2, pp. 

139–149, 2005, doi: 10.1007/s10800-004-6207-7. 

[57] S. C. da Silva, E. A. de Souza, F. Pessu, Y. Hua, R. Barker, A, Neville, J. A. da Gunha 

Ponciano Gomes, “Cracking mechanism in API 5L X65 steel in a CO2 -saturated 

environment,” Eng. Fail. Anal., vol. 99, no. February, pp. 273–291, 2019, doi: 

10.1016/j.engfailanal.2019.02.031. 

[58] M. Ueda, and H. Takabe, “Effect of Environmental Factor and Microstructure on 

morphology of corrosion products in CO2 environments,” NACE - Int. Corros. Conf. 

OnePetro, 1999. 

[59] M. Di Bonaventura, B. Brown, S. Nešić, and M. Singer, “Effect of flow and steel 

microstructure on the formation of iron carbonate,” Corrosion, vol. 75, no. 10, pp. 1183–

1193, 2019, doi: 10.5006/3118. 

[60] W. H. Schreiner and S. R. De Sa, “The influence of carbon steel microstructure on 

corrosion layers An XPS and SEM characterization,” Applied surface science vol. 207, 

no. 1-4 (2003): 69-85.. 

[61] A. Dugstad, H. Hemmer, and M. Seiersten, “Effect of steel microstructure upon 

corrosion rate and protective iron carbonate film formation,” NACE - Int. Corros. Conf. 

Ser., vol. 2000-March, no. 4, 2000. 

[62] S. Al-Hassan, B. Mishra, D. L. Olson, and M. M. Salama, “Effect of microstructure on 

corrosion of steels in aqueous solutions containing carbon dioxide,” Corrosion, vol. 54, 

no. 6, pp. 480–491, 1998, doi: 10.5006/1.3284876. 

[63] C. A. Palacios and J. R. Shadley, “Characteristics of corrosion scales on steels in a CO2-

saturated NaCl brine,” Corrosion, vol. 47, no. 2, pp. 122–127, 1991, doi: 

10.5006/1.3585227. 

[64] H. W. Pickering, “A review of the mechanism and kinetics of electrochemical hydrogen 

entry and degradiation of metallic systems,” College Earth and Mineral Sciences, no. 

a216671, 1990. 

[65] A. W. Thompson, and I. M. Bernstein, “The Role of metallurgical variables in hydrogen-

assisted environmental fracture,” Adv. Corros. Sci. Technol., pp. 53–175, 1980, doi: 



 

41 
 

10.1007/978-1-4615-9065-1_2. 

[66] E. S. Skilbred, M. Kappes, M. Iannuzzi, and R. Johnsen, “Hydrogen uptake and 

diffusivity in steel armor wires with different chemical composition, carbide 

distribution, grain size, and degree of deformation,” Mater. Corros., vol. 73, no. 3, pp. 

326–345, 2022, doi: 10.1002/maco.202112615. 

[67] S. L. I. Chan, “Hydrogen trapping ability of steels with different microstructures,” J. 

Chinese Inst. Eng. Trans. Chinese Inst. Eng. A/Chung-kuo K. Ch’eng Hsuch K’an, vol. 

22, no. 1, pp. 43–53, 1999, doi: 10.1080/02533839.1999.9670440. 

[68] S. Karimi, I. Taji, T. Hajilou, S. Palencsar, A. Dugstad, A. Barnoush, K. Verbeken, T. 

Depover, and R. Johnsen, “Role of cementite morphology on corrosion layer formation 

of high-strength carbon steels in sweet and sour environments,” Corros. Sci., vol. 214, 

no. February, p. 111031, 2023, doi: 10.1016/j.corsci.2023.111031. 

[69] M. Kappes, G. S. Frankel, R. Thodla, M. Mueller, N. Sridhar, and R. M. Carranza, 

“Hydrogen permeation and corrosion fatigue crack growth rates of X65 pipeline steel 

exposed to acid brines containing thiosulfate or hydrogen sulfide,” Corrosion, vol. 68, 

no. 11, pp. 1015–1028, 2012, doi: 10.5006/0636. 

[70] L. Claeys, T. Depover, I. De Graeve, and K. Verbeken, “Electrochemical hydrogen 

charging of duplex stainless steel,” Corrosion, vol. 75, no. 8, pp. 880–887, 2019, doi: 

10.5006/2959. 

[71] S. N. Esmaeely, Y. S. Choi, D. Young, and S. Nešić, “Effect of calcium on the formation 

and protectiveness of an iron carbonate layer in CO2 corrosion,” Mater. Perform., vol. 

53, no. 5, pp. 54–59, 2014. 

[72] M. Rhode, T. Schaupp, C. Muenster, T. Mente, T. Boellinghaus, and T. Kannengiesser, 

“Hydrogen determination in welded specimens by carrier gas hot extraction — a review 

on the main parameters and their effects on hydrogen measurement,” pp. 511–526, 2019. 

[73] E. Malitckii, E. Fangnon, and P. Vilaça, “Evaluation of steels susceptibility to hydrogen 

embrittlement: a thermal desorption spectroscopy-based approach coupled with artificial 

neural network,” Materials (Basel)., vol. 13, no. 23, pp. 1–14, 2020, doi: 

10.3390/ma13235500. 

[74] F. J. Castro and G. Meyer, “Thermal desorption spectroscopy (TDS) method for 

hydrogen desorption characterization (I): Theoretical aspects,” J. Alloys Compd., vol. 

330–332, pp. 59–63, 2002, doi: 10.1016/S0925-8388(01)01625-5. 

[75] F. Von Zeppelin, M. Haluška, and M. Hirscher, “Thermal desorption spectroscopy as a 

quantitative tool to determine the hydrogen content in solids,” Thermochim. Acta, vol. 



 

42 
 

404, no. 1–2, pp. 251–258, 2003, doi: 10.1016/S0040-6031(03)00183-7. 

[76] R. Gašparac, C. R. Martin, E. Stupnišek-Lisac, and Z. Mandic, “In Situ and Ex Situ 

Studies of Imidazole and Its Derivatives as Copper Corrosion Inhibitors. II. AC 

Impedance, XPS, and SIMS Studies,” J. Electrochem. Soc., vol. 147, no. 3, p. 991, 2000, 

doi: 10.1149/1.1393302. 

[77]    CASA XPS, "Casa XPS," 2022. [Online]. Available: CASA XPS software. [Accessed 

13 march 2023], http://www.casaxps.com/. 

[78] S. Karimi, I. Taji, T. Hajilou, A. Barnoush, and R. Johnsen, “Evaluation of the cementite 

morphology influence on the hydrogen induced crack nucleation and propagation path 

in carbon steels,” Int. J. Hydrogen Energy, vol. 47, no. 30, pp. 14121–14129, 2022, doi: 

10.1016/j.ijhydene.2022.01.222. 

[79] R. C. Souza et al., “The role of temperature and H2S (thiosulfate) on the corrosion 

products of API X65 carbon steel exposed to sweet environment,” J. Pet. Sci. Eng., vol. 

180, no. April, pp. 78–88, 2019, doi: 10.1016/j.petrol.2019.05.036. 

[80] N. Taylor and A. Ben Gan, “Submarine pipeline buckling-imperfection studies,” Thin-

Walled Struct., vol. 4, no. 4, pp. 295–323, 1986, doi: 10.1016/0263-8231(86)90035-2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

43 
 

 

 

 

 

 

 

Part Ⅱ 

 
 

 

 

 





 

44 
 

 

 

 

 

 

Paper Ⅰ 
 

Shabnam Karimi, Iman Taji, Tarlan Hajilou, Afrooz Barnoush, Roy Johnsen 

 

Evaluation of the cementite morphology influence on the hydrogen induced 

crack nucleation and propagation path in carbon steels 

 

International journal of hydrogen energy (2022) 

https://doi.org/10.1016/j.ijhydene.2022.01.222 

https://doi.org/10.1016/j.ijhydene.2022.01.222




 

45 
 

 



 

46 
 

 



 

47 
 

 



 

48 
 

 



 

49 
 

 



 

50 
 

 



 

51 
 

 



 

52 
 

 



 

53 
 

 





 

54 
 

 

 

 

 

 

 

 

 

 

 

Paper ⅠⅠ 
 

Shabnam Karimi, Iman Taji, Tarlan Hajilou, Simona Palencsar, Arne Dugstad, 

Afrooz Barnoush, Kim Verbeken, Tom depover, Roy Johnsen 

 

Role of cementite morphology on corrosion layer formation of high-strength 

carbon steels in sweet and sour environments 

 

Corrosion Science Journal (2023) 

https://www.sciencedirect.com/science/article/pii/S0010938X23000732 

 
 

 

 

 

 

 

 

 

 

 

https://www.sciencedirect.com/science/article/pii/S0010938X23000732




 

55 
 

 



 

56 
 

 



 

57 
 

 



 

58 
 

 



 

59 
 

 



 

60 
 

 



 

61 
 

 



 

62 
 

 



 

63 
 

 



 

64 
 

 



 

65 
 

 



 

66 
 

 



 

67 
 

 



 

68 
 

 



 

69 
 

 



 

70 
 

 



 

71 
 

 



 

72 
 

 



 

73 
 

 





 

74 
 

 

 

 

 

 

 

 

 

 

 

Paper ⅠⅠⅠ 
 

Shabnam Karimi, Iman Taji, Tarlan Hajilou, Simona Palencsar, Arne Dugstad, 

Afrooz Barnoush, Kim Verbeken, Roy Johnsen, Tom depover  

 
Thermal desorption spectroscopy study of the interaction between hydrogen and 

microstructural constituents in high-strength carbon steels 

 

Corrosion Science Journal (2023) 

https://www.sciencedirect.com/science/article/pii/S0010938X23002524 

 
 

 

 

 

 

 

 

 

 

 

https://www.sciencedirect.com/science/article/pii/S0010938X23002524




 

75 
 

 



 

76 
 

 



 

77 
 

 



 

78 
 

 



 

79 
 

 



 

80 
 

 



 

81 
 

 



 

82 
 

 



 

83 
 

 



 

84 
 

 



 

85 
 

 



 

86 
 

Unpublished work 

(There is not any plan for publishing this part.) 
In this PhD project, six carbon steels with different microstructures were received from the 

suppliers. These carbon steels are used for the fabrication of the armor wires in flexible pipes. 

Due to lack of time, for each part of the investigation, 2 to 4 samples were selected to perform 

the tests on them and analyze their data. The materials selection was based on the necessities 

and the purpose of that part of the study. However, the TDS tests have been done on all six 

materials. After doing the experiments, three materials were selected to be presented in paper 

no.3. More experiments and investigations had been done on the selected materials. In this 

section, some of the TDS tests results from the materials which are not included in paper no.3, 

are presented.  

 

Materials characteristics 
The composition and mechanical properties of materials CS35 and CS51 are listed in Table 1. 

These materials are named based on their carbon contents (the same as the materials presented 

in the papers). The test samples from materials CS35 and CS51 were prepared in the same way 

as the other samples as described in section 2.1.  

 

Table 1. Chemical composition in wt% and the mechanical properties (yield strength (YS), and 

ultimate tensile strength (UTS) of the studied materials [66]. 

Element  C Al Si P Mo V Cr Mn Ni Cu YS(MPa) UTS(MPa) 

CS35 0.35 0.35 0.32 0.23 0.25 0.6 0.58 0.79 0.56 0.56 610 740 

CS51 0.51 0.26 0.40 0.23 0.46 0.70 0.61 1.36 0.89 0.75 870 1000 

 

Figure 1. shows the SEM micrographs of materials CS35 and CS51. Material CS35 

microstructure consists of ferrite grains and cementite particles which are mainly located in the 

grain boundaries. Material CS51 microstructure shows both ferrite and pearlite grains and the 

cementite phase in this material has various features: the spherical particles, the broken lamella, 

and the lamellar morphology. The microstructure phase fraction of material CS35 and CS51 is 

presented in Table 2. The average grain size in materials CS35 is 2.5 µm. The interlamellar 

spacing in material CS51 is different in different grains. The mean value of the interlamellar 

spacing in this material is between 119 to 265 based on the ImageJ results. (The microstructure 
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characterization of material CS28 was presented in paper no.2. These data are not presented 

here to avoid repetition.) 

 

 

Figure 1. SEM micrographs of materials CS35 and CS51 

 
Table 2. Microstructures phase fraction 

Element  Ferrite % Cementite% Pearlite-spheroidite % 

CS35 95 5 44 

CS51 93 7 66 

 

 

Thermal desorption spectroscopy 
All the results which are shown in this section are from the tests performed in the same 

conditions as presented in paper no.3.  The hot extraction test results are presented in Fig.2. 

The hydrogen uptake of all six materials is presented in this figure for comparison (the 

hydrogen uptake of materials CS62, CS65, and CS83 from paper no.3).  

Material CS35 has a different microstructure in comparison with the other materials. In this 

material, the cementite particles are mainly located in the grain boundaries, while in the other 

materials, the cementite phase is distributed in the form of particles, broken lamella, or lamella 

both in the grain boundaries and inside the grains. Material CS35 shows the lowest hydrogen 

uptake after exposure to the CO2/H2S environment. Materials CS28 and CS51 show a similar 

amount of hydrogen uptake in the CO2/H2S environment. In the CO2 environment, the 

hydrogen uptake increases with the carbon content. However, material CS62 with a spheroidite 
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microstructure shows a lower hydrogen content in comparison with material CS51. This can 

be related to the role of the corrosion layer morphology that formed on the surface of the  

 

 
Figure 2. Hydrogen content obtained by hot extraction at 650◦C for samples exposed to CO2 and 

CO2/H2S environments for 21 days at room temperature. The columns show the mean value of three 

tests and the bars represent the standard deviation of the mean value. 

 

materials in the CO2 environment on the hydrogen uptake and desorption (discussed in paper 

no.3). However, more experiments and analyses need to be performed to compare and discuss 

these results. In the CO2/H2S environment, the hydrogen uptake is higher in material CS62 in 

comparison with material CS51. The TDS curves of materials CS28, CS35, and CS51 obtained 

at a heating rate of 0.5 K/s after exposure to the CO2 and CO2/H2S environments for 21 days 

are presented in Fig.3. The curves were fitted and deconvoluted into Gaussian curves with three 

peaks. The shapes of the TDS spectrum are different for each material. More investigation and 

analysis are needed to do to discuss the role of the microstructure on hydrogen uptakes and 

TDS curves. The hydrogen uptake in materials CS28 and CS35 in the CO2 environment is 

lower than in material CS51 and is close to the detection limit of the G4-Phoenix analyzer (such 

as material CS62 in paper no.2). Therefore, the TDS spectrum of these two materials in the 

CO2 environment is not presented here. Fig.4 shows the TDS spectrum of material CS51 in the 

CO2 environment. It was discussed in paper no.3 that the diffusible or reversible hydrogen 
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desorbs gradually for materials that are exposed to the CO2 environment. The corrosion layer 

that is formed in the CO2 exposure can lead to this gradual desorption. 

 

 

 

 

 

 

 

 

 

 

 
Figure 3. TDS spectra obtained at a heating rate of 0.5 K/s for materials CS28, CS35, and CS51 

exposed to 0.2 bar CO2/1 mbar H2S for 21 days at room temperature. The deconvoluted curves are 

associated with hydrogen desorption from particular microstructural features. 
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Figure 4. TDS spectra obtained at a heating rate of 0.5 K/s for materials CS51 exposed to 0.2 bar CO2 

for 21 days at room temperature. The deconvoluted curves are associated with hydrogen desorption 

from particular microstructural features. 
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