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Abstract

:

Pipelines have been installed and operated around the globe to transport oil and gas for decades. They are considered to be an effective, economic and safe means of transportation. The major concern in their operation is corrosion. Among the different forms of corrosion, stress corrosion cracking (SCC), which is caused by stresses induced by internal fluid flow or other external forces during the pipeline’s operation, in combined action with the presence of a corrosive medium, can lead to pipeline failure. In this paper, an extensive review of different factors affecting SCC of pipeline steels in various environmental conditions is carried out to understand their impact. Several factors such as temperature, presence of oxidizers (O2, CO2, H2S, etc.), composition and concentration of medium, pH, applied stress, and microstructure of the metal/alloy have been established to affect the SCC of pipeline steels. SCC susceptibility of a steel at a particular temperature strongly depends on the type and composition of the corrosive medium and microstructure. It was observed that pipeline steels with water quenched and quenched and tempered heat treatments, such as those that consist of acicular ferrite or bainitic ferrite grains, are more susceptible to SCC irrespective of solution type and composition. Applied stress, stress concentration and fluctuating stress facilitates SCC initiation and propagation. In general, the mechanisms for crack initiation and propagation in near-neutral solutions are anodic dissolution and hydrogen embrittlement.
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1. Introduction


Pipelines are intended to transport various types of fluids (liquid or gas), mixtures of fluids, solids, fluid–solid mixtures, or capsules (freight-laden vessels or vehicles moved by fluids through a pipe) [1]. They are considered to be a safe, effective and economic means of oil and gas transportation across the globe and have a good safety record [2,3]. However, they can suffer from corrosion.



Corrosion is defined as the destruction or deterioration of a metal that results from a reaction with its environment [4,5,6]. Corrosion in both offshore and onshore pipelines is a natural occurring phenomenon and is regarded as one of the major causes of pipeline failures [2,4], with corrosion damage accounting for about 20–40% of recorded pipeline failures and incidents [7]. In 2013, the National Association of Corrosion Engineers (NACE) estimated that the global cost of corrosion was USD 2.5 trillion, which is equivalent to 3.4% of the global gross domestic product (GDP) [8].



When pipelines are under stress, for example, from internal fluid movement or other outside forces, and are in the presence of a corrosive environment, they can be susceptible to stress corrosion, commonly known as stress corrosion cracking (SCC). Stress corrosion cracking is caused by the combined action of simultaneous mechanical stress and a specific corrosive media that a metal or alloy is susceptible to [6,9,10]. For SCC to occur on a metal or alloy surface, the following three conditions must be met simultaneously: specific conditions to promote crack-propagation must be present; the metallurgy of the material must be susceptible to SCC; and there must be an applied tensile or static stress that exceeds a threshold value [10,11,12]. This tensile stress can originate from centrifugal forces, external loads, temperature variations or internal stresses induced by heat treatment. Stress may also result from locked-in residual stress from fabrication or welding [6,9,11]. SCC cracks normally propagate trans-granularly and/or inter-granularly or may be branched depending on the type of metal/corrosive media combination [9,10,11,12]. In the trans-granular mode of cracking, the crack advances without a defined preference for the grain boundaries, while in the intergranular mode, the crack proceeds along the grain boundaries.



Generally, two types of SCC have been outlined for pipeline carbon steels in the literature: high pH SCC and near-neutral pH SCC [13,14,15,16,17] High pH SCC is characterised by an intergranular mode of cracking and has been investigated in concentrated carbonate/bicarbonate environments with pH values higher than 9 [13,14,15,16,17]. Conversely, near-neutral SCC (pH = 6–8) is characterised by a trans-granular cracking mode and is associated with dilute carbonate/bicarbonate medium [13,14,15,16,17]. Figure 1a, b respectively shows examples of trans-granular and inter-granular SCC morphology on pipeline carbon steels.



As shown in Figure 1a, the cracks on the steel surface propagate across the grain boundaries. This indicates a trans-granular mode of SCC with a continuous crack morphology. In Figure 1b, the cracks on the metal surface propagate along the grain boundaries. This indicates an intergranular mode of SCC with a discontinuous crack morphology.



The susceptibility of a metal to SCC is affected by several factors; namely: the chemical composition and microstructure of the alloy; the temperature of the environment; the presence of oxidizers in the corrosive medium (O2, CO2, H2S, etc.); the composition and concentration of the corrosive medium; the stress; and the pH of the medium [6,12,19].



These factors are explored in more detail in the following sections with a brief introduction below. In terms of temperature dependence, SCC is accelerated by increasing temperatures as in most chemical reactions. However, the type of corrosive environment also determines the cracking behaviour of metals or alloys at a particular temperature [6,12]. The presence of oxidizers such as dissolved oxygen, carbon-dioxide or other oxidizing species (including ferric ions in corrosive environments) have a pronounced influence on the cracking susceptibility of metals or alloys [6,20,21]. These oxidizers, when present in high amounts, increase the aggressiveness of corrosive medium, by accelerating the oxidation reaction of the metals, leading to high anodic dissolution and subsequent failure [12,13,19]. Johnson et al. [22] stated that increasing CO2 concentration from 0.5% to 25% in NS4 solution (near-neutral simulated soil) accelerates crack growth rate during cyclic loading.



Pipeline steels are made up of several types of microstructures; namely austenite, pearlite, ferrite, bainite, martensite, etc. Ferrite grains can further be classified into acicular ferrite, polygonal ferrite, allotriomorphic ferrite, globular ferrite and idiomorphic ferrite [23]. Microstructures that are more susceptible to SCC are characterised by high yield strength, high residual stress, high hardness, small and fine grain shapes and relatively low or entirely absent grain boundaries precipitates [6,24]. Low grain boundary precipitates result from low mill annealing temperature (T < 1000 °C). Mill annealing temperature also determines the grain size of a metal or alloy. Grain size decreases with decreasing mill annealing temperature [23].



The purpose of this paper is to conduct a critical review of these factors and their influence on SCC of pipeline steels in different operating environments, as this is the basis for understanding the corrosion behaviours of the pipeline steels prior to their installations and usage. It is essential to understand the effect of these factors on SCC of pipeline steels, as they play a vital role in setting up the most economical and effective corrosion mitigation strategies and hence will reduce corrosion related failures, leading to savings in production costs. The use of proper corrosion control practices can save up to 35% of the cost of corrosion in metallic structures [25]. Failure of these pipelines can impose serious risks to human life and can present economic and environmental problems.




2. Corrosion Mechanisms in a Near-Neutral pH SCC


The major corrosion mechanisms observed during SCC of pipeline carbon steels in a near-neutral solution are anodic dissolution and hydrogen embrittlement. Papavinasam [12], Sastri [11] and Cicek [9] defined hydrogen embrittlement as the loss or reduction of a metal’s tensile strength and ductility due to diffusion of hydrogen atoms into the metal’s crystalline structures during a corrosion process.



Figure 2 presents a typical example of hydrogen embrittlement on carbon steel. Hydrogen atoms are primarily produced from electrochemical processes such aqueous corrosion, acid pickling or electroplating. They can also be produced during the cathodic reduction reaction taking place during the corrosion process of metals in acidic solutions, such as hydrogen sulphide (H2S) or hydrogen fluoride (HF) [10,12]. Hydrogen embrittlement causes premature brittle fracture of normally ductile metals under applied stresses less than the yield strength of the metal [10]. Hydrogen embrittlement of carbon steels commonly encountered in an aqueous medium involves CO2. The corrosion reactions can be explained thus: CO2 combines with H2O to form H2CO3 (carbonic acid), H2CO3 then further dissociates into HCO3−, H+ and CO32− [26,27]. The major cathodic reactions are the reduction of H+, H2CO3 and HCO3− as expressed below [28,29]:


2H+(aq) + 2e− → H2(g)



(1)






2H2CO3(aq) + 2e− → 2HCO3−(aq) + H2(g)



(2)






2HCO3−(aq) + 2e → 2CO32−(aq) + H2(g)



(3)






2H2O(l) + 2e− → 2OH− + H2(g)



(4)







According to Nesic et al. [28] and Mu and Zhao [29], the reduction of H2CO3 and HCO3− is the dominant reaction at pH values of 4–6 in aqueous CO2 medium, whereas the H+ reduction reaction is more significant at lower pH values. The major anodic reactions are the dissolution of Fe (iron) followed by FeCO3 (iron carbonate) formation as shown below [28,29]:


Fe → Fe2+ + 2e−



(5)






Fe2+ +CO32− → FeCO3



(6)







Anodic dissolution, also known as metal dissolution, is a process in which the metal is dissolved from the anodic site during corrosion processes, and gases are released from the cathodic site and at the metal surface [30]. The rate of metal dissolution in an electrochemical reaction is higher when it is in an active state in comparison to the passive state. It also depends on the corrosive medium’s composition and environmental conditions [6].




3. Common Pipeline Steels and Operating Conditions


The most common pipeline steels currently installed and operated in various locations around the world, both onshore and offshore, include API 5L X65, X70 and X80. Currently, grade X70 and X80 carbon steels are being used in subsea pipelines for non-sour fluid service, and grade X65 is presently the most established pipeline material operating in sour fluid service. A X70 pipeline has been installed and operated by Statoil and British Petroleum in the North Sea. It is also installed by Shell Oil Mensa in the Gulf of Mexico [31,32]. The use of grade X80 for export pipelines in offshore applications has been assessed and qualified by a joint industry project called EXPIRE (Project conducted by Statoil, Europipe line pipe company and J P Kenny design office) [31,32].



The number after each API 5L grade carbon steel represents its yield strength in thousand psi, for example in X65 grade (65-represents 65,000 psi). The chemical compositions of API 5L X65, X70 and X80 are presented in Table 1. The SCC susceptibility of these pipeline steels, as presently tested under various environmental conditions and reported in the wider LITERATURE, are summarised in Table 2.




4. Common SCC Assessment Techniques


Laboratory assessment used to detect and evaluate SCC (in addition to general, localized, pitting corrosion, etc.) consists of two main stages [12], namely; the laboratory test methodology and corrosion monitoring technique. The laboratory test methodology includes the equipment used to simulate the corrosion variables, while the monitoring technique is used to determine the corrosion effect or rate that is been induced. Table 3 presents commonly used SCC monitoring techniques. The most common stress or load application systems used to determine the stress resistance of a metal in the laboratory are presented in Table 4. Not all corrosion monitoring techniques are suitable for all laboratory test methodologies [12].




5. Effect of Microstructure on SCC of Pipeline Steels


The susceptibility of a metal or alloy to SCC is affected by its chemical composition and microstructure [6,10,11]. Several types of microstructures are observed in pipeline steels including, austenite, pearlite, ferrite, bainite and martensite. Depending on the cooling rate and nucleate content, different forms of ferrite grains can nucleate such as acicular ferrite, polygonal ferrite, allotriomorphic ferrite, globular ferrite and idiomorphic ferrite [23]. Acicular ferrite, which is a thin needle-like form of ferrite grain, has been understood to be the optimum microstructure with a combination of good toughness and high strength, which is mainly due to its fine-grained nature and high density of dislocations [37,38] Metals with under-tempered martensitic or bainitic microstructures or those without post-weld heat treatment in the heat affected zones are found to be less resistant to SCC [39] SCC susceptibility of a metal can be predicted based on yield strength and grain size, since better resistance was observed in metals with lower yield strength and larger grain sizes [40]. According to Sastri [11], the amount of carbon and its distribution in a steel matrix are important factors controlling the resistance of a metal or alloy to SCC. The threshold stress for crack initiation was found to depend on the amount of carbon in the steel. Regular steels tend to be less resistant to SCC when the carbon percentage is below 0.1 wt.%, while ferritic steels with chromium contents of about 18% to 20% have higher resistance to SCC [11]. The effect of microstructure on SCC of pipeline steels in various environmental conditions have been reported by several researchers as discussed in the subsequent paragraphs.



Torres-Islas et al. [14] evaluated the SCC behaviour of a X70 micro-alloyed pipeline steel, with different microstructures as presented in Table 5.



The tests were conducted at 50 °C in different concentrations of NaHCO3 solution (0.1, 0.05, 0.01 and 0.005 M) by use of slow strain rate test (SSRT) with a strain rate of   1.36 ×   10   − 6     in / s   and in air. In these tests, different potentials of 100 mV saturated calomel electrode (SCE), 200 mV (SCE), and 300 mV (SCE) more anodic and 100 mV (SCE), 200 mV (SCE), 600 mV (SCE), and 1600 mV (SCE) more cathodic than their rest potential (Ecorr) were applied. The tests results indicated that the specimen exposed in the most diluted solution of NaHCO3 has the highest loss of ductility and was most susceptible to SCC irrespective of the alloy’s microstructure. In the diluted NaHCO3 solution, applied cathodic potentials close to their free corrosion potential decreased the SCC susceptibility of the specimens regardless of the microstructure, whereas higher applied cathodic potentials increase SCC susceptibility in all sample microstructures. In addition, the higher the cathodic potential applied, the lower the percentage reduction in cross-section area, leading to higher susceptibility of the test specimen to SCC. According to the percentage reduction in area, hydrogen ingress into the alloy’s crystal lattice affected quenched and quenched-tempered specimens both in air and in the most diluted concentration of NaHCO3. This shows that hydrogen ingress had a higher effect on the reduction in ductility on the quenched and quenched-tempered specimens. Trans-granular cracks were observed in the quenched-tempered specimen. Gonzalez-Rodriguez et al. [41] observed similar results when they tested SCC susceptibility of X80 carbon steel with different heat treatments (water quenched, quenched and tempered, water sprayed, and as received state) in different NaHCO3 solutions (0.01 M and 0.05 M) at room temperature. Table 6 presents the different microstructures observed after the heat treatments.



The tests results indicated that the X80 carbon steel samples are more susceptible to SCC in 0.01 M NaHCO3 solution (the lowest concentration) irrespective of alloy’s microstructure. The quenched specimens were observed to show highest SCC susceptibility followed by the quenched and tempered specimens, whereas the as-received samples showed the least SCC susceptibility.



Liu et al. [42] evaluated the SCC behaviour of API 5L X70 pipeline steel with different applied heat treatments and microstructures as presented in Table 7. The tests were conducted by use of the SSRT method with a strain rate of   5 ×   10   − 7     in  /s in an acidic soil extract (pH of 4.41) collected from 1.5 m underground. Cathodic potentials of −650 mV (SCE), −850 mV (SCE) and −1200 mV (SCE) below the corrosion potential were applied in these tests. The tests results indicated a mixed-mode of SCC mechanism, caused by anodic dissolution and hydrogen embrittlement. The water quenched specimen with bainite grains had a higher susceptibility to SCC in the acidic soil extracts, while the as-received sample with ferrite matrix grains had a lower susceptibility to SCC. It was observed that the SCC mechanism changed with varying applied potentials. At a lower negative applied potential, the specimen’s cracking mechanism was based mainly on anodic dissolution. When the applied potential was more negative, hydrogen was involved in the cracking process, and trans-granular cracks were observed. With the application of more negative potentials, the SCC mechanism was completely based on hydrogen-induced mechanism, with a river-bed shaped brittle feature of the fractured surface.



Fu et al. [43] observed similar results when they tested X70 carbon steel at different applied cathodic potentials below Ecorr in a simulated soil solution using the SSRT technique. The test results showed that, at an applied potential of −450 mV (SCE), the mechanism of SCC was anodic dissolution; however, when the potential was decreased to −850 mV (SCE), the anodic dissolution of the X70 steel was inhibited, and when a potential of −1200 mV (SCE) was applied, the specimens showed a higher SCC susceptibility, and the mechanism of SCC was purely by hydrogen embrittlement.



Similar results were reported by Jeffrey et al. [24] for X70 water quenched specimens tested in an NS4 solution with a pH of 6.7. The quenched specimens with acicular and polygonal ferrite grain microstructure were observed to be more susceptible to SCC. Bulger et al. [44] also observed similar results of higher SCC susceptibility of quenched X70 carbon steel with bainitic microstructure in comparison with annealed and normalised samples with both ferritic/pearlitic microstructures tested in NS4 solution. Zhu et al. [45] investigated the SCC behaviour of high strength X80 pipeline steel with fine acicular ferrite and granular bainite microstructure in comparison with a low strength X65 carbon steel, which consisted of ferrite/pearlite microstructure in high pH carbonate/bicarbonate solution. The X80 steel was found to exhibit higher SCC susceptibility than the X65 steel.



Jeffrey et al. [24] used the SSRT technique to study the SCC susceptibility of different microstructures of X70 carbon steel as shown in Table 8. According to the calculated area reduction ratio (RRA = (area ratio in NS4/area ratio in air)), the annealed specimens had the highest resistance to SCC, whereas the water quenched specimens showed the greatest SCC susceptibility. Figure 3 shows the variation in SCC susceptibility of the different microstructural samples in relation to area reduction ratio. The annealed microstructure was observed to have a larger grain size as compared with the normalised samples and as such showed an increased resistance to SCC. The effect of grain size extended to the water quenched specimens which had smaller grain sizes and showed lower resistances to SCC.



Lu and Luo [46] evaluated the relationship between yield strength and microstructure on SCC resistance of different grades of pipeline steels with different microstructures in a near-neutral solution. The test material grades consist of API 5L X52, X60, X65, X70, X80 and X100. The X52, X60, and X65 steels were made up of ferrite + pearlite microstructures, while the X70, X80, and X100 steels consisted of fine-grained bainite + ferrite microstructures. The SSRT technique was used to assess the SCC susceptibility of the samples at a strain rate of 10−7 in/s in an NS4 solution saturated with 95% N2 + 5% CO2 to create a near-neutral pH value (pH 6.7). The tests results indicated that near-neutral pH SCC susceptibility of pipeline carbon steels generally increases with an increase in yield strength level, but the strength dependence of SCC resistance is highly affected by the microstructures of the steels. SEM images on the fractured surfaces of the specimens revealed a trans-granular SCC appearance in some areas and many cavities produced by the micro-plastic deformation were observed.



Recent research has shown that the application of cyclic quenching and/or tempering heat treatments have high potential for enhancing the mechanical properties of carbon steels due to formation of finer grain microstructure. Hafeez et al. [47] investigated the corrosion behaviour and mechanical properties of a low-alloy carbon steel under different cyclic heat treatments such as single quenching and tempering (SQT), cyclic double quenching and tempering (CDQT) and cyclic triple quenching and tempering (CTQT). Tests results by X-ray diffraction analysis revealed the formation of ε–carbide (Fe2.4C) on the CDQT and CTQT heat treated specimens which provided nucleation sites for formation of a reformed austenitic grains. This resulted in the formation of a more saturated lath martensite and a refined austenite grain. Mechanical tests results of the CDQT and CTQT specimens showed a 19% increase in tensile strength with a 100% elongation in comparison to the SQT. Higher ductility was observed in the CDQT and CTQT specimens than SQT.



Kang et al. [48] assessed the effect of tempering on the mechanical properties of a medium carbon bainitic steel by isothermal transformation and tempering between 240–450 °C. A plate-like bainitic ferrite grain with thin-like refined austenite were obtained after the heat treatments. The tests results revealed that specimens tempered at 340 °C presented the most optimum toughness and strength level with an increase in plasticity. The specimens tempered at 320 and 360 °C, respectively, showed lower and high yield values. However, when the temperature was increased to 450 °C, a coarsened bainitic ferrite grain with carbide precipitation was observed on the samples. This results in low toughness of the specimen. It was observed that the quantity of the retained austenite increases with increasing temperature to below 400 °C, with a decrease as the tempering temperature is increased to above 400 °C. In conclusion, it can be stated that with increasing tempering temperature, the austenite grain further transforms into bainitic grain and decomposes into carbide, thus reducing the toughness and strength of the samples.



In summary, it was observed that pipeline carbon steels with water quenched, and quenched and tempered heat treatments, and that consist of acicular ferrite, bainitic ferrite or martensitic microstructures are more susceptible to SCC irrespective of solution type and composition. Tempering heat treatments have the potential to improve the mechanical properties of carbon steels.




6. Effect of Corrosive Medium Composition and Concentration on SCC of Pipeline Steels


Most alloys are susceptible to stress corrosion in specific corrosive environments [6]. In general, not all alloy-corrosive medium composition combinations will induce SCC [6]. For example, carbon steel is susceptible to SCC in strong alkaline solutions and when nitrates are present in the solutions but not in strong acid solutions. Stainless steels are susceptible to SCC in caustics and chloride-containing solutions but not in nitric acid, sulfuric acid or pure H2O [6,9,12]. SCC is well known to occur in various aqueous solutions, and it is also influenced by the presence of oxidizers such as oxygen, carbon-dioxide, hydrogen sulphide, etc. [6,12]. For example, the presence of dissolved oxygen or other oxidizers in a chloride environment is critical to the cracking tendency of austenitic stainless steels and, if the oxidizer or oxygen is eliminated, cracking will not take place [6]. Several laboratory studies have been carried out to assess the susceptibility of different pipeline steels to SCC by simulating various environmental conditions as discussed below.



Omura et al. [17] assessed the susceptibility of X65 and X80 pipeline steels at 25 °C in different test solution compositions of 1 g/L NaHCO3 with either no gas, the solution saturated with CO2, or in solution saturated with air and CO2. These tests were conducted at the open circuit potential and at a strain rate of   1 ×   10   − 6     in / s  . The tests results were evaluated based on fracture elongation (EI) and area reduction (RA) of the specimens. Significant reductions in EI and RA were observed in all the test solutions as compared to the test in air. Relative differences in EI and RA were observed in the solution saturated with CO2 and mixture of air and CO2. Secondary cracks and a loss in ductility were observed on all the samples, and EI and RA values were also different between the alloys. The tests results showed that SCC can occur with or without application of cathodic potential when under the influence of severe stress–strain conditions.



Bueno et al. [15] used the SSRT technique to evaluate the cracking resistance of API 5L X46 carbon steel in air, NS4 solution and aqueous extracts from soil samples at 25 °C. Table 9 and Table 10, respectively, present the standard composition of NS4 solution and the chemical composition of the X46 carbon steel. In these tests, different cathodic potentials of 100 mV (SCE) and 300 mV (SCE) below corrosion potential (Ecorr) were applied with strain rates of   9 ×   10   − 6     in / s   and   9 ×   10   − 7   in / s  . Figure 4 shows the variations in time to failure of the specimens in the different solutions with the influence of applied cathodic potentials. Lower time to failure was observed at applied potential of 300 mV (SCE) below the corrosion potential in both soil extracts and NS4 solution. The tests results indicated trans-granular cracks in the specimens with decreasing ductility as higher cathodic potentials are applied. It was observed that cracking occurred by SCC, but hydrogen generated from the applied cathodic potential contributed to the initiation and crack propagation of the specimens. Furthermore, it is also observed that specimens tested with a strain rate of   9 ×   10   − 7   in / s   had higher loss of ductility than those tested with strain rate of   9 ×   10   − 6     in / s  . This behaviour can be attributed to hydrogen diffusion in the specimens because of the longer exposure times they are subjected to before failure. Rebak et al. [49] reported similar results of SCC susceptibility on X52 pipeline steel tested in NS4 solution by use of constant extension rate tests at different applied cathodic potentials. The tests results indicated that SCC susceptibility was at minimal near Ecorr and increased with increasing cathodic potential. Similar results were also observed by Contreras et al. [50] on X52 carbon steel tested in NS4 solution by use of the SSR technique at different applied cathodic potentials. The electrochemical impedance spectroscopy (EIS) tests results showed that the highest corrosion of the specimens was obtained at the highest applied cathodic potential of −400 mV (SCE). As shown in Figure 5, a brittle type of fracture with trans-granular appearance was observed on the exposed specimen, which commonly occurred due to hydrogen embrittlement.



Nevertheless, Zhang et al. [51] investigated the degree of hydrogen embrittlement of API 5L X70 in comparison with X80 and X90 high-strength carbon steels under cathodic protection in simulated soil solutions. The results from the hydrogen permeation tests showed an increasing hydrogen diffusion rate and concentration on the steel surfaces with increasing tensile strength of materials under the different cathodic protections levels. Figure 6 shows the correlative calculated hydrogen permeation parameters of the different steel grades. A decreasing percentage of area reduction was also observed with an increase in material’s tensile strength in the different test conditions.



As shown in Figure 6a–c, the surface hydrogen concentration (C0), hydrogen permeation flux (J∞) and effective hydrogen diffusion (Deff) increased with increasing materials’ tensile strength. This clearly shows that the rate of hydrogen accumulation and uptake is higher in higher strength steels and can lead to greater susceptibility to hydrogen embrittlement and hence higher SCC susceptibility.



Majchrowicz et al. [16] investigated the cracking susceptibility of P110 pipeline steel in CO2-rich medium (pure CO2 and CO2/H2O). Table 11 presents the chemical composition of the P110 pipeline steel. The SCC susceptibility was tested by use of U-bended samples, tensile tests of miniaturized samples cut from the exposed U-bend specimens and SSRT tests at different strain rates of     10   − 4     in / s  ,     10   − 5     in / s   and   2 ×   10   − 6     in / s  . Results from the SEM assessment showed no clear long visible SCC cracks on any of the specimens exposed to CO2 and wet CO2 (CO2/H2O). However, corrosion pits with micro-cracks were observed in the vicinity of the deformed sections of the U-bended specimens. Small cracks with brittle fracture were also observed in the SSRT specimens in the wet CO2 environment tested at a strain rate of   2 ×   10   − 6     in / s  . This confirms the possibility of SCC occurrence. Tensile tests of miniaturized samples cut from the deformed section of U-bend specimens indicated a significant reduction in ductility in both the CO2 and CO2/H2O medium. In conclusion, the SSRT and tensile tests of the miniaturized samples cut from U-bend specimens clearly indicated that P110 steel is susceptible to SCC in CO2-rich medium and that this is associated with anodic dissolution and hydrogen embrittlement.



Zhang et al. [52] used the SSRT technique at a strain rate of   1 ×   10   − 6     in / s   to evaluate the SCC susceptibility of API 5L X70 carbon steel in various CO2 concentrations. Increasing CO2 concentrations of 0%, 5%, 10%, 15%, 20% and 100% balanced with nitrogen gas in soil extracts solution were used for the tests. The tests results indicated a rapid fall in area reduction of specimens with increasing CO2 concentration. The susceptibility of the specimens to SCC increased with increasing CO2 partial pressure until a steady state value was reached at about 20% CO2 concentration. A similar outcome was reported by Johnson et al. [22] for API 5L X65 pipeline steel which showed that increasing CO2 concentration from 0.5% to 25% in NS4 solution facilitates its fatigue crack propagation rate during cyclic loading. Furthermore, the brittleness of the fractured specimens increases with the CO2 partial pressure. This is attributed to ingress of hydrogen atoms into the steel’s crystalline structure, thus decreasing its ductility and hence facilitating crack propagation. Figure 7a–c shows the effect of increasing amounts of CO2 on the electrochemical parameters measured during the electrochemical tests. It is clear that with increasing CO2 concentration polarization, resistance (Rp) decreases, pH of the solution decreases and corrosion current density (Icorr) increases. Jeffrey et al. [53] and Asher and Singh [54] also observed a decrease in solution pH with increasing CO2 concentration in a simulated carbonate/bicarbonate solution used to assess SCC behaviour of X65 carbon steel. However, it was observed that application of cathodic protection increases the pH at the steel surfaces, shifting the medium away from near-neutral pH conditions [54].



Nevertheless, Johnson et al. [22] evaluated the cracking susceptibility of API 5L X65 pipeline steel by use of cyclic loading tests in a simulated NS4 solution with varying concentrations of CO2 and O2 at 35 °C. The tests results showed that with increasing amount of CO2, corrosion rate and hydrogen permeation increased, as well as accelerated crack propagation during the cyclic loading tests. A measure of the crack length over time indicated well-defined increase in crack velocity with increasing CO2 content between 0 and 5%. The effects of O2 concentration on corrosion rate were small in comparison with CO2, increasing the amount of O2 decreased the hydrogen permeation rate and increased crack propagation rates during crack growth test. Crack velocity decreased slightly with the addition of 1% O2 to the N2 gas, while 10% and 20% O2 increased the crack propagation rate. The effect of O2 concentration on hydrogen permeation rate was anticipated in that O2 increased the rest corrosion potential, while reducing the rate of reduction reactions that generate hydrogen atoms. Gu et al. [55] also observed in an SCC susceptibility test on X-52 and X-80 carbon steels in a near-neutral aqueous solution that increasing CO2 concentration accelerates SCC occurrence on the specimens. This suggests that anodic dissolution and hydrogen embrittlement are involved in the SCC process [55].



In summary, it was observed that SCC of pipeline steels in a near-neutral solution varies with solution composition, concentration of oxidizers and their applied partial pressure. It is clear that with increasing CO2 concentration, polarization resistance (Rp) decreases, which in turn increases corrosion rate, hence facilitating SCC occurrence. The severity of SCC occurrence increases with increasing applied cathodic potential. In general, the mechanism for crack initiation and propagation in various concentrations of O2 and CO2 constitute anodic dissolution and hydrogen embrittlement.




7. Effect of Temperature on SCC of Pipeline Steels


Temperature increases the rate of most chemical processes or reactions. In general, an increase in temperature will result in an increase in corrosion rate [9]. According to Sastri [11], the corrosion rate of steel in acid solutions doubles for an increase of 10 °C between 15 and 70 °C. Increases in temperature increase the diffusion of oxygen through the oxide film on metal or alloy surfaces [56]. However, the solubility of oxygen or carbon dioxide in aqueous solutions is lower at temperatures above 70 °C or in some cases 80 °C, and therefore, the rate of reaction cannot be doubled [9,11]. Temperature determines the cracking behaviour of metals or alloys, which also depends on the type and composition of the corrosive medium [6]. In some environments, cracking occurs readily at room temperature, while in some other systems, boiling temperatures are required [6]. Most alloys that are susceptible to SCC will begin cracking at least as low as 100 °C [6,12]. The effect of temperature on SCC of pipeline steels in various environmental conditions has been assessed by several researchers as discussed in the subsequent paragraphs.



Contreras et al. [57] evaluated the SCC susceptibility and cracking mechanism of API 5L X60 pipeline steel to SCC by use of the SSRT method at a strain rate of 1 × 10−6 in/s. The tests were conducted in a glass autoclave filled with NS4 solution at varying pH level of 3 and 10 at room temperature (24 °C) and 50 °C. According to the calculated area reduction and time to failure ratios, the samples were less resistant to SCC at pH 3 irrespective of the solution temperature. The SCC susceptibility was observed to be higher at 50 °C at pH 10. The SCC failed specimens were observed to have a brittle type of fracture with trans-granular cracking mechanism. The SCC mechanism of the samples in the NS4 solution was a combination of anodic dissolution and hydrogen-based mechanism.



Asher et al. [58] investigated the SCC susceptibility of X-65 pipeline steel by use of the SSR technique in varying bicarbonate concentrations of 0.1 g/L, 0.5 g/L and 1 g/L bubbled with 5% CO2 at different temperatures of 15, 25 and 35 °C. The SCC susceptibility of the samples was measured based on the calculated crack velocity. Highest crack velocity was observed in the solution with 0.5 g/L NaHCO3 at 15 °C and lowest at 25 °C with 0.5 g/L NaHCO3.



Ye et al. [59] studied the susceptibility of X70 carbon steel to SCC by use of slow strain rate technique. The tests were carried out in NACE solution (5% NaCl + 0.5% acetic acid) at room temperature (25 °C) and 60 °C. The tests results indicated lower SCC sensitivity at room temperature. When the temperature was increased to 60 °C, the stress corrosion cracking sensitivity increased, and showed clear tendency to stress corrosion. Faster movement of Cl− and O2 was observed in the solution at 60 °C; this leads to change in SCC sensitivity, as oxygen diffusion plays a vital role in accelerating SCC occurrence. Fragiel et al. [60] evaluated the SCC resistance of two API 5L X65 micro-alloyed pipeline steels with ferritic–pearlitic and martensitic microstructures by use of constant displacement in NACE solution at room temperature and 55 °C. The tests results indicated that at room temperature, the X65 samples with a ferritic–pearlitic microstructure showed crack tip dissolution, with trans-granular crack mode and some evidence of hydrogen embrittlement, decohesion between grain boundaries was also observed, as well as some cavitation at the front of the crack tip. The material with martensitic microstructure exposed at room temperature showed a mixed trans-granular-intergranular cracking mode; no cavitation at the crack tip was observed. At 55 °C, trans-granular cracks were observed for both tested specimens, with cracks longer than those observed at room temperature. This indicates some involvement of hydrogen mechanisms, most likely thermally activated, in addition to the anodic dissolution. According to the measured threshold stress intensity factors (Kiscc) in the exposed conditions, both specimens were resistant to SCC. Ramirez et al. [61] studied the SSC susceptibility of newly developed micro-alloyed pipeline steel (C-Mn steel) with different microstructures of ferritic, martensitic, and ferritic/bainitic alloys. SSRT technique was used to assess their SSC susceptibility at a strain rate of   1 ×   10   − 6     in / s   at 25, 50, 70 and 90 °C (±3 °C) in a NACE solution. The tests results indicated that in all the exposed conditions, the percentage reduction in area and number of hydrogen atoms at the surface increased with increasing temperature. Figure 8 and Figure 9, respectively, shows the effect of increasing temperature on the percentage reduction in area and hydrogen atom concentration on the surface of the exposed specimens.



It was observed that the steel with martensitic microstructure had the lowest SCC resistance at all temperatures, whereas the steels with ferritic and ferritic/bainitic microstructures showed less resistance at 25 °C. As shown in Figure 8, the SCC susceptibility decreased with increasing temperature for all microstructures from 25 to 70 °C; it then increased with further increases in temperature up to 90 °C.



As shown in Figure 9, the concentration of hydrogen atoms (C0) increased with increasing temperature regardless of microstructure, but the increase is much higher for the ferritic/bainitic microstructure (1T). The highest concentrations of hydrogen atoms were observed on the 1T steels (ferritic/bainitic microstructure) and lowest C0 values were observed for martensitic microstructure (2F). In summary, the martensitic steel showed a brittle type of fracture with trans-granular cracks. This shows a typical hydrogen embrittlement type of failure, and in most cases, with clear evidence of anodic dissolution taking place on the surface of the specimens.



According to the reviewed research articles on the SCC susceptibility of pipeline carbons steels exposed at different temperatures, it can be summarised that SCC susceptibility of the steels at a particular temperature depends on the type and composition of the corrosive medium and microstructure of the steel.




8. Effect of Applied Stress and Stress Application Techniques on SCC of Pipeline Steels


According to Fontana [6], the minimum stress required for cracking to occur on a metal or alloy depends on temperature, alloy composition and composition of corrosive environment. In some cases, cracking has been observed to occur with as low as 10% of the alloy’s yield strength [6,11], while in other cases, cracking does not take place below about 70% of the material’s yield strength [6]. The threshold stress for crack initiation was found to depend on the amount of carbon in the steel. Regular steels tend to be more susceptible to SCC, as their carbon content is lower than 0.1%, while ferritic steels that have chromium content of about 18 to 20 percent are highly resistant to SCC [9,11].



Gui et al. [62] conducted three tests in three different laboratories (round robin testing) to investigate the effect of aerated fuel grade ethanol at open circuit potential on susceptibility of notched X-46 carbon steel to SCC. The strain rates of   3.7 ×   10   − 7     in  /s,   4 ×   10   − 7     in / s   and   5 ×   10   − 7     in  /s were applied in the three laboratories. The tests results in the first two laboratories indicated that the exposed specimens are susceptible to SCC and observed a trans-granular mode of fracture. However, in the third laboratory, SCC was not observed on the specimen unless chloride was added into the ethanol solution. Lou et al. [63] reported that the presence of chloride ions and acetic acid in fuel grade ethanol facilitates SCC occurrence of carbon steels. Samusawa et al. [64] also observed that chloride concentration accelerates ethanol cracking under cyclic loading conditions. The observed phenomenon here is that the level of applied stress on a metal or alloy plays a vital role in its susceptibility to SCC and the concentration of chloride ions facilitates the occurrence of SCC on carbon steels.



Omura et al. [17] studied SCC susceptibility of API 5L X80 grade material in comparison with API 5L X65 by use of different stress application methods including SSRT test, constant load test and cyclic loading test with applications of 85% and 100% of the materials Y.S. in cyclic loading test, 90% of the materials Y.S. in constant load test and   1 ×   10   − 6     in  /s in SSRT. The tests were conducted in NS4 solution with continued bubbling of 10% CO2 and 90% N2 with application of different cathodic potentials at a temperature of 25 °C. The tests results indicated that SCC occurred under the maximum applied stress of 100% Y.S. at −1000 mV (SCE) in the cyclic loading test, with no occurrence of SCC under 85% Y.S. at −1100 mV (SCE). No significant SCC occurrence was observed in the constant load tests under the applied stress of 90% Y.S. at a potential of −1250 mV (SCE). Similar results were reported by Samusawa et al. [64] when they investigated the environmental-assisted cracking resistance of API 5L X52 carbon steel in several simulated fuel grade ethanol (SFGE) under low frequency cyclic load and constant load applications. Maximum applied stresses of 105% and 110% of actual material yield strength were applied during the cyclic load tests and 110% Y.S. was applied during the constant load test. All tests were performed at a temperature of 23 ± 2 °C. The tests results revealed that in the simulated fuel grade ethanol, X52 carbon steel specimens fractured under the low-frequency cyclic loading conditions, but no fracture was observed under the constant load condition. A mixture of intergranular and trans-granular cracking mechanisms was observed on the fractured specimens under the cyclic load conditions. Lu and Luo [65] also observed similar results on X70 pipeline steel tested in NS4 solution under low-frequency cyclic load. The tests results show that an increase in applied stress level accelerates crack initiation on the specimens. However, crack propagation rates were found to be independent of the applied stress level. Furthermore, Contreras et al. [50] also revealed that the SCC susceptibility of X52 carbon steel tested in NS4 solution was found to increase with increasing yield stress and ultimate tensile stress (UTS).



Wang et al. [66] investigated the effect of pre-cyclic loading prior to corrosion exposure on API 5L X65 and X80 carbon steels in a near-neutral pH soil solution at open circuit potential of −740 mV (SCE) and at −50 mV (SCE) below Ecorr (−790 mV (SCE)). A maximum stress of 80% Y.S. and 90% Y.S. was applied on the specimens during the pre-cyclic loading and constant load tests. This percentages of applied yield stress are chosen in order to simulate the actual loading condition in the field. The tests results revealed that pre-cyclic loading caused the formation of microcracks on the sample’s surfaces during subsequent corrosion exposure under constant load and under mild cathodic polarization. No microcracks were observed on the specimens’ surfaces at the open-circuit potential regardless of whether the samples were under constant load or cyclic load during the corrosion exposure because of uniform corrosion. For all specimens of both steels without pre-cyclic loading, no surface defects (micro cracks or pits) were observed after corrosion exposure under constant load (80% Y.S.) for 10 or 24 days at a potential of −790 mV (SCE). However, for all the specimens with pre-cyclic loading, microcracks were observed on the specimens’ surfaces when exposed to the environment under cathodic polarization potential of −790 mV (SCE) at a constant load of 80% Y.S. and 90% Y.S.



In general, it can be summarised that the level of applied stress, stress concentration and fluctuating stress plays a vital role in SCC initiation and propagation of pipeline carbon steels. The presence of either or all of these factors accelerates the occurrence of SCC in pipeline carbons steels, especially in the presence of more aggressive corrosive environment such as, CO2, H2S, etc.




9. Effect of pH on Cracking Susceptibility of Pipeline Steels


The pH of a corrosive environment has profound influence on the rate at which corrosion occurs on metals or alloys and may also defend on the type of the metal [11]. An acidic medium with pH less than 5 tends to be aggressive and accelerates corrosion, while alkaline solutions are less corrosive and can easily form protective layers [21]. For example, the corrosion rate of metals such as zinc and iron is accelerated in low pH (acidic) medium [11]. Several studies have been carried out and reported on the influence of pH on SCC susceptibility of pipeline carbon steels in various corrosive environments as discussed in subsequent paragraphs.



Contreras et al. [67] studied the susceptibility of API 5L X52 carbon steel to SCC by use of SSR technique at a strain rate of   1 ×   10   − 6     in / s  . The specimens were exposed in air and in NS4 solution with pH levels of 5, 8 and 10. The tests results indicated higher time to failure for specimens exposed in air, and lower time to failure was observed for specimens exposed in solution with pH 8. Figure 10 presents the variation of time to failure of the specimens in the different pH NS4 solutions. SEM results indicated ductile fracture on specimens exposed in air and in solution with pH 8 and 10, while brittle fracture with trans-granular appearance was observed on the specimens tested in the pH 5 solution. According to the calculated area reduction ratio (RRA) and time to failure ratio (TFR) specimens exposed to the NS4 solution with pH 5 are more susceptible to SCC. Figure 11 and Figure 12, respectively, presents the SEM images of the brittle and ductile fracture observed on the exposed samples at pH 5 solution and in air.



Figure 11a as presented above shows the specimens surface cracks with brittle fracture and faceted surface texture. Higher magnification image of the cracked section as shown in Figure 11a1 revealed that hydrogen atoms induce internal microcracks. Figure 11a2 shows a higher magnification image of the faceted section which revealed a typical trans- granular mode of fracture.



As shown in Figure 12a, the sample revealed a ductile fracture, which is characterized by a formation of neck prior to failure with extensive permanent plastic deformation. Figure 12b presents a higher magnification image of the fractured surface revealing ductile mode of fracture with trans-granular appearance.



Cui et al. [68] investigated the effect of pH value on electrochemical and SCC susceptibility of API 5L X70 carbon steel in NS4 solution by use of SSRT at a strain rate of   1 ×   10   − 6     in / s  . The specimens were exposed in air and NS4 solution with pH level of 4.0, 4.5, 5.0, 5.5, 6.0 and 6.8. Test solutions were continuously bubbled with 5% CO2 and 95% N2 throughout the duration of the tests. In general, the susceptibility of the samples to SCC changes with decreasing pH of the test solution. It was observed that when the pH value was decreased from 6.8 to 6, both cathodic reduction and anodic dissolution were increased. Acceleration of the cathodic reduction was observed with further decrease in the pH value of the solution. When the solution pH decreases from 6.8 to 5.5, SCC susceptibility decreases because of the enhancement of the anodic dissolution. Conversely, when the solution pH decreases from 5.5 to 4.0, SCC susceptibility increases steadily because of the acceleration of the cathodic reactions. In conclusion, as the solution pH decreases, secondary cracks show no clear variations until the pH value reduces to 4.0. It was observed that the secondary cracks became wider and deeper in the solution with the pH value of 4.0, and hence, the SCC susceptibility of the specimen was higher. The tests results showed a clear change in the open circuit potential of the specimens in the various solution pH value. Figure 13 shows the variations in the OCP value with changing pH values. It was observed that the OCP moves positively as the solution pH decreases. Similar results of change in OCP values with decreasing pH level in acidic soil solutions were observed by Liu et al. [69] while conducting SCC susceptibility of X70 pipeline steel. Figure 14 shows the variations in OCP values with decreasing pH values of the acidic solutions. Alfantazi et al. [70,71] also reported the electrochemical behaviour of X100 pipeline steel in NS4 solution and in chloride-containing CO2-saturated solution of pH levels between 4.7 and 9. The results also showed that the open circuit potential values decreased with increasing pH level, hence contributing to the decrease in the cathodic reduction reactions at higher pH values [70]. The corrosion rate was observed to increase with decreasing pH values [71].



Nesic et al. [28] assessed the electrochemical behaviour of mild steel in aqueous CO2 medium of pH range 4–6. The tests results showed that pH level had no clear effect on anodic dissolution of the specimens in the CO2 solutions. Chen et al. [72] evaluated the susceptibility of API 5L X70 carbon steel to SCC in four different soil samples excavated from underground where pipelines are buried. Different concentrations of CO2/N2 gas mixtures were introduced during the tests. The tests results showed that the SCC susceptibility of the samples increased gradually as the soil pH increased from 5.5 to 7.0. Liu et al. [69] studied the effect of pH value in the range from 3.5 to 6.5 on SCC susceptibility of API 5L X70 pipeline steel in simulated acidic synthetic soil media. The carbon steel was observed to show the highest SCC susceptibility under pH value of 4.5; this is because of the strongest synergistic effect of hydrogen embrittlement and anodic dissolution. It was observed that when the solution pH was greater or lower than 4.5, SCC susceptibility decreased [69].



Parkins et al. [73] assessed the susceptibility of different pipeline steels (X52, X60 and X65) to SCC in NS4 solution with various pH values of 8.3, 6.3 and 5.1. Hydrogen permeation tests were carried out on the three different pipeline steel samples at open circuit potential and at potentials of −700 mV (SCE) and −800 mV (SCE) below the corrosion potential. All tests were conducted at temperatures of 23 ± 1 °C. The tests results showed that irrespective of the steel grade, hydrogen concentration on the sample surfaces increases with decreasing pH value in near-neutral environments within the vicinity of open circuit potential and the applied potentials. However, hydrogen embrittlement is not exclusively involved in the SCC occurrence since there is clear evidence of anodic dissolution associated with the cracking of the pipeline steels. Jeffrey et al. [53] also reported that lower pH value led to higher absorbed hydrogen concentrations on X-65 sample surfaces exposed in a near-neutral carbonate/bicarbonate solutions with increasing CO2 concentrations. Figure 15a,b, respectively, presents the variations in hydrogen concentration values on the specimens surfaces at −700 mV (SCE) and −800 mV (SCE) with varying pH of the NS4 solutions.



In summary, it was observed that despite all the current research, the effect of solution pH on SCC behaviour of pipeline steels is still not clear. However, it can be stated that most carbon steels are more susceptible to SCC under pH value of 5 regardless of the type of solution. Generally, it was observed that a higher CO2 concentration in a solution leads to a lower pH value. This in turn increases the concentration of hydrogen on the metal surfaces, thus enhancing its susceptibility to SCC.




10. Conclusions


Based on the above reviewed research articles investigating the factors affecting SCC susceptibility of pipeline carbon steels, the following conclusions can be made:




	(1)

	
Pipeline carbon steels with water quenched, quenched and tempered heat treatment and consist of acicular ferrite, bainitic ferrite or martensitic microstructure are more susceptible to SCC irrespective of corrosive environment and composition.




	(2)

	
The level of applied stress, stress concentration and fluctuating stress plays a vital role in SCC initiation and propagation for pipeline carbon steels.




	(3)

	
It can be concluded that SCC susceptibility of the carbon steels at a particular temperature depends on the type and composition of the corrosive medium and microstructure of the steel.




	(4)

	
It was observed that SCC of pipeline steels in a near-neutral pH condition varies with solution composition, concentration of oxidizers and their applied partial pressure. It is clear that with increasing CO2 concentration, polarization resistance (Rp) decreases, which in turn increases corrosion rate, hence facilitating SCC occurrence. The severity of SCC occurrence increases with increasing applied cathodic potential.




	(5)

	
According to the reviewed articles, the effect of solution pH on SCC behaviour of pipeline steels is not clear. However, most carbon steels are more susceptible to SCC between pH values of 4–5 regardless of the type of environment. It was observed that open circuit potential values decreased with increasing pH level. Generally, it was observed that higher CO2 concentration in a solution leads to lower pH value. This in turn increases the concentration of hydrogen on the metal/alloy surfaces, thus enhancing susceptibility to SCC.




	(6)

	
In general, the mechanism for crack initiation and propagation in a near-neutral solution with varying concentrations of O2 and CO2 constitutes anodic dissolution and hydrogen embrittlement.










11. Research Suggestions


Based on the above reviewed articles, the following suggestions are observed for future research considerations:




	(1)

	
Systematic studies should be carried out to clearly understand the effect of temperature on SCC of pipeline steels with regard to different microstructures in a near-neutral pH condition.




	(2)

	
The changes in the electrochemical reactions and the SCC susceptibility of pipeline carbon steels over different solution pH values should be further researched.
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Figure 1. Typical SCC morphology on pipeline carbon steel surfaces; (a) trans-granular mode of SCC; (b) inter-granular mode of SCC [18]. Reprinted with permission from [18], 2011, John Wiley and Sons. 
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Figure 2. A typical example of hydrogen embrittlement on X46 carbon steel [15]. Reprinted with permission from [15], 2014, Elsevier. 
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Figure 3. Variations in SCC susceptibility of the different microstructural tested samples. Data from [24]. 
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Figure 4. Variations in time to failure of the API 5L X46 exposed samples in air, aqueous soil extracts and NS4 solution at open circuit potential (Ecorr), 100 mV (SCE) and 300 mV (SCE) below corrosion potential. Data from [15]. 
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Figure 5. SEM images showing a trans-granular fracture on exposed specimens in the NS4 solution with applied potential of −400 mV (SCE) [50]. Reprinted with permission from [50], 2012, Elsevier. 
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Figure 6. Calculated hydrogen permeation parameters of the different steel grades under applied cathodic potential of −1200 mV (SCE); (a) hydrogen concentration (C0); (b) hydrogen permeation flux (J∞); (c) effective hydrogen diffusion (Deff). Data from [51]. 
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Figure 7. Effect of increasing CO2 content on the measured electrochemical parameters; (a) polarization resistance; (b) solution pH; (c) corrosion current density. Data from [52]. 
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Figure 8. Effect of increasing temperature on percentage reduction in the area for the different microstructures: 2F (martensitic microstructure); 1T (ferritic/bainitic microstructure); 2A (ferritic microstructure) [61]. Reprinted with permission from [61], 2008, Elsevier. 
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Figure 9. Effect of increasing temperature on hydrogen atom concentration (C0) on the surface of the different steel microstructures: 2F (martensitic microstructure); 2A (ferritic microstructure); 1T (ferritic/bainitic microstructure) [61]. Reprinted with permission from [61], 2008, Elsevier. 
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Figure 10. Variations in time to failure of the exposed X52 carbon steel in air and the different NS4 solution pH level. Data from [67]. 
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Figure 11. SEM images showing a brittle type of fracture with trans-granular appearance on the X52 exposed specimens in the NS4 solution at pH 5 [67]. 
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Figure 12. SEM images showing a ductile type of fracture on the X52 exposed specimens in air [67]. 
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Figure 13. Variations of open circuit potential of the X70 samples in the different pH NS4 solutions [68]. Reprinted with permission from [68], 2015, Springer nature. 
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Figure 14. Variations of open circuit potential of the X70 samples in the different pH acidic soil solutions [69]. Reprinted with permission from [69], 2013, Springer nature. 
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Figure 15. Variations in hydrogen concentration values on the exposed carbon steels at varying pH of the NS4 solution: (a) at applied potential of −700 mV (SCE); (b) at applied potential of −800 mV (SCE). Data from [73]. 
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Table 1. Chemical compositions of API 5L X65, X70 and X80 pipeline steel (wt.%). [14,33]. Reprinted with permission from [14,33], 2008, 2019, Elsevier.
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	Material Grade
	C
	Mn
	Si
	S
	P
	Mo
	Cr
	Cu
	Ti
	V
	Ni
	Fe





	X65
	0.10
	1.43
	0.19
	0.001
	0.007
	0.16
	0.12
	0.07
	-
	0.09
	-
	97.832



	X70
	0.027
	1.51
	0.10
	0.002
	0.014
	0.004
	0.27
	0.28
	0.011
	-
	0.16
	97.494



	X80
	0.06
	1.91
	0.35
	0.001
	0.013
	0.157
	0.201
	0.023
	0.017
	0.001
	0.036
	97.231
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Table 2. SCC susceptibility test environmental conditions. Data from [14,16,33].
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Material Grades

	
Test Environmental Conditions




	
Temperatures, °C

	
Test Solutions Composition






	
X46, X52, X65, X70, X80, X90, X100.

	
5, 15, 25, 30, 35, 50, 55, 60, 70, 90.

	
Air, NaCl solutions (3.5% NaCl), NS4 solution, Bicarbonate solutions (NaHCO3), NACE solution (5% NaCl + 0.5% acetic acid), CO2, O2, CO2 + O2, CO2 + N2, CO2 + H2O, O2 + H2O, Simulated fuel grade ethanol (SFGE), etc.
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Table 3. Common electrochemical monitoring techniques. Data from [12,33,34].
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Electrochemical Monitoring Techniques






	
Linear polarization resistance (LPR)

	
Measures the electrochemical response (resistance) of a working electrode (corroding metal) near its open circuit potential. It involves the polarization of ±10 mV around corrosion potential.




	
Electrochemical impedance spectroscopy (EIS)

	
Involves application of AC potential of ±10 mV around corrosion potential, over a wide frequency range, typically 0.1 to 106 Hz. It is used to obtain corrosion current.




	
Electrochemical noise (EN)

	
This method continuously measures corrosion potential and current fluctuations. It is used to obtain corrosion current from noise resistance.




	
Cyclic potentiodynamic polarization

	
Involves the application of overpotential from around corrosion potential towards the noble side to a potential at which 5 mA current is reached, and then the potential is reversed until corrosion potential is achieved.
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Table 4. Common stress application methods. Data from [12,35,36].
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Stress Application Methods






	
Dynamic load test (slow strain rate test), e.g., round tensile and tube.

	
Considered the most widely used test for assessing the susceptibility of a metal to SCC. It is conducted by continuously increasing the applied stress level at a constant strain rate.




	
Constant load test, e.g., notched beam, direct tension specimens.

	
This method is usually used when the load to be applied on the specimen is small; normally, a hanging weight is suspended on the specimen.




	
Cyclic load test, e.g., bent beam, notched beam samples.

	
In this method, a repeated or fluctuating stress is applied on the specimens at a particular point.




	
Deflected method (Constant strain), e.g., C-ring, bent-beam, U-bend samples.

	
In this method, stress is applied on the specimen by deflecting it. In deflected test samples, the applied stress decreases as crack propagates.
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Table 5. Different microstructures of the X70 micro-alloyed pipeline carbon steel. Data from [14].
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	Heat Treatment
	Microstructure





	As-received sample
	Ferrite grains with pearlite alternation



	Quenched and tempered
	Incipient acicular ferrite with isolated perlite grains



	Water-sprayed (cooled)
	Incomplete transformation of perlite in a recrystallized ferrite matrix



	Water quenched
	Typical microstructure of martensite with segregation at martensitic lath boundaries
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Table 6. Different microstructures of the X80 pipeline carbon steel. Data from [41].






Table 6. Different microstructures of the X80 pipeline carbon steel. Data from [41].





	Heat Treatment
	Microstructure





	As-received sample
	Ferrite and pearlite bands with dispersion of precipitates.



	Quenched and tempered
	Partially recrystallized grains with incipient acicular ferrite and isolated pearlite grains.



	Water-sprayed
	Incomplete transformation of perlite grains with few precipitates.



	Water quenched
	Martensite with high segregation at martensitic lath boundaries and dispersion of precipitates.
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Table 7. Different microstructures of the exposed X70 samples. Data from [42].
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	Heat Treatment
	Microstructure





	As-received
	Ferrite matrix grain with dark martensite/austenite grains



	Air-cooled
	Coarse ferrite grains with a number of granular bainite grains



	Water quenched
	Bainite grains
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Table 8. Different microstructures of the exposed X70 samples. Data from [24].
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	Heat Treatment
	Microstructure





	Mill annealed
	Ferritic/pearlitic grains



	Normalized
	Ferritic/pearlitic grains



	Water quenched
	Acicular and polygonal ferrite grains



	Quenched and tempered
	Displayed coarsening of the quenched microstructure with some degree of recrystallization
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Table 9. Standard chemical composition of NS4 (near-neutral synthetic soil) solution [50]. Reprinted with permission from [50], 2012, Elsevier.






Table 9. Standard chemical composition of NS4 (near-neutral synthetic soil) solution [50]. Reprinted with permission from [50], 2012, Elsevier.





	Substance
	KCl
	NaHCO3
	CaCl2·2H2O
	MgSO4·7H2O





	Concentrations (g/L)
	0.122
	0.483
	0.181
	0.131
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Table 10. Chemical composition of X46 carbon steel (wt.%) [15]. Reprinted with permission from [15], 2014, Elsevier.






Table 10. Chemical composition of X46 carbon steel (wt.%) [15]. Reprinted with permission from [15], 2014, Elsevier.





	Material Grade
	C
	Mn
	Si
	Cr
	Ni
	Mo
	S
	P
	Fe





	API 5L X46
	0.25
	1.28
	0.34
	0.02
	0.01
	0.03
	0.009
	0.014
	Bal.
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Table 11. Chemical composition of the P110 pipeline steel (wt.%) [16]. Reprinted with permission from [16], 2019, Elsevier.






Table 11. Chemical composition of the P110 pipeline steel (wt.%) [16]. Reprinted with permission from [16], 2019, Elsevier.





	Material Grade
	C
	Mn
	Si
	S
	P
	Fe





	P110
	0.243
	0.990
	0.196
	0.002
	0.014
	Bal.
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