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1-Introduction

The presence of wet H2S (sour environment) in hydrocarbons is one of the most prominent causes for failures and defects formation in carbon steel pipelines . A significant part of the atomic hydrogen, produced as a result of the (electrochemical) corrosion reaction between H2S and iron in steels, penetrates the bulk material through an adsorptionabsorption-diffusion mechanism. At the interface of defects and imperfections in steels, such as elongated non-metallic inclusions (e.g., Manganese Sulfides MnS), the diffusing hydrogen is trapped and recombines to form high pressure hydrogen gas cavities [START_REF] Domizzi | Influence of sulphur content and inclusion distribution on the hydrogen induced blister cracking in pressure vessel and pipeline steels[END_REF][START_REF] Popov | Chapter 7 -Hydrogen Permeation and Hydrogen-Induced Cracking[END_REF][START_REF] Revie | Hydrogen-Induced Cracking of Linepipe Steels Part 1-Threshold Hydrogen Concentration and pH[END_REF][START_REF] Elboujdaini | Hydrogen-Induced Cracking and Effect of Non-Metallic Inclusions in Linepipe Steels[END_REF][START_REF] Moore | Factors influencing the hydrogen cracking sensitivity of pipeline steels[END_REF][START_REF] Park | Effect of microstructure on the hydrogen trapping efficiency and hydrogen induced cracking of linepipe steel[END_REF]. Increasing pressure build up within these cavities is maintained by the continuous hydrogen flux from the corroding steel surface, known to be the main driving force for the formation and the growth of small cracks parallel to the pipe wall, commonly called Hydrogen-Induced Cracks (HIC) or blisters [START_REF] Mcmahon | 6 -The role of grain boundaries in hydrogen induced cracking (HIC) of steels[END_REF][START_REF] Kittel | Hydrogen induced cracking (HIC) testing of low alloy steel in sour environment: Impact of time of exposure on the extent of damage[END_REF][START_REF] Kittel | Hydrogen Induced Cracking (Hic) -Laboratory Testing Assessment Of Low Alloy Steel Linepipe[END_REF][START_REF] Chattoraj | The effect of hydrogen induced cracking on the integrity of steel components. Sadhana[END_REF]. The latter can grow, coalesce to an advanced form of HIC known as Step-Wise Cracking (SWC) [START_REF] Sezgin | Modelling of hydrogen induced pressurization of internal cavities[END_REF][START_REF] Zakaria | Formation and analysis of stack cracks in a pipeline steel[END_REF][START_REF] Lino | The extension of hydrogen blister-crack array in linepipe steels[END_REF], which could lead to equipment failure [START_REF] Koyama | Overview of hydrogen embrittlement in high-Mn steels[END_REF][START_REF] Villalobos | Evaluation of mechanical properties of an experimental microalloyed steel subjected to tempering heat treatment and its effect on hydrogen embrittlement[END_REF][START_REF] Mcmahon | Hydrogen-induced intergranular fracture of steels[END_REF][START_REF] Kim | Relationship between hydrogen-induced cracking and type I sulfide stress cracking of high-strength linepipe steel[END_REF][START_REF] Suárez | Finite Element Analysis of the Interaction of Hydrogen Induced Stepwise Cracks[END_REF]. It is well admitted that steel microstructure [START_REF] Beidokhti | Effects of alloying elements and microstructure on the susceptibility of the welded HSLA steel to hydrogen-induced cracking and sulfide stress cracking[END_REF][START_REF] Shi | Effect of Microstructure on Hydrogen Induced Cracking Behavior of a High Deformability Pipeline Steel[END_REF][START_REF] Kim | Effect of environmental and metallurgical factors on hydrogen induced cracking of HSLA steels[END_REF] as well as shape, size, type and distribution of nonmetallic inclusions [START_REF] Beidokhti | Effects of alloying elements and microstructure on the susceptibility of the welded HSLA steel to hydrogen-induced cracking and sulfide stress cracking[END_REF][START_REF] Domizzi | Influence of sulphur content and inclusion distribution on the hydrogen induced blister cracking in pressure vessel and pipeline steels[END_REF][START_REF] Dong | Effects of hydrogen-charging on the susceptibility of X100 pipeline steel to hydrogen-induced cracking[END_REF][START_REF] Park | Effect of microstructure on the hydrogen trapping efficiency and hydrogen induced cracking of linepipe steel[END_REF][START_REF] Kim | Effect of environmental and metallurgical factors on hydrogen induced cracking of HSLA steels[END_REF][START_REF] Liu | Effect of inclusions on initiation of stress corrosion cracks in X70 pipeline steel in an acidic soil[END_REF][START_REF] Mendibide | Composition optimization of high-strength steels for sulfide stress cracking resistance improvement[END_REF][START_REF] Nayak | Microstructure and properties of low manganese and niobium containing HIC pipeline steel[END_REF][START_REF] Ren | The effects of inclusions and second phase particles on hydrogeninduced blistering in iron[END_REF][START_REF] Xue | Characterization of inclusions of X80 pipeline steel and its correlation with hydrogen-induced cracking[END_REF][START_REF] Zhao | Investigation on the H2S-resistant behaviors of acicular ferrite and ultrafine ferrite[END_REF][START_REF] Zheng | Effect of hydrogen and inclusions on the tensile properties and fracture behaviour of A350LF2 steels after exposure to wet H2S environments[END_REF][START_REF] Zhuo | Influence of Sulfur Content and Microstructure of Pipeline Steels on Mechanical property and H2S-Resistant Behavior[END_REF][START_REF] Brown | Hydrogen Induced Cracking in Pipeline Steels[END_REF][START_REF] Chou | Comparison of the Behavior of Hydrogen in Two Carbon Steels Differing in Sulfur Content[END_REF][START_REF] Wilde | Some Observations on the Role of Inclusions in the Hydrogen Induced Blister Cracking of Linepipe Steels in Sulfide[END_REF][START_REF] Garet | Hydrogen trapping on non metallic inclusions in Cr-Mo low alloy steels[END_REF][START_REF] Kobayashi | A study of the hydrogen-induced degradation of two steels differing in sulfur content[END_REF][START_REF] Koh | Effect of Microstructure on Hydrogen-Induced Cracking of Linepipe Steels[END_REF] are the key ingredients for the development of internal pressurized hydrogen cavities [START_REF] Jin | Effect of non-metallic inclusions on hydrogen-induced cracking of API5L X100 steel[END_REF][START_REF] Mohtadi-Bonab | A focus on different factors affecting hydrogen induced cracking in oil and natural gas pipeline steel[END_REF][START_REF] Mohtadi-Bonab | Effect of different microstructural parameters on hydrogen induced cracking in an API X70 pipeline steel[END_REF]. This degradation mechanism is especially acute in old pipeline steel grades, also referred to as "legacy/heritage steels" commissioned prior the mandate of NACE TM-0284 [START_REF] Nace Standard | Evaluation of Pipeline and Pressure Vessel Steels for Resistance to Hydrogen-Induced Cracking[END_REF] and ISO-15156 acceptance criteria for sour service material section [START_REF]Petroleum and natural gas industries --Materials for use in H2S-containing environments in oil and gas production --Part 2: Cracking-resistant carbon and low-alloy steels, and the use of cast irons[END_REF]. Such steel grades contain a high level of impurities and nonmetallic inclusions in addition to a banded microstructure which constitute the perfect ingredients for HIC initiation and growth. Operating equipment made of such non-HIC resistant steels in "mildly" sour environments [START_REF] Smith | HIC Resistance of Heritage Pipelines Exposed to Mildly Sour Environments[END_REF] will continue to be for the foreseeable future due to the associated replacement cost, provided that the stage of HIC damage is monitored in routine inspections and the fitness for service of the asset is assessed with respect to international standards, such as API-579 [START_REF]API 579-1, Fitness-For-Service[END_REF]. A typical case study from the field is presented in section 2. For such case, it is crucial to have accurate knowledge of their material properties, particularly fracture toughness data, measured in representative testing environments, which is the purpose of this work.

The review of the published literature shows that many works have focused on the causes of HIC formation in relation to microstructural features, such as the existence and role of nonmetallic inclusions or the microstructural morphology [START_REF] Mohtadi-Bonab | A focus on different factors affecting hydrogen induced cracking in oil and natural gas pipeline steel[END_REF]. These works have followed NACE TM 0284 [START_REF] Nace Standard | Evaluation of Pipeline and Pressure Vessel Steels for Resistance to Hydrogen-Induced Cracking[END_REF] or used custom electrolytic solutions [START_REF] Mohtadi-Bonab | The mechanism of failure by hydrogen induced cracking in an acidic environment for API 5L X70 pipeline steel[END_REF] for determining HIC resistance of studied steels and proceeded in identifying the microstructural features, which promote HIC formation and growth. In particular, the fracture toughness and crack propagation resistance were found to be reduced in wide nuances of carbon steels in the presence of high-pressure hydrogen gas, where KTH is degraded by as much as 50% in hydrogen gas of pressure as reported by Marchi and Somerday [START_REF] Marchi | Technical Reference for Hydrogen Compatibility of Materials[END_REF]. Similarly, Lam and co-workers [START_REF] Lam | Literature Survey of Gaseous Hydrogen Effects on the Mechanical Properties of Carbon and Low Alloy Steels[END_REF] provided with an interesting literature survey regarding the degradation of mechanical properties of carbon steels including the fracture toughness properties such as the threshold stress intensity and the crack propagation. Hence, there is an undisputed lack of published relevant fracture toughness data that can be used for assessing the fitness for service of pipelines and pressure vessels containing HIC damage. Besides the need for accurate fitness for service assessment of equipment containing HIC damage, relevant fracture toughness data are also critically needed for predicting their remaining lifetime [START_REF] Findley | Critical Assessment 17 : Mechanisms of hydrogen induced cracking in pipeline steels Critical A ssessment 17 : M echanisms of hydrogen induced cracking in pipeline steels[END_REF].

Although HIC is well documented and relevant standards [START_REF] Nace Standard | Evaluation of Pipeline and Pressure Vessel Steels for Resistance to Hydrogen-Induced Cracking[END_REF] are in place to asses a steel's performance, the prediction of HIC growth rate, as well as the critical hydrogen pressure in the HIC cavity and its relation to the existing H2S environment have only been studied using analytical [START_REF] Balueva | Modeling of Hydrogen Embrittlement Cracking in Pipe-lines under High Pressures[END_REF] or numerical tools [START_REF] Gonzalez | Hydrogen-Induced Crack Growth Rate in Steel Plates Exposed to Sour Environments[END_REF], without using experimental data which fit the case. In particular, if we assume that an isolated HIC defect is a cavity, which has an elliptical shape with two singularities (crack tips) at each end, the HIC defect will grow in size when the fracture toughness (K or CTOD) at the crack tip will reach the steel fracture toughness in hydrogen environment [START_REF] Traidia | An effective finite element model for the prediction of hydrogen induced cracking in steel pipelines[END_REF][START_REF] Gonzalez | Hydrogen-Induced Crack Growth Rate in Steel Plates Exposed to Sour Environments[END_REF]. The intrinsic effect of H2S, i.e. atomic hydrogen accumulation and subsequent hydrogen pressure build up in the cavity leading to eventual growth of the HIC, can be assessed, through a numerical modeling scheme such as the work of Gonzalez and co-workers [START_REF] Gonzalez | Hydrogen-Induced Crack Growth Rate in Steel Plates Exposed to Sour Environments[END_REF]. This requires using input data of the fracture toughness properties which are relevant to the direction of the growth of HIC cavity and measured in environment representative of the in-service sour environment. In this case, fracture toughness properties measured in the SL direction i.e. parallel to the pipeline/vessel wall and in various H2S environments, are the most applicable since preferential growth path of the HIC is along the SL direction. Using the aforementioned inputs, a reliable integrity assessment tool able to predict HIC growth rates was proposed by Traidia and co-workers [START_REF] Traidia | An effective finite element model for the prediction of hydrogen induced cracking in steel pipelines[END_REF][START_REF] Traidia | Hydrogen-induced-cracking prediction software[END_REF].

The present work focuses on the measurement of fracture toughness of an API X42 non-HIC resistant pipeline steel in simulated sour service environment along two different directions, namely TL and SL directions. Correlation with the total hydrogen concentration absorbed in the steel (noted CH) measured using Thermal Desorption Spectroscopy (TDS) is also established. While it is a straightforward process to extract fracture toughness specimens in the TL direction, this is not the case for the SL direction, especially for thin pipelines. This is because there is not enough material in the SL direction to extract a full novel single edgenotch bending specimen (SEB) or compact tension specimen (CT) for evaluation of fracture toughness properties. Hence, novel SEB geometry was developed to overcome the pipeline thickness constrains and perform fracture toughness tests in the SL direction as per ASTM1820 standards [START_REF] Traidia | Method and Device for Testing a Material Sample in Standard test for In-Plane Fracture Toughness Evaluation US-Patent # US[END_REF][START_REF] Chatzidouros | Effect of hydrogen on fracture toughness properties of a pipeline steel under simulated sour service conditions[END_REF]. The fracture toughness properties in the SL direction, along with the CH measurements in the metal lattice of the steel, can be used for subsequent work on estimating HIC growth rates at critical hydrogen pressure, which in turn can be fitted in the existing or future developed numerical and integrity assessment tools. Moreover, the role of the X42 microstructure in promoting the initiation and growth of HIC is also discussed and compared with relevant available literature without tackling the well-established HIC mechanism as per the aforementioned investigations

2-Typical case study from the field

This section highlights a specific case study from the field where accurate knowledge of relevant material fracture toughness data is critically needed to conduct a reliable Engineering Critical Assessment (ECA), also referred to as Fitness-For-Service (FFS) assessment procedure. ECA or FFS are standard calculations, often based on fracture mechanic principles, meant to check the integrity of an asset with respect to flaws found inservice and provide recommendations on possible pressure de-rating and/or repairs. Such level-based assessments follow the well-established industry standards developed since the late 1960s [START_REF] Wintle | Which procedures for fitness-for-service assessment: API 579 or BS[END_REF], where API-579 [68] and BS-7910 [START_REF]Guide to methods for assessing the acceptability of flaws in metallic structures[END_REF] are the most commonly used ones.

Detailed discussions and comparisons of both standards are available elsewhere [START_REF] Hadley | 2013 in brief[END_REF][START_REF] Larrosa | Comparisons of the solutions of common FFS standard procedures to benchmark problems[END_REF][START_REF] Hadley | Materials properties for Engineering Critical Assessment : Background to the advice given in BS 7910 : 2013[END_REF].

The case study described in the present work, considers a 20-inch nominal diameter sour service transmission pipeline (11.4 mm wall thickness) carrying out sour condensate (crude/gas mixture), with 3 mol % H2S and 0.5 mol% CO2, operating at 480 psi and 70°F.

The pipeline is made of API X60 steel, commissioned prior to the mandate of HIC resistant steels for sour service applications. Magnetic Flux Leakage In-Line Inspections (MFL-ILI) runs carried out on this pipeline revealed the presence of areas featured as "laminations" with relatively large size. Given the commissioning date of the pipeline and the relatively high H2S content in the carried hydrocarbons, decision was made to excavate these locations and carry out advanced ultrasonic testing (corrosion mapping) to confirm/infirm the presence of HIC or SWC. Figure 1, shows a typical section of the pipe (approximately 14 m long) which has been excavated for this purpose. Four different locations on this section, located between 3'oclock to 9'oclock positions, have been selected for advanced UT scanning. The results clearly show the presence of large penny-shaped HIC cavities, as large as 200 mm in diameter. In some cases, the HIC cavities, located approximately at mid-wall thickness (6 mm from the outer surface), are either isolated (scan 1), have coalesced with nearby HICs (scan 2) or are about to coalesce (scan 3 and 4). Linear HIC damage (i.e., without SWC), far from welds and major structural discontinuities, is not harmful to the integrity of the pipeline as it does not reduce the overall load bearing capacity, or remaining strength. However, the presence of SWC is always alarming since it directly impacts the remaining strength and can lead to unstable local failure (crack growth) or local plastic rupture.

Carrying proper FFS assessment, using the scans shown in Figure 2, it is particularly challenging, for such study case, SWC has been confirmed with height ranging from 1.8 mm to 3.1 mm (that is almost 30% of the corroded wall thickness), and therefore API 579 (Part 7, Level 2) requires a crack-like flaw assessment (as per Part 9) to be carried out to demonstrate the integrity against unstable crack growth and fracture. Such assessment involves the use of the Failure Assessment Diagram (FAD) procedure which requires knowledge of the steel fracture toughness in the direction of crack growth, and also in representative testing environment (i.e., sour service). The experimental data generated in the present work will constitute the seed towards the development of a representative fracture toughness database to be used for reliable FFS assessments.

3-Experimental procedure 3-1-Test sample orientations

Evaluation of fracture toughness properties KQ and CTOD were performed following the approach described in a previous published work [START_REF] Traidia | Method and Device for Testing a Material Sample in Standard test for In-Plane Fracture Toughness Evaluation US-Patent # US[END_REF] as per the ASTM E1820 standard [START_REF] Astm E | Standard test method for measurement of fracture toughness[END_REF].

It is here worth noting that measured KQ values reported in this work do not satisfy the conditions for valid linear elastic plane strain fracture toughness KIC.

3-2-Material: API X42

API X42 microstructure was analyzed using scanning electron microscope (SEM) Quanta3D FEI ™ and Electron Back Scattered Diffraction (EBSD) from EDAX ™ . The steel samples used in this work have been machined from a 10 mm thick pipeline sample extracted from a field pipeline. HIC qualification tests were carried out as per NACE TM0284 [START_REF] Nace Standard | Evaluation of Pipeline and Pressure Vessel Steels for Resistance to Hydrogen-Induced Cracking[END_REF] and the results

showed that the pipeline steel used in this study is not HIC resistant. The chemical composition and the mechanical properties of this steel are provided respectively in Table 1 and Table 2. 

3-3-Hydrogen charging

In a typical process, the X42 steel sample is electrochemically charged with hydrogen using TDS as described elsewhere [START_REF] Chatzidouros | Effect of hydrogen on fracture toughness properties of a pipeline steel under simulated sour service conditions[END_REF]. The corresponding targeted values of CH to achieve at steady state using cathodic charging are presented in Table 3. CH was measured in notched X42 samples as shown in Figure 3, namely 10 mm (length) × 10mm (width) × 5 mm (thickness) X42 notched samples, with notch depth of 2.5 mm. Precharging for 48 hours was found to be sufficient to achieve a stable CH in the metal lattice of the steel as shown in previous works [START_REF] Chatzidouros | Effect of hydrogen on fracture toughness properties of a pipeline steel under simulated sour service conditions[END_REF][START_REF] Capelle | The effect of hydrogen concentration on fracture of pipeline steels in presence of a notch[END_REF]. The notion of ex-situ means that the SEB specimens were hydrogen charged for 48 hours, prior to being fracture toughness tested, i.e. the SEB specimens are removed from the charging arrangement after the charging procedure and they are immediately fracture toughness tested in air. Following the aforementioned rationale, the current densities which can produce the desired CHs in the X42 samples are identified, in the first set of charging tests and in the second set the actual SEB specimens are charged using the evaluated current densities.

4-Experimental results

4-1-Hydrogen measurement

The three levels of CH described in section 3.3 were achieved by hydrogen charging X42 samples, with various values of current densities. Current densities were varied between 0.4 and 4 mA/cm 2 . The CH in the X42 samples were evaluated after integrating the TDS curves in desorption vs. time and are given in Table 4. Furthermore, the TDS results in terms of desorption vs. temperature are shown in Figure 4.

As depicted in Table 4, a current density of 4mA/cm 2 was used for pre-charging the fracture toughness specimens with CH of 1.5 ppmw, similarly a current density of 1mA/cm 2 and 0.4mA/cm 2 for CH of 1ppmw and CH for 0.5 pppmw, respectively. 

4-2-Microstructural analyses

The microstructure and the fracture characteristics of the X42 micro alloyed steel, in the form of sheets and pipes were carried out to study the effect of the morphology of secondary phase, in addition to the matrix phase. were not observed here on the surface of non-tested sample (Figure 5), however for the fractured samples, the dimples observed are sign of their presence in X42 (Figure 6).

For fracture surface analyses, two types of samples were selected corresponding to the two extreme conditions of the mechanical testing, namely the one tested in air and the other one tested in hydrogen environment at 1.5 ppmw of CH. The fractured surfaces were systematically protected by coating to preserve fine fracture details after the mechanical testing. Figure 6 shows the low and high magnification micrographs of the fractured surface from X42 sample in parallel direction (SL), respectively in air Figure 6 To further comprehend the mechanism of the X42 steel failure in air, and under hydrogen environment, EBSD mapping was conducted at the edge region of the notched sample at the vicinity of the crack propagation path. The tested samples in air for both directions (SL and TL) are showing relatively similar crack propagation features, confirming the fact that the primary crack is propagating through the grains with random orientations. The presence of fine grain structures could due to the recrystallization at the edge of notch region. Figure 7 for instance, illustrate respectively, the general view of the crack path as captured by optical microscope (Figure 7(a)) and EBSD maps on X42 sample tested in SL direction in air (Figure 7(b)) and at 1.5 ppmw of CH (Figure 7(c)), respectively. In the case of the sample tested in air, there is neither a clear preference for all the cracks to propagate crossing the grains with various orientations (transgranular cracks) nor to make random transitions between the grains. No evidence either for a propagation of the cracks along grain boundaries (intergranular cracks) was confirmed by our experiments. For the specimen tested at 1.5 ppmw of CH, the zoom-in at the crack paths depicted in Figure 8 shows the presence of multiple cracks compared to single fatal crack observed for the sample tested in air. Here also the cracks seem to propagate through the grains and along the grain boundaries mixture between transgranular and intergranular cracks as highlighted in 

4-3-Fracture toughness results

In this work, the FT parameter KQ0 will be the maximum stress intensity factor for hydrogen free SEB specimens and KQ-H the maximum value of the stress intensity factor of hydrogen pre-charged SEB specimens. KQ-H0.5, KQ-H1 and KQ-H1.5 will be used, respectively for the case of hydrogen pre-charged specimens with 0.5 ppmw, 1ppmw and 1.5ppmw of CH using the following formula.

= ⁄ × ( )

Where:

PQ is the force at the point where the secant line with a slope 0.95 (P/v)0 intersects the forcedisplacement record. The Secant line is constructed from the tangent line OA to the initial portion of the data record (Figure S1 in supplementary information).

S is the span of supports B is the specimen thickness W is the specimen width a0 is the initial crack length (including notch)

Following the same rationale, maximum CTOD will be referred as CTOD0 for hydrogen free specimens, CTODH0.5, CTODH1 and CTODH1.5 for the case of pre-charged specimens with 0.5 ppmw, 1.5 ppmw and 1.5 ppmw of CH, respectively using the following formula.

= (1 -) 2 + ( -)! " [ ( -) + + $]
Where: K is the stress intensity factor for a = a0 ν is the Poisson's ratio σys is the yield stress or 0.2% offset yield strength at room temperature E is the elastic modulus at room temperature Vpl is the plastic component of crack mouth opening displacement at the point of evaluation on the force-displacement curve (see Figure S2 in supplementary information). z is the distance of knife edge measurement point from the notched edge on the SEB specimen rp is the plastic rotation factor given here as 0.44.

Fracture toughness results of X42 specimens in TL direction, are depicted in Tables 5 and6 and in Figure 9. The results show that ( 1 (1/2) ] KQ-H0.5 [MPa m (1/2) ]

KQ-H1

[MPa m (1/2) ] KQ-H1.5 [MPa m (1/2) 

[MPa m (1/2) ] KQ-H0.5 [MPa m (1/2) ] KQ-H1 [MPa m (1/2) ] KQ-H1.5 [MPa m (1/2) ]

5-Discussion

Table 7 and 8 show that some of the test results at 1.5 ppmw hydrogen charging are reported as "failed". Indeed, during the FT tests in the SL direction, several failed tests were reported due to HIC features, which manifested during the 48 hours hydrogen pre-charging. This can be clearly observed in Figure 11, where the fatigue pre-crack growing in the perpendicular direction during the FT test is diverted when meeting a HIC feature at mid-wall thickness. This is resulting in crack branching and failure of the FT test. Indeed, recall that the X42 samples used in this study are non-HIC resistant and therefore 48 hours hydrogen precharging at relatively high concentration (1.5 ppmw) led to macroscopic HICs, preventing the completion of all FT tests at 1.5 ppmw (all spare samples were used). This problem was not observed at lower CH levels. The results of the fracture toughness in the TL direction (Table 5, Figure 9(a)), show mixed values of KQ at 0.5 ppmw (KQ-H0.5 ) and 1 ppmw (KQ-H1 ) hydrogen pre-charging concentrations and a 25% reduction in KQ-H1.5 compared to KQ0 at higher CH of 1.5 ppmw.

The maximum CTOD values are reduced for CH values of 0.5ppmw and 1ppmw, but they are almost not affected for the case of 1.5 ppmw (Table 6, Figure 9b) compared to CTOD measured in air. These observations along with the fact that the standard deviation (SD) values of KQ-H1.5 and CTODH1.5 measured for the case at 1.5 ppmw are quite low, requiring further investigations of the effect of hydrogen. Indeed, the X42 is known to have two major characteristics: 1) presence of inclusion MnS type and 2) the lamellar structure of the pearlite phase. The inclusions generate voids as no bond is possible between the inclusions and the matrix [START_REF] Tsunekage | Effects of sulfur content and sulfide-forming elements addition on impact properties of ferrite-pearlitic microalloyed steels[END_REF]. During the mechanical tests, the voids coalesce to promote early failure, this phenomenon is more pronounced in the hydrogen environment especially at high level of CH. Actually, the dimples observed in Figure 6 (c) and (d) for the sample tested under hydrogen environment were also observed for TL direction. These dimples are known to be connected to voids coalescence due to the presence of inclusions. Despite the dimples observed in this study are originating from the inclusions 'coalescence, the shape and the size of these inclusions were not captured by our SEM observations to be directly compared to the elongated MnS inclusions reported elsewhere [START_REF] Hejazi | Effect of manganese content and microstructure on the susceptibility of X70 pipeline steel to hydrogen cracking[END_REF]. In addition, the pearlite as lamellar phase contributes significantly in hardening the steel by hindering the dislocations motion.

Nevertheless, when the orientation of the lamella is perpendicular to the mechanical solicitation, the dislocations could propagate easily along the space between the lamella. This propagation is increased in the presence of hydrogen known to promote the dislocations motion [START_REF] Traidia | Review of hydrogen-assisted cracking models for application to service lifetime prediction and challenges in the oil and gas industry[END_REF][START_REF] Robertson | The effect of hydrogen on dislocation dynamics[END_REF]. For comparison, the case of CH content of 1.5ppmw, the SD of KQ-H1.5 is 15% of the average value and the SD of CTOD is 3%. Furthermore, the CTODH1 values measured for CH of 1ppmw show high SD, which might be attributed to the nature of the X42 steel (high inclusion content for a non-HIC resistant steel thus high probability of HIC initiation).

The results of fracture toughness in the SL direction (Table 7, Figure 10), show that KQ is not affected by increasing hydrogen content (CH) absorbed in the steel considering the SD. On the other hand, the maximum CTOD values are reduced with increasing hydrogen content (Table 8, Figure 10(b)), even if we consider the large SD observed in the case of 1ppmw hydrogen content and CTOD stabilized showing no effect of increasing CH considering the SD. The failure of several specimens but also the scatter of results indicates that several specimens might had internal cracks forming due to inclusions or defects and the cracks propagated non-uniformly, i.e. in the absence of inclusions, the fatal cracks are expected to propagate slowly compared to the cracks encountering inclusions in their path. In the latter case, HIC may develop and the cracks could propagate and spread rapidly, taking advantage from the inclusions 'coalescence.

In terms of the impact of HIC in fracture toughness properties of pipeline steels, very few studies are available. In particular, a decrease of fracture toughness has been observed by Domizzi and co-workers [START_REF] Domizzi | Influence of sulphur content and inclusion distribution on the hydrogen induced blister cracking in pressure vessel and pipeline steels[END_REF]. It took place in the presence of hard phases, inclusions and precipitates similar to X42 steel. Those authors reported that the presence of the pearlite phase which is harder than the ferrite provides an easy path for HIC growth, which was observed in this work. In addition, for a pearlite-ferrite steel, Hejazi and co-workers [START_REF] Hejazi | Effect of manganese content and microstructure on the susceptibility of X70 pipeline steel to hydrogen cracking[END_REF] reported lower fracture toughness values, in terms of JQ,. Nevertheless, MnS inclusions, seemed to not play a governing role in the void formation, growth and coalescence but rather the density of carbonitrides and Ca and Al oxides. In contrast to the findings in [START_REF] Hejazi | Effect of manganese content and microstructure on the susceptibility of X70 pipeline steel to hydrogen cracking[END_REF], the MnS inclusions in the X42 steel play a dominant role in the void formation and growth of HICs in our case and a reduction in fracture toughness above the elastic region, in terms of CTOD, was recorded, which is more pronounced in the SL direction. Lastly in [START_REF] Chong | Effects of wet H2S containing environment on mechanical properties of NACE grade C-Mn steel pipeline girth welds[END_REF], when pipeline steel was tested in H2S environment, it was observed at least a 40% reduction in fracture resistance as expressed in terms of JR curve. This is again in agreement with the findings of this work.

5-1-Comparison between HIC resistant (X65) and HIC susceptible (X42) steels

The aforementioned conclusion can be generalized for the CTOD results observed in the TL direction. It is assumed that in several cases, hydrogen charging of X42 specimens has produced HICs, in the direction of the propagating crack. Although, this is more pronounced in the case of FT testing along the SL direction, with the large SD of CTOD results observed and the failure of individual specimens, it is also considered applicable for the TL direction.

In particular, for TL direction and specimen 1 at CH = 1 ppmw, it is assumed that an HIC developed directly on the path of the propagating crack, which affected the overall CTOD results.

It can be observed that the X42 fracture toughness test results show a reduction of KQ of about 25% when the CH reaches 1.5 ppmw, while the CTOD remains unaffected, considering that no HICs are formed in the path of the propagating crack. On the other hand, in the SL direction the KQ is largely unaffected; while the CTOD is reduced by 74.5% at CH of 1.5 ppmw (CTODH1.5) compared to CTOD in air (CTOD0). The differences, mainly in CTOD results, between TL and SL, can be attributed to the formation of HIC defects along the path of the cracks in the direction parallel to the wall thickness. This is in full accordance with other works which show that HIC defects initiate and propagate parallel to the pipeline wall [START_REF] Mohtadi-Bonab | Hydrogen induced cracking susceptibility in different layers of a hot rolled X70 pipeline steel[END_REF][START_REF] Hejazi | Effect of manganese content and microstructure on the susceptibility of X70 pipeline steel to hydrogen cracking[END_REF][START_REF] Wang | Tensile and impact properties of X70 pipeline steel exposed to wet H2S environments[END_REF].

Regarding reduction of mechanical properties, other works using relevant charging techniques on pipeline steels, have shown similar effect of hydrogen on the loss of ductility and tensile strength [START_REF] Qi | Comparison of tensile and impact behavior of carbon steel in H2S environments[END_REF][START_REF] Chong | Effects of wet H2S containing environment on mechanical properties of NACE grade C-Mn steel pipeline girth welds[END_REF][START_REF] Zheng | Effect of hydrogen and inclusions on the tensile properties and fracture behaviour of A350LF2 steels after exposure to wet H2S environments[END_REF][START_REF] Zhuo | Influence of Sulfur Content and Microstructure of Pipeline Steels on Mechanical property and H2S-Resistant Behavior[END_REF][START_REF] Wang | Tensile and impact properties of X70 pipeline steel exposed to wet H2S environments[END_REF][START_REF] Wang | Effect of H2S/CO2 partial pressure ratio on the tensile properties of X80 pipeline steel[END_REF], as well as the fracture toughness [START_REF] Qi | Comparison of tensile and impact behavior of carbon steel in H2S environments[END_REF][START_REF] Wang | Tensile and impact properties of X70 pipeline steel exposed to wet H2S environments[END_REF]. In these works, microstructure, inclusion content and inclusion shape have been identified as the main factors controlling HIC initiation and propagation. Furthermore, microstructure morphologies play an important role in HIC formation and propagation, with banded microstructures [START_REF] Elboujdaîni | Studies on Inhibition of Hydrogen-Induced Cracking of Linepipe Steels[END_REF] providing a low fracture resistance path for crack propagation. It has also been shown that there is no clear preference on HIC propagation path, i.e. intergranular or transgranular which has also been shown in this work through the EBSD measurements. The HIC defects do not have a preferential propagation path, rather they grow through the grains (Figure 8). In this sense, it has been shown that high angle grain boundaries are preferential sites for crack propagation, while lower indices grains are prone to intergranular HIC propagation [START_REF] Mohtadi-Bonab | The mechanism of failure by hydrogen induced cracking in an acidic environment for API 5L X70 pipeline steel[END_REF][START_REF] Mohtadi-Bonab | Evaluation of hydrogen induced cracking behavior of API X70 pipeline steel at different heat treatments[END_REF][START_REF] Mohtadi-Bonab | Hydrogen induced cracking susceptibility in different layers of a hot rolled X70 pipeline steel[END_REF].

The aforementioned observations are clearly in line with the findings in this paper where most grains are oriented along <001> direction (Figure 5), while the HIC defects clearly cross, in several instances, grains with <001> orientation (Figure 8).

In elsewhere [START_REF] Qi | Comparison of tensile and impact behavior of carbon steel in H2S environments[END_REF], it is reported that HIC is formed near MnS inclusions, this result is also corroborated by many others [START_REF] Mohtadi-Bonab | The mechanism of failure by hydrogen induced cracking in an acidic environment for API 5L X70 pipeline steel[END_REF][START_REF] Mohtadi-Bonab | Hydrogen induced cracking susceptibility in different layers of a hot rolled X70 pipeline steel[END_REF][START_REF] Hejazi | Effect of manganese content and microstructure on the susceptibility of X70 pipeline steel to hydrogen cracking[END_REF][START_REF] Zheng | Effect of hydrogen and inclusions on the tensile properties and fracture behaviour of A350LF2 steels after exposure to wet H2S environments[END_REF][START_REF] Elboujdaîni | Studies on Inhibition of Hydrogen-Induced Cracking of Linepipe Steels[END_REF][START_REF] Hardie | Hydrogen embrittlement of high strength pipeline steels[END_REF][START_REF] Zhang | Study of correlation between hydrogen-induced stress and hydrogen embrittlement[END_REF]. Our findings suggest that these inclusions play dominant role in HIC formation and propagation as shown by dimples major features observed in fracture surface (Figure 6).

5-2-Impact of current findings and Engineering Critical Assessment practices

Current FFS/ECA calculations and codes are using K derived values, such as KIC or KC for assessing the fitness for service of a pipeline under a specific hydrogen environment (H2S).

Nevertheless, it has been shown in this work that non-HIC resistant steels, such as the X42 steel under this study, show considerable resistance to maximum KQ reduction, in hydrogen environment, as observed in both TL and SL direction. It is reminded that the biggest reduction in KQ (25%) is observed in the TL direction, which is not the direction of HIC initiation and propagation. On the other hand, there is a considerable reduction in the CTOD with hydrogen uptake, in the SL direction, i.e. the direction of HIC growth. To this end, it is proposed that CTOD is a more applicable parameter for HIC assessment using FFS/ECA tools, in hydrogen environments. The same conclusion has been shown for HIC resistant steels in a previous work [START_REF] Chatzidouros | Effect of hydrogen on fracture toughness properties of a pipeline steel under simulated sour service conditions[END_REF].

It is also suggested to use the CTOD as a fracture toughness parameter when evaluating critical fracture toughness criteria for growth of cavity under uniform hydrogen pressure using numerical modeling schemes [START_REF] Gonzalez | Hydrogen-Induced Crack Growth Rate in Steel Plates Exposed to Sour Environments[END_REF]. These fracture toughness properties should be evaluated and modeled in the SL direction to be consistent with the direction of growth of HIC defects. To that extent, CTOD fracture toughness properties measured in the SL direction and at different levels of hydrogen uptake, are of the utmost importance.

Figure 1 :

 1 Figure 1: Illustration of specific locations on a pipeline selected for advanced ultrasonic inspection with respect to HIC and SWC. All measurements are in millimeters, scans width is 500 mm and scans are stopped at 300 mm

Figure 2 :

 2 Figure 2: Results of the advanced ultrasonic inspections on scan 1 to scan 4, respectively (a) to (d).

Figure 3 :

 3 Figure 3: (a) Sketch of the W-shaped assembled SEB specimen, (b) samples machined from a pipeline steel before final assembly and (c) illustration of the region exposed to cathodic hydrogen charging and TDS measurement (red zone).

Figure 4 :

 4 Figure 4: X42 TDS desorption curves vs. temperature

Figure 5 (

 5 a), (b) and (c) show the low and high magnification micrograph from polished and etched surface by SEM in backscattered electrons (BSE) mode. The high magnification micrograph shows the presence of fine pearlite colonies (indicated by P) along with ferritic equiaxed grain. Figure 5 (d) shows the EBSD micrograph highlighting the presence of equiaxed grains with random orientation without the presence of casting or rolling texture.

Figure 5 :

 5 Figure 5: (a) SEM-BSE image at low magnification: X42 sample was polished and etched, (b) and (c) SEM-BSE images at high magnification: Ferrite and Pearlite regions are marked as F and P, (d) EBSD inverse pole figure, indicating no textured equiaxed grains X42 steel strength can be modified by altering ferrite grain size and Pearlitic lamella spacing

  (a) and 6(b) and at 1.5 ppmw CH Figure 6(c) and 6(d).

Figure 6 :

 6 Figure 6: SEM micrographs of fractured surface of X42 along the SL direction in different environments: Air at low and high magnification (a) and (b), respectively. And at 1.5 ppmw of CH at low and high magnification (c) and (d), respectively. Green (G), red (R) and blue (B) arrows indicate, respectively microcracks, beach marks and dimples.

Figure 7 :

 7 Figure 7: (a) Optical micrograph from sample X42 tested in air (SL direction), shows presence of no cracks, (b) and (c) EBSD inverse pole figure map.

Figure 8 (

 8 Figure 8 (d) and (e).

Figure 8 :

 8 Figure 8: a) Optical micrograph of X42 sample tested at 1.5 ppmw of CH (SL direction), b) Low magnification EBSD map c) crack region and d), e) Zoom-in at crack region.

  ) the hydrogen free SEB specimens exhibit an average of KQ0 = 27.26 MPa m 1/2 and CTOD0 = 0.32 mm, (2) hydrogen pre-charged SEB specimens with 0.5ppmw CH, show an average of KQ-H0.5 = 23.4 MPa m 1/2 and CTODH0.5 = 0.27 mm, (3) hydrogen pre-charged SEB specimens with 1 ppmw CH, show an average of KQ-H1 = 27.58 MPa m 1/2 and CTODH1 = 0.15 mm and lastly (4) hydrogen pre-charged SEB specimens with 1.5 ppmw CH, show an average of KQ-H1.5 = 20.44 MPa m 1/2 and CTODH1.5 = 0.31 mm.

Figure 9 :

 9 Figure 9: Tested X42 samples in TL direction: (a) KQ variance as function of CH, (b) CTOD variance as function of CH.

Figure 10 :

 10 Figure 10: Tested X42 samples in SL direction: (a) KQ variance as function of CH, (b) CTOD variance as function of CH

Figure 11 :

 11 Figure 11: Typical failed test in the SL direction, showing horizontal HIC feature encountered by vertical fatigue pre-crack during the FT test.

Table 1 .

 1 X42 chemical composition obtained following ASTM E415 standard[START_REF]Standard Test Method for Optical Emission Vacuum Spectrometric Analysis of Carbon and Low-Alloy Steel[END_REF] 

					Chemical Analysis ASTM E415				
	C	S	P	Mn	Si	Ni	Cr	Mo	Cu	V	B	Ti
	X42 0.100 0.006 0.027 1.100 0.230 0.020 0.120 0.001 <0.01 0.0007 0.001 <0.01

Table 2 .

 2 X42 mechanical properties obtained following ASTM E370[START_REF]Standard Test Methods and Definitions for Mechanical Testing of Steel Products[END_REF] 

			Mechanical testing ASTM A370	
		Yield strength (MPa) Tensile strength (MPa)	Elongation (%)	Rockwell hardness (HRB)
	X42	316.00	437.67	25.83	68.96

Table 3 :

 3 Calculated steady state bulk CH for three levels of sour environment

	Level	CH	CH corrected	pH	pH2S
		(ppmw)	(ppmw)		(mbar)
	1	0.48	0.54	6.5	20
	2	0.92	1.02	4.5	30
	3	1.3	1.44	4	1000

Table 4 :

 4 CH obtained from TDS measurements for three different charging currents after 48 hours charging period

	Current density (mA/cm 2 )	Measured CH (ppmw)
	4	1.48
	1	1.05
	0.4	0.55

Table 5 :

 5 Maximum stress intensity fracture toughness of X42 samples in TL direction

		Air	0.5 ppmw	1 ppmw	1.5 ppmw
	X42 TL	KQ0		
	Specimens	[MPa		
		m		

  ]

	Test 1	27.62	23.34	27.05	20.57
	Test 2	28.31	23.43	25.73	17.18
	Test 3	25.87	23.42	29.97	23.58
	Average	27.26	23.40	27.58	20.44
	SD	1.26	0.05	2.17	3.20

Table 6 :

 6 Maximum CTOD of X42 samples in TL direction

		Air	0.5 ppmw	1 ppmw	1.5 ppmw
	X42 TL	CTOD0	CTODH0.5	CTODH1	CTODH1.5
	Specimens	(mm)	(mm)	(mm)	(mm)
	Test 1	0.29	0.31	0.07	0.30
	Test 2	0.33	0.21	0.20	0.31
	Test 3	0.34	0.30	0.18	0.31
	Average	0.32	0.27	0.15	0.31
	SD	0.03	0.05	0.07	0.01

Table 7 :

 7 Maximum stress intensity fracture toughness of X42 samples in SL direction

		Air	0.5ppmw	1ppmw	1.5ppmw
	X42 SL	KQ		
	Specimens			

Table 8 :

 8 Maximum CTOD of X42 samples in SL direction

	Test 1	26.73	26.04	27.14	25.42
	Test 2	28.30	27.29	22.15	Failed
	Test 3	22.89	25.41	21.65	25.81
	Average	24.81	26.25	23.65	25.62
	SD	2.72	0.96	3.04	0.28
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6-Conclusions

The behavior of an X42 pipeline steel was investigated in terms of fracture toughness response in TL and SL directions, in air and under hydrogen environment mimicking the sour service conditions. The main findings are summarized as follow:

• In both directions TL and SL, there is no significant effect on KQ with increasing CH, especially in SL direction. However, there is mixed values of KQ at 0.5ppmw and 1ppmw and 20 to 25% reduction in KQ in TL direction at 1.5 ppmw compared to tested samples in air.

• Although CTOD seems to drop at 0.5 ppmw compared to the CTOD in air in TL direction, the CTOD values measured at 1ppmw of CH, show high standard deviation, which might be attributed to the nature of the X42 steel (high inclusion content for a non-HIC resistant steel thus high probability of HIC initiation during hydrogen pre-charging)

• In the SL direction, the CTOD shows clear signs of reduction with increasing CH, in the SL direction and a saturation was observed at 1 ppmw of CH.

• The most probable cause is the presence of dimples indicating voids coalescence due to the presence of inclusions.

• CTOD of hydrogen pre-charged FT specimens, measured in the SL direction, is a more suitable fracture toughness parameter for ECA or FFS assessment of HICaffected equipment.

• CTOD is also recommended as the most suitable parameter for use in modeling schemes of critical fracture toughness criteria of HIC initiation and growth.