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This study systematically investigates the fracture behavior of X80 pipeline steel welded joints under hydrogen-induced cracking (HIC) conditions through combined experimental characterization and numerical simulation. Microstructural observations and Vickers hardness testing reveal significant heterogeneity in the base metal, heat-affected zone (HAZ), and weld metal (WM), resulting in spatially non-uniform mechanical properties. A user-defined subroutine (USDFLD) was employed to assign continuous material property distributions within the finite element model, accurately capturing mechanical heterogeneity and its influence on crack-tip mechanical fields and crack propagation paths. Results show that welding thermal cycles induce pronounced microstructural evolution, significantly altering hardness and strength distributions, which in turn affect the evolution of crack-tip stress and plastic strain fields. Crack propagation preferentially occurs toward regions of higher yield strength, where limited plasticity leads to intensified crack-tip stress concentration, accelerating crack growth and extending propagation paths. Moreover, crack growth is accompanied by local unloading near the crack tip, reducing peak stress and strain compared to the initial stationary crack tip. The stress and strain field reconfiguration are primarily localized near the crack tip, while the far-field mechanical response remains largely stable.
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1 INTRODUCTION
With the strategic role of hydrogen energy rising in the global energy transition, hydrogen transmission pipelines—serving as essential infrastructure for large-scale and efficient hydrogen transport—are entering a phase of accelerated engineering deployment. Compared with compressed hydrogen tanks and liquid hydrogen transportation, pipeline transmission offers distinct advantages such as high continuity, low transport cost, and superior energy efficiency, making it one of the primary methods for medium- and long-distance hydrogen delivery (Li et al., 2021; Benjamin et al., 2016). Hydrogen’s high diffusivity and embrittling nature pose severe reliability challenges to transmission pipelines under complex service conditions. High-strength pipeline steels are prone to degradation in mechanical properties during long-term service, and hydrogen ingress may induce HIC, potentially leading to sudden failure events (Sun and Cheng, 2018; Wang et al., 2024a). Statistics show that the coexistence of microstructural defects, hydrogen-rich environments, and external loading can easily trigger typical environmentally assisted cracking (EAC) phenomena such as HIC, posing a significant threat to the structural integrity and operational safety of hydrogen pipelines (Wang et al., 2025a). A comprehensive understanding of the mechanical response and crack propagation behavior of high-grade pipeline steels under high-pressure hydrogen is essential to ensure the reliability of hydrogen transmission pipelines.
Currently, most hydrogen transmission pipelines rely on welded joints for long-distance continuous deployment. Due to the influence of welding thermal cycles and metallurgical transformations, the WM and its adjacent heat-affected zone (HAZ) exhibit significant differences in microstructure and mechanical properties compared to the base metal (Xie et al., 2020), which increases the uncertainty in crack propagation paths and complicates defect assessment and life prediction for welded joints. In engineering practice, the minimum yield strength is typically specified based on the grade of the base metal. However, actual yield strength often exhibits considerable variation, making traditional assumptions of “even-matched” or “over-matched” welds increasingly inadequate for accurate assessment (Zhu et al., 2017; Ayrault et al., 2011). Yang et al. (2015) investigated the fracture resistance of X80 pipeline welds using CTOD and J-integral tests, identifying the fusion zone as a crack-prone region, where the presence of M–A constituents was a critical factor in reduced toughness. Kim et al. (2005) reported that X80 steel, owing to its refined acicular ferrite and polygonal ferrite microstructure, demonstrated excellent low-temperature toughness and weldability; its HAZ also exhibited good impact resistance under high-pressure conditions. Xu et al. (2020) employed finite element analysis to study the effect of weld cap removal on fatigue performance, revealing that reducing stress concentration at the weld toe could effectively delay crack initiation and extend fatigue life, highlighting the critical role of weld geometry. However, most existing studies treat welded joints using simplified, homogeneous partitioned models, neglecting the non-uniform and abrupt transition characteristics across the weld interfaces. Xue et al. (2021) attempted to introduce a continuously graded material model using UMAT, which improved simulation accuracy to some extent, but the approach involved complex implementation and frequent convergence issues. To address these limitations, this study develops a user-defined USDFLD subroutine within ABAQUS to build an efficient, engineering-focused model with continuously varying material properties across welded joints. This model enables high-fidelity simulation of crack-tip mechanical behavior in high-strength pipeline steels under high-pressure hydrogen, providing a solid basis for assessing hydrogen-induced cracking risk.
Due to the highly localized and variable mechanical states at crack fronts in welded structures, accurately capturing the stress–strain evolution in the crack-tip microregion under high-pressure hydrogen environments is essential for predicting HIC propagation paths and evaluating structural integrity (Xue et al., 2021; Wang et al., 2023; Xue et al., 2011). To address this challenge, various experimental and numerical approaches have been developed to investigate weld integrity in hydrogen-embrittlement-prone environments (Shoji et al., 2010; Peng et al., 2011; Dong et al., 2018). Burstow et al. (1998) utilized a modified boundary layer (MBL) method in a 2D plane strain finite element model to simulate cracks within WM aligned parallel to the interface. By adjusting the T-stress and base metal strength, they examined geometric constraints and material mismatch effects, proposing a normalized loading parameter to quantify constraint across different mismatch conditions. Their results indicated that overmatched welds exhibit constraint behavior similar to homogeneous materials, whereas undermatched welds show high sensitivity to loading parameters, sometimes even surpassing homogeneous constraints. (Betegón and Peñuelas (2006) introduced a constraint parameter β_m to quantify mismatch effects in overmatched welds, and further proposed a combined constraint parameter β_T incorporating both geometric and material factors to support safety margin evaluations for high-strength welds in hydrogen environments. Štefane et al. (2019) integrated experimental testing with finite element simulations to reveal the evolution of crack-tip triaxiality in bi-material welded joints under hydrogen permeation. Their study highlighted that neglecting material mismatch and hydrogen–metal interactions in fracture assessments may lead to inaccurate evaluations of weld toughness. Similarly, Wang et al. (2024b) performed comprehensive numerical simulations in ABAQUS to investigate the crack-tip field evolution from initiation to propagation at different locations within dissimilar metal welds, providing new insights into HIC propagation rate prediction. In summary, the refined modeling and parameterization of material heterogeneity, geometric constraints, and hydrogen–metal coupling effects—considering the specific challenges of high-pressure hydrogen service—represent a forward-looking research direction for improving the accuracy of safety design and life assessment in hydrogen pipeline systems.
This study systematically investigates welded joints of X80 high-strength pipeline steel. Metallographic analyses clarify phase transformation mechanisms driving microstructural heterogeneity and HIC susceptibility. Micro-indentation hardness mapping quantifies spatial mechanical variations, underpinning a USDFLD subroutine that continuously assigns mechanical properties in finite element simulations. Combined with crack growth criteria, numerical results reveal how property gradients steer crack propagation and influence crack-tip fields. These findings establish a robust theoretical and modeling framework for integrity assessment and service life prediction of high-grade hydrogen pipelines under high-pressure operation.
2 MATERIALS AND METHODS
2.1 Materials and specimens
High-pressure hydrogen transmission places stringent demands on the structural integrity of welded joints, particularly in high-strength steels where significant mechanical property mismatches often exist between the WM and base metal. Such heterogeneity can serve as a critical zone for the initiation and propagation of HIC. The welded joint investigated in this study was obtained from an in-service X80-grade hydrogen transmission pipeline. Its configuration consists of a typical butt joint between X80 base metals joined by a circumferential weld. The geometric structure and dimensions of the specimen are shown in Figure 1. As illustrated in Figure 1a, the outer diameter of the pipe section is 1,219.0 mm with a wall thickness of 16.5 mm, which conforms to standard design specifications for modern large-diameter hydrogen transmission pipelines.
[image: Cross-sectional illustration of an X80 pipeline featuring a girth weld joint highlighted in red. Panel (a) shows the pipeline with dimensions marked. Panel (b) gives dimensions of the weld joint: outer diameter of 1219 millimeters, inner diameter of 1186 millimeters, and weld metal (WM) width of 8 millimeters. The base metal (BM) has a width of 30 millimeters and a thickness of 10 millimeters.]FIGURE 1 | Structure of the X80 pipeline steel welded joint. (a) X80 pipeline steel welded joint (b) Material regions of the welded joint.The chemical composition of the WM, expressed in weight percent, is listed in Table 1, serving to reveal the potential influence of alloying elements on mechanical performance and hydrogen sensitivity. All specimens were extracted along the axial direction of the pipe and sectioned perpendicular to the circumferential weld to ensure the weld region was centered within each sample. This configuration facilitates a systematic analysis of the microstructural and mechanical differences among the base metal (BM), HAZ, and WM under hydrogen exposure, thereby providing a reliable basis for subsequent mechanical characterization and hydrogen embrittlement assessment.
TABLE 1 | Compositions of X80 steel base metal and weld (mass fraction/%).	Materials	C	Si	Mn	Ni	Cr	Cu	Nb	Al	Mo	S	P	Fe
	Base metal	0.055	0.071	1.80	0.136	0.007	0.262	0.042	0.005	0.264	0.001	0.016	Bal
	Weld	0.022	0.126	1.03	0.787	0.018	0.045	0.010	0.995	0.034	0.002	0.018	Bal


2.2 Metallographic analysis
Welded joint specimens were extracted from the weld region of the pipeline steel. Surface preparation was carried out using an automated grinding and polishing machine, with final polishing down to 0.2 μm to minimize measurement error. The grinding/polishing wheel was operated at a rotational speed of 1,000 r/min. To remove surface oxides, 200-grit abrasive paper was used initially, followed by sequential fine grinding with 400-, 800-, and 1200-grit papers. Mirror polishing was completed using a polishing cloth and diamond suspension to ensure high surface quality and testing consistency. The specimen preparation process is illustrated in Figure 2.
[image: A grayscale image of a metallic surface with a prominent horizontal red line labeled "L" spanning across it. Below the line, the letters "A," "B," and "C" are marked in red, evenly spaced along the line’s length.]FIGURE 2 | Locations for microstructural observation (A to C) and microhardness measurement (along line L).After polishing, the weld cross-section was etched using a 4 wt% nitric acid–ethanol solution. Following etching, the samples were rinsed, dried, and subjected to microstructural examination using an optical microscope (OM). Representative micrographs were obtained from positions “A” to “C” as indicated in Figure 2.
2.3 Local mechanical tests
To evaluate the local mechanical properties across different regions of the X80 welded joint, miniature flat tensile specimens were fabricated from the joint cross-section using electrical discharge machining (EDM), as shown in Figure 3. Each specimen had a thickness of 2 mm, a width of 3 mm, and a gauge length of 20 mm.
[image: Technical drawing of a part with dimensions and circular holes. Two holes have a diameter of eight units each, spaced within a rectangular shape. The overall length is seventy-four units, with specified portions measuring fifty, twenty, and nineteen units. A narrower section is three units wide. Corners are curved with a radius of eight units, and the part has a thickness of two units.]FIGURE 3 | Dimensions of flat tensile specimens for local mechanical testing.Specimens were extracted from the base metal (No. 1), HAZ (No. 2), and WM (No. 3), with the loading direction parallel to the weld interface to simulate the actual service stress orientation. The specimen layout and numbering are shown in Figure 4. This configuration was designed based on microstructural continuity and stress gradient considerations to reveal the transition in mechanical properties and provide input parameters for subsequent finite element modeling and hydrogen-induced cracking analysis.
[image: Diagram showing three vertical sections: light blue labeled BM with green line and number 1, red labeled HAZ with green line and number 2, and purple labeled WM with green line and number 3.]FIGURE 4 | Positions of the three flat tensile specimens in the X80 welded joint.During uniaxial tensile testing, specimen deformation was monitored in real time using a high-precision static strain measurement system with a range of ±65,000 με, resolution of 0.2 με, and measurement error within ±2 με or 0.4% of the reading, ensuring accurate data acquisition at small strain levels. All miniature tensile tests were conducted on a hydraulic servo loading system with a ±60 kN rated load, maximum operating pressure of 22 MPa, and flow rate of 28 L/min, providing stable loading and fine control suitable for small metallic specimens.
Engineering stress–strain curves from each region were obtained to characterize the local mechanical behavior of the welded joint. For subsequent finite element modeling, experimental data were converted to true stress and true strain using Equations 1 and 2 to better capture material response at large strains.
ε=ln⁡1+εe(1)
σ=σe1+εe(2)
2.4 Microhardness testing
To characterize hardness distribution across different regions of the welded joint, systematic hardness measurements were conducted following the GB/T 2654—2008 “Welded Joint Hardness Testing Method” and GB/T 4340—2009 “Metal Vickers Hardness Test” standards. A micro-Vickers hardness tester equipped with an automatic turret and image recognition system was used to enable intelligent control and high-precision readings throughout the testing process. Prior to testing, specimen surfaces were mechanically ground and mirror-polished to remove oxides and surface defects. Hardness measurements covered the base metal, HAZ, and WM regions. All tests utilized an automatic loading/unloading program with a load of 196 gf (approximately 200 g) and a dwell time of 15 s. The image system identified the indentation morphology and calculated diagonal lengths to determine hardness values.
Indentation points were arranged along the cross-section with a spacing of 0.5 mm, allowing high-resolution mapping of hardness gradients across different zones.
3 FINITE ELEMENT SIMULATION
3.1 USDFLD subroutine and crack propagation theory
3.1.1 USDFLD subroutine
In this study, material properties (such as stress, strain, and strain rate) are defined as functions of field variables fi. The mechanical behavior at the integration points of finite elements is linked to the field variable functions fi, enabling a more realistic representation of the spatial variation of material properties within the dissimilar metal welded joint (DMWJ).
Initially, material mechanical characteristics are associated with the field variables. During the subroutine initialization, the program obtains the coordinates COORDi of the welded joint, mapping these spatial coordinates to the corresponding field variables fi, which in turn are linked to state variables STATEVi (Wang et al., 2024b; Xue et al., 2024). This approach ultimately enables the characterization of heterogeneous mechanical properties within the joint (Zhao et al., 2025).
3.1.2 Crack propagation based on crack-tip opening stress
To simulate the non-steady-state propagation of HIC under the coupled effects of high-pressure hydrogen environment and mechanical loading, this study develops a crack growth criterion based on Crack-Tip Opening Stress (CTOS), implemented in the ABAQUS finite element platform via the user subroutines USDFLD. The method assumes that hydrogen accumulates at the crack tip, weakening metallic bonds, making the normal principal stress the dominant driving force for crack growth. In this study, the critical opening stress (σcrit) is set as 528 MPa, corresponding to the measured yield strength of the WM. This value was used as a uniform failure criterion across the welded joint to ensure a conservative assessment of crack initiation. When the opening stress σopen as shown in Equation 3 in the normal direction exceeds the material’s critical threshold σcrit under hydrogen exposure, localized damage occurs, promoting crack propagation.
Within each loading increment, the Cauchy stress tensor σ at the integration point is extracted using GETVRM and projected onto the unit normal vector n of the crack plane to calculate the opening stress as:
σopen=nT·σ·n=∑i=13∑j=13ni·σij·nj(3)
This expression represents the tensile normal stress perpendicular to the crack plane, reflecting the local opening stress at the crack tip. The computed σopen is compared against the critical opening stress σcrit. If σopen>σcrit, the corresponding integration point’s state variable STATEV (1) (or field variable FIELD (1)) is set to zero, indicating that the damage criterion is met. This triggers crack extension mechanisms such as element failure, crack surface activation, or cohesive interface release. The computational flowchart is shown in Figure 5.
[image: Flowchart depicting a process starting with user settings for crack-face normal and critical opening stress. It moves to extracting Cauchy stress using VGETVRM, computes opening stress, checks if opening stress meets or exceeds critical stress, and sets STATEV(1) to zero if true. Otherwise, it loops back.]FIGURE 5 | USDFLD flow.This model preserves the mechanically dominated characteristics based on opening stress and is well suited for simulating dynamic hydrogen-induced crack propagation in heterogeneous structures such as dissimilar metal welded joints. Combined with the crack-tip submodel technique, it accurately captures crack-tip stress evolution and microscale damage behavior while maintaining computational efficiency.
3.2 Geometry and crack locations
The simplified schematic of the X80 pipeline steel welded joint used in the finite element simulations is shown in Figure 6. In actual engineering practice, the weld interface typically exhibits geometric curvature and a metallurgical diffusion zone rather than an ideal flat boundary. To reduce modeling complexity, the weld region is simplified with a perfectly planar interface in this study. To analyze the influence of mechanical gradients at the heterogeneous joint on the evolution of crack-tip stress–strain fields and to investigate local failure mechanisms at the interface, multiple initial cracks were introduced at the interface and its adjacent regions.
[image: Diagram of a material section showing regions with stress markings. The areas are labeled BM (Base Metal), HAZ (Heat Affected Zone), and WM (Weld Metal). Arrows labeled FZ indicate the fusion zone. Green lines represent cracks numbered one to four. Distances between the cracks are marked as four, eight, and four units, with a total width of thirty units.]FIGURE 6 | Schematic diagram of different regions in the X80 pipeline steel welded joint.Near the weld interface, initial crack locations were sequentially arranged within the X80 BM, HAZ, BM/HAZ boundary, and the WM center. As illustrated in Figure 6, the y-axis is defined as the spatial coordinate normal to the interface, with y representing the crack positioned at the interface center.
Based on the USDFLD subroutine that implements a continuous spatial distribution of material properties, four representative initial crack paths were selected to reflect the impact of interface heterogeneity on crack propagation behavior. The crack locations are detailed in Figure 6 and summarized in Table 2.
TABLE 2 | Locations of four initial cracks in the weld interface region of X80 pipeline steel.	Crack no.	Location
	1	BM
	2	HAZ
	3	Interface
	4	WM


3.3 Mesh and boundary conditions
To investigate the influence of mechanical heterogeneity on crack-tip fields, a two-dimensional finite element model was established, consisting of: (i) crack-tip stress–strain field analysis, and (ii) crack propagation path simulation.
For the crack-tip field analysis, an initial crack length of a = 3.0 mm was set. The crack tip was modeled using collapsed quadrilateral elements with a midpoint node parameter of 0.25. The mesh near the crack tip region (r = 0.2 mm) was refined to an element size of 0.0025 mm, employing four-node plane strain elements (CPE4), as shown in Figure 7a.
[image: Diagram showing two panels labeled (a) and (b). Panel (a) features a mesh with irregular patterns centered around a highlighted red line. Panel (b) shows a uniform grid with a vertical red line at the bottom. Pink arrows and markers are present at edges.]FIGURE 7 | Mesh model: (a) Crack-tip stress–strain field analysis; (b) Crack propagation mesh model.Crack propagation was simulated using a custom user field subroutine (USDFLD), which dynamically updates local material mechanical properties in the finite element model, enabling continuous evolution of properties near the crack tip and simulation of crack path growth. A constant stress intensity factor 30MPa m1/2 was applied to mimic stable crack growth under service conditions.
4 RESULTS AND DISCUSSION
4.1 Microstructure of the X80 pipeline steel welded joint
Figure 8a shows that the X80 base metal primarily consists of regularly arranged polygonal ferrite and fine granular bainite. The ordered distribution of ferrite imparts good toughness and ductility to the material, while the fine particulate bainite exhibits strong corrosion resistance.
[image: Three side-by-side microscopic images show textured surfaces with irregular, dark, and light patterns. Each image has a scale marker indicating 50 micrometers. The surfaces appear complex with varying shades of brown and white.]FIGURE 8 | Microstructures of the X80 pipeline steel welded joint at different locations: (a) BM; (b) HAZ/WM interface; (c) Weld center.Figure 8b illustrates the microstructural changes in the HAZ and at the weld interface. Due to the high heat input during welding and the fusion of different materials, significant microstructural transformations occur in this region, including the partial conversion of ferrite into columnar grains. The elongated morphology and larger size of these columnar grains create a weak zone at the weld edge, which is prone to crack initiation and often serves as the actual fracture origin.
Figure 8c depicts the microstructure at the weld center. Temperature gradients and cooling rate variations during welding lead to partial grain coarsening, while rapid cooling inhibits recrystallization and grain refinement, resulting in heterogeneous grain size distribution. These microstructural differences across regions significantly influence the local mechanical properties of the welded joint.
4.2 Local mechanical properties of the X80 welded joint
Miniature flat tensile specimens were extracted from the BM, HAZ, and WM of the X80 welded joint to measure local mechanical properties. Figure 9a shows the engineering stress–strain curves for BM, HAZ, and WM. Using Equations 1 and 2, the true stress–strain curves for the local regions of the X80 welded joint were obtained, as presented in Figure 9b. The stress-strain curve fitting equations for WM, HAZ, and BM are shown in Equation 4
σy=528+1504.9*ε WM566+1206.7*ε HAZ598+1199.7*ε BM(4)
[image: Graph (a) shows engineering stress-strain curves for WM, HAZ, and BM materials, with BM reaching the highest stress. Graph (b) shows true stress-strain curves, where BM also achieves the highest stress. WM, HAZ, and BM are differentiated by black, red, and blue lines, respectively.]FIGURE 9 | Stress–strain curves of the X80 welded joint (a) Engineering stress–strain curves and (b) True stress–strain.The mechanical properties of the X80 pipeline steel welded joint were preliminarily evaluated by Vickers hardness testing, with the hardness distribution shown in Figure 10. The results indicate that thermal cycling during welding reduces dislocation density and causes precipitate coarsening, leading to softening in the critical and fine-grained zones, exhibiting a typical “V”-shaped hardness profile. The BM, relatively unaffected by heat input, maintains a high hardness level of approximately 296 ± 2 HV. In contrast, the HAZ shows significant hardness reduction, averaging 209 ± 5 HV, reflecting grain coarsening and thermal softening. The WM hardness gradually increases from 208 HV to about 287 HV, indicating its distinct microstructural state. The high hardness of the X80 BM and the softening in the HAZ highlight the critical roles of material composition, heat input, and strength matching in influencing softening degree. A pronounced hardness gradient exists between the WM and HAZ, and such mechanical heterogeneity can more readily induce HIC under high-pressure hydrogen environments, making the interface region a sensitive site for crack initiation and propagation.
[image: Graph showing Vickers hardness (HV in kg/mm²) along a welded joint (D in mm) of API X80 steel. The graph features drops in hardness within two HAZ (heat-affected zone) regions with a low point in the WM (weld metal) marked as FB.]FIGURE 10 | Hardness distribution along the X80 pipeline steel welded joint.The international standard ISO 15653:2018 provides a technical basis for evaluating the mechanical properties of different regions within welded joints (ISO 15653:2018, 2018). The conversion relationships between hardness and mechanical properties established by this standard enable a relatively accurate estimation of the mechanical property distribution in both the BM and the WM (Wang et al., 2025b). This approach has been widely applied to various engineering materials, including alloy steels, nickel-based alloys, and stainless steels. The correlations between hardness and strength are presented in Equations 5 and 6. The distributions of yield strength and tensile strength along the X80 pipeline steel welded joint are shown in Figures 11a,b.
σy=2.35HV+62(5)
σu=3.0HV+22.1(6)
[image: Graph (a) shows yield strength in megapascal versus distance along a welded joint. It decreases sharply in the weld metal region (WM) between 15 mm and 25 mm. Graph (b) shows tensile strength versus distance along the welded joint. Similar to the yield strength, it drops significantly in the weld metal region between 15 mm and 25 mm. Both graphs denote base material (BM) and X80 steel sections.]FIGURE 11 | Strength distribution of the X80 pipeline steel welded joint: (a) Yield strength; (b) Tensile strength.Based on these hardness-strength conversion relations, the strength distribution at various locations in the X80 welded joint was calculated. By substituting the local yield strength into Equation 1, the corresponding stress–strain curve at each point was obtained. Subsequently, these location-dependent stress–strain data were assigned to the finite element model via the USDFLD subroutine, enabling a continuous spatial mapping of mechanical properties throughout the welded joint.
4.3 Crack-tip mechanical fields at different locations of the welded joint
Figure 12 presents the distribution of von Mises stress at the crack tips located in different regions of the welded joint. Cracks 1 and 4 are situated within the BM and weld center, respectively, where material properties are relatively homogeneous. The crack-tip stress fields exhibit symmetrical distributions, with maximum von Mises stresses of approximately 885 MPa and 700 MPa, respectively (see Figures 12a,d).
[image: Four circular contour plots labeled (a), (b), (c), and (d) show stress distributions in terms of S. Mises, ranging from red (high stress) to blue (low stress). Each plot features symmetrical patterns with varying stress levels across different sections. Plot (a) shows the highest maximum stress, while plot (d) shows the lowest. The legend indicates stress values from 5 to approximately 885.]FIGURE 12 | Distribution of crack-tip stress fields at different locations. (a) BM (b) HAZ (c) Interface (d) WM.Crack 2 is located in the HAZ, where the maximum crack-tip stress reaches about 845 MPa. Due to the gradual transition of material properties on both sides of the crack, the stress field shows only slight asymmetry (Figure 12b).
In contrast, Crack 3 is positioned at the BM/WM interface, where significant mechanical property differences exist across the crack flanks, resulting in a markedly asymmetric crack-tip stress distribution (Figure 12c). This observation indicates that material heterogeneity at the weld interface strongly influences the local crack-tip stress state, suggesting this region as a preferential site for hydrogen-induced crack initiation and growth (Wang et al., 2024c).
The distribution of equivalent plastic strain at the crack tip reflects the differences in mechanical properties and corresponding deformation characteristics across various regions of the welded joint, as shown in Figure 13. Crack 1, located in the BM region with relatively high yield strength, exhibits low plastic strain at the crack tip (maximum approximately 0.175), indicating low deformation concentration, stable crack propagation, and good resistance to plastic deformation, resulting in lower sensitivity to HIC. In contrast, Crack 2 in the HAZ shows slightly increased local plastic strain (maximum around 0.185) due to welding-induced thermal softening, despite good material continuity. The expanded plastic zone makes this region more susceptible to microdamage, thereby increasing the risk of HIC. Crack 3, positioned at the BM/WM interface where significant mechanical property gradients exist, exhibits the highest maximum plastic strain of 0.292. The pronounced plastic strain localization reflects severe softening and enhanced local deformation capacity at the interface, leading to plastic damage accumulation and marking this region as the most sensitive to HIC within the joint. Crack 4, located at the weld center, despite relatively uniform microstructure, shows lower strength and a maximum plastic strain of 0.283, indicating strong local plastic deformation capacity and a similarly high risk of HIC. Overall, the plastic strain distribution within the joint negatively correlates with material strength, and the high plastic deformation in softened regions is a key factor promoting preferential hydrogen-induced crack initiation and propagation.
[image: Four contour plots labeled (a) to (d), each showing changes in equivalent plastic strain (PEEQ) within a circular domain. Each plot displays a symmetrical, butterfly-shaped pattern with color gradients ranging from blue (low PEEQ) to red (high PEEQ). Variations in PEEQ values are listed beside each plot. Plots compare differences in PEEQ across the scenarios.]FIGURE 13 | Distribution of crack-tip strain fields at different locations. (a) BM (b) HAZ (c) Interface (d) WM.The spatial variation of mechanical properties significantly influences the distribution of crack-tip mechanical fields, and heterogeneous mechanical responses can cause deviation in crack propagation paths. Under stable operating conditions, crack growth is primarily governed by the crack-tip opening stress. Considering that HIC typically occurs under constant or slowly varying loads, this study infers from the stress field evolution that cracks tend to propagate toward regions with higher yield strength.
To verify this hypothesis, the next section will present crack propagation path simulations for different initial cracks within the welded joint based on the USDFLD subroutine, aiming to thoroughly analyze crack deflection behavior and potential failure modes in heterogeneous structures.
4.4 Crack propagation paths at different locations of the welded joint
HIC is a delayed fracture phenomenon occurring in metallic materials under sustained tensile stress combined with high-pressure hydrogen environments. The constant external load and the localized stress field at the crack tip are the primary driving forces for HIC propagation. Under continuous stress, stress concentration in defect regions such as microcracks or heterogeneous microstructures may initiate crack nucleation and unstable growth. This section analyzes the influence mechanism of mechanical heterogeneity on HIC crack propagation paths from a mechanical perspective.
Based on crack location analysis, HIC cracks generally tend to propagate toward regions with higher yield strength. This is because high-strength areas exhibit lower toughness and reduced plastic dissipation capacity at the crack tip, thereby decreasing resistance to crack growth. Conversely, low-strength regions possess greater ductility and plasticity, which can partially relieve crack-tip stress concentration and enhance resistance to crack propagation. The crack propagation paths are shown in Figure 14. These findings highlight that gradients in material strength distribution are key factors influencing the deflection of hydrogen-induced crack paths.
[image: Graph showing crack growth in X and Y directions in millimeters. The Y-axis tracks vertical growth, and the X-axis tracks horizontal growth. A red line marks the interface and initial crack, with an annotated black curve indicating the crack tip trajectory.]FIGURE 14 | Crack propagation path and crack growth length at the DMWJ interface.4.5 Evolution of mechanical fields at the growing crack tip
In this section, a finite element model based on ABAQUS was developed to simulate crack propagation behavior at the weld interface region under constant load. The evolution of crack-tip mechanical fields during crack growth was analyzed by extracting von Mises stress and equivalent plastic strain (PEEQ) distributions at crack extensions of 200 μm, 400 μm, and 600 μm, as shown in Figure 15.
[image: Top row: Three contour plots show stress distribution (S. Mises) in a welded material for different distances (200 µm, 400 µm, 600 µm) with a radius of 1.5 mm. Bottom row: Similar plots display equivalent plastic strain (PEEQ) with a radius of 1.0 mm. Each plot has a color legend indicating stress or strain levels.]FIGURE 15 | Mechanical fields at the growing crack tip near the weld interface: (a) Crack-tip von Mises stress; (b) Crack-tip equivalent plastic strain.The results indicate significant changes in the stress and strain states near the crack tip as the crack advances. The mechanical field characteristics at the newly formed crack tip differ notably from those of the initial stationary crack. This variation mainly arises from local unloading ahead of the crack front during propagation, which releases and redistributes the original stress concentration, accompanied by a concurrent adjustment in the plastic zone size. Further observation of Figure 15 reveals pronounced residual stress and plastic strain retention zones along the crack growth path. A local reloading zone forms near the new crack tip, while the crack wake retains a “plasticity memory zone” accumulated during previous growth stages. Although PEEQ values in the wake are slightly lower than those near the new tip, they remain elevated, indicating clear “transferability” and “history dependence” of the crack-tip response. Moreover, the mechanical field reconstruction induced by crack growth is mainly confined to the high-strain near-tip region, while stress states farther from the crack front remain essentially stable. This suggests that the propagation-induced disturbance to the overall stress distribution is localized.
In summary, under constant loading, crack growth triggers a localized mechanical field evolution centered on the crack-tip plastic zone, exhibiting spatial continuity and deformation inheritance. This plasticity-dominated evolution mechanism provides fundamental mechanical support for stable HIC propagation under non-instantaneous loading conditions. Although hydrogen diffusion and environmental corrosion effects are not explicitly considered here, the observed crack-tip evolution trends offer valuable insights into the driving mechanisms of HIC.
5 CONCLUSION
This study systematically analyzed and characterized the microstructure and local mechanical properties of X80 pipeline steel welded joints. A user-defined subroutine (USDFLD) was implemented to realize the continuous assignment of material properties within the finite element model, capturing mechanical heterogeneity. Crack propagation paths under HIC conditions were also investigated. The main conclusions are as follows.
	1) The X80 BM primarily consists of polygonal ferrite and bainite. The HAZ exhibits significant recrystallization with increased and randomly distributed grain sizes. The weld center shows pronounced grain coarsening due to temperature gradients and cooling rate differences. Microstructural variations among different joint regions are the fundamental cause of spatial mechanical heterogeneity.
	2) The welded joint exhibits a typical “V”-shaped hardness profile, with the highest hardness in the BM (∼296 HV) and a marked decrease to around 209 HV in the HAZ. The overall hardness difference exceeds 80 HV, indicating a significant strength gradient. The hardness jump at the interface creates a pronounced stress concentration zone, making it a potential sensitive site for preferential HIC initiation.
	3) Material property heterogeneity strongly affects the distribution of stress and plastic strain at the crack tip. The high-strength side tends to develop stress concentrations, while the low-strength side undergoes larger plastic deformation. The interface region, combining stress peaks and plastic strain localization, is identified as the most HIC-sensitive and weakest area in the welded joint.
	4) Crack propagation paths generally tend to deviate toward regions with higher yield strength. These areas possess lower toughness and are less capable of alleviating crack-tip stress concentration, thereby reducing fracture resistance. Conversely, low-strength regions dissipate stress through plasticity mechanisms, enhancing resistance to crack growth and inhibiting HIC.
	5) During crack propagation, the crack-tip von Mises stress and equivalent plastic strain undergo significant evolution. Local unloading at the advancing crack tip leads to stress and plastic zone reconfiguration, forming residual stress and “plasticity memory” zones along the crack path. The influence of crack growth is mainly confined to the near-tip region, with limited impact on the far-field mechanical state, indicating a localized effect of crack extension.
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