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Hydrogen enrichment induced by pipeline welding residual stress is a key issue affecting the safe service of hydrogen pipelines. In order to explore the influence of welding residual stress on hydrogen diffusion and the effect of heat treatment, an X80 pipeline model with a six-layer girth weld was established using ABAQUS software, and coupling analysis of temperature field, stress field, and hydrogen diffusion was carried out. The distribution of residual stress in the welding area and local inclusion area was analyzed, the relationship between the hydrostatic stress and hydrogen diffusion of the pipeline, and the influence of the direction and shape of the inclusion on hydrogen diffusion were explored, and the effect of post-weld heat treatment on the residual stress and hydrogen diffusion in the welding area and local inclusion area was studied. The hydrostatic stress curve is similar to the hydrogen concentration distribution curve, and hydrostatic stress can be considered the main driving force for hydrogen diffusion in the pipeline. As the angle between the inclusions and the hydrogen diffusion direction increases, the hydrogen diffusion flux will gradually decrease. The more slender the inclusions, the stronger the diffusion ability of parallel or 45° inclusions, and the weaker the diffusion ability of perpendicular inclusions. Hydrogen enrichment occurs in inclusions or inclusion boundaries before and after post-weld heat treatment of the pipeline, and the internal hydrogen concentration of hard inclusions is higher than that of soft inclusions. Post-weld heat treatment can significantly reduce welding residual stress and hydrostatic stress, thereby reducing hydrogen enrichment concentration.
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1 INTRODUCTION
Hydrogen energy is considered the cleanest potential energy, and the development of hydrogen energy has become urgent for energy transformation in the world (Li, 2003; Bi., 2007). When hydrogen is transported by a long-distance pipeline, H2 is decomposed into hydrogen atoms through the processes of adsorption, dissociation, and other processes to penetrate into the materials of pipelines. When the hydrogen concentration in the metal material is too high, it will cause hydrogen embrittlement, resulting in plastic damage or even cracking of the pipeline material. The residual stress caused by pipeline welding causes hydrogen concentration enrichment in metal material, as well as stress corrosion of the pipeline. Therefore, it is of great importance that residual stress and stress-induced hydrogen enrichment law generated by pipeline welding for the safety of hydrogen pipelines are studied.
Gery et al. (2005) established two-dimensional and three-dimensional models of flat butt welds to predict the transient temperature distribution during welding and found that the temperature predicted by the two-dimensional model was higher. Yaghi et al. (2005) established a two-dimensional butt weld model of P91 steel pipe and analyzed eight pipe models with different diameter-thickness ratios. It was found that for thick-walled pipes, circumferential and axial welding residual stresses were usually independent of the size of the outer diameter. Thiessen et al. (2006) introduced the phase field method into the welding simulation, simulated the welding temperature field and stress field, and gave the microstructure distribution of the material. Deng and Murakawa. (2005) established a three-dimensional welding finite element model of SUS304 pipe. When the heat source moved along the circumferential direction of the pipe, the temperature field was very stable, and the welding residual stress was considered to be uniformly distributed along the circumferential direction of the pipe. Arif et al. (2012) used finite element software to establish a three-dimensional pipeline spiral weld and found that the temperature gradient on the spiral path was very high. In the cooling cycle after solidification in the melting zone, the von Mises stress reached a higher value. In addition, it was concluded that increasing the welding speed at constant power would lead to a decrease in the range of the high stress zone. Yan et al. (2014) established a three-dimensional model of hydrogen distribution in X80 pipeline steel welded joints. It was found that increasing preheating temperature and welding heat input reduced the hydrogen concentration in the welded joint. Han et al. (2012) studied the hydrogen permeation law of X80 under different welding heat inputs. The results showed that the hydrogen diffusion rate of the fine grain heat-affected zone and the base metal zone was equivalent, and the hydrogen diffusion rate of the weld zone was lower than that of the coarse grain heat-affected zone. With the increase in welding heat input, the hydrogen diffusion rate of each region would decrease accordingly. Moro et al. (2010) studied the hydrogen embrittlement sensitivity of X80 steel. The results showed that the initiation of microcracks on the outer surface of the sample and the subsequent fracture were responsible for the premature failure of the material under high hydrogen pressure. The decrease in the strain rate of the sample under high hydrogen pressure would lead to the probability of hydrogen embrittlement. Jin et al. (2010) characterized the composition, type, and distribution of inclusions in X100 steel by electron microscopy. The results showed that hydrogen-induced cracking was mainly related to Al and Si inclusions, rather than MnS inclusions. The critical hydrogen content of hydrogen-induced cracking was 3.24 ppm. Gong et al. (2007a) and Gong et al. (2007b) measured the hydrogen diffusion coefficient of the weld zone, heat-affected zone, and base metal zone near the welding of 16MnR steel by experiments. A two-dimensional symmetric welding model was established using the finite element ABAQUS software, and the law of hydrogen concentration changing with time at the point near the weld was obtained. Due to the existence of residual stress in the weld, hydrogen atoms were enriched and caused material cracking.
In order to clarify the relationship between residual stress and hydrogen enrichment and the influence of post-weld heat treatment on welding hydrogen enrichment, a model of a pipeline with six-layer girth welds was established and verified using the finite element software ABAQUS. The three-field coupling analysis of the temperature field, stress field, and hydrogen diffusion was carried out through the sequential coupling method to obtain the distribution law of the temperature field, the welding residual stress field, and the hydrogen concentration of the pipeline. The relationship between residual stress and hydrogen enrichment was studied, and the effect of post-weld heat treatment on welding hydrogen enrichment was found.
2 FINITE ELEMENT MODEL AND MATERIALS
2.1 Three-dimensional finite element model
This paper studies an X80 pipeline with a six-layer girth weld, and the welding residual stress and hydrogen diffusion are analyzed. The length of the three-dimensional model pipe is 1,000 mm, the central angle is 90°, the outer diameter of the pipe is 1,219 mm, and the wall thickness is 18.4 mm. The left-end face of the model is the center surface of the weld. The meshes are fine at the weld and the heat-affected zone, and the other areas are coarse. The finite element model and the main area meshes division are shown in Figure 1.
[image: Figure 1]FIGURE 1 | Three-dimensional finite element model and main mesh near welds.
In order to simulate the welding process, this study gradually activates the unit sets through “MODEL CHANGE.” Specifically, all units in the weld zone are first killed in step-0, and then the unit sets of the weld zone are gradually activated by a script written in the Python language.
The thermal physical and mechanical properties of X80 pipeline steel are shown in Table 1 (Yan et al., 2014; Zhao et al., 2018). The physical parameters at specific temperatures are listed in Table 1, and the specific parameters at other temperatures can be obtained by interpolation and extrapolation.
TABLE 1 | Thermal physical parameters of X80 pipeline steel.
[image: Table 1]In the thermal analysis, the initial temperature of the pipeline is 20°C. Convective heat dissipation and radiation heat dissipation on the inner and outer surfaces of the pipeline should be considered during welding. The heat radiation rate can be taken as 0.8, and the convective heat transfer coefficient is 25 W/(m2·°C). The ambient temperature is 20°C, and the relative thermal efficiency during welding is η = 0.9 (Sui, 2008). In the mechanical analysis, the center plane of the weld at the left end of the three-dimensional model and the two planes parallel to the model axis are set as symmetrical boundaries.
2.2 Heat source model and temperature field verification
The double-ellipsoid heat source model has higher accuracy than other heat source models (Liu, 2008) and can more accurately simulate the welding process of three-dimensional pipes. The first half of the heat flux curve is steep, and the second half is relatively gentle, which is in line with the actual shape of the molten pool of the pipeline (Dong et al., 2004). Therefore, this study uses the Goldak double-ellipsoid heat source model to simulate pipeline welding. The double ellipsoid heat source model is shown in Figure 2A. In Figure 2A, a1 and a2 are the length parameters of the front and rear semi-ellipsoids of the weld pool, and b and c represent the width and depth of the weld pool, respectively. In this study, Fortran 90 format is used to write the Dflux subroutine to realize the loading of the heat source of the pipe girth weld. The double ellipsoid heat source model parameters were determined by referring to experiments in the literature. The initial values of the double ellipsoid heat source model parameters were selected according to the molten pool shape size in the literature, and modifications of the obtained molten pool shape were repeated and compared with the experiment after simulation until they were consistent.
[image: Figure 2]FIGURE 2 | Heat source model and temperature field verification. (A) Double-ellipsoid heat source model; (B) comparison of the simulation value and experimental value of the thermal cycle curve.
In order to verify the accuracy of the temperature field simulation, the finite element simulation value of the test point temperature in Figure 1 is compared with the experimental value in Sui (2008), as shown in Figure 2B. The main parameters determining the characteristics of the welding thermal cycle are peak temperature, high-temperature residence time, and cooling time in a certain temperature range. The peak value of the test thermal cycle curve is 1,330°C, and the peak value of the finite element simulation is 1,270°C, which is an error of only 4.5%. In the welding temperature field, the cooling time of 800–500°C (t8/5) is often used to reflect the cooling rate of the molten pool. The t8/5 of the test is 8 s, and the t8/5 of the finite element simulation is 6.73 s; the error is 15.9%. The residence time above 1,100°C measured in the experiment was 3 s, compared to 2.68 s in the finite element simulation, and the error was 10.7%. The residence time above 1,100°C and t8/5 in the finite element simulation is smaller than the experimental value due to the thermal emissivity and convective heat transfer coefficient in the thermal boundary condition being too large. The thermal emissivity and convective heat transfer coefficient used in this paper are based on the reference. The finite element simulation value is in good agreement with the experimental value, so the welding temperature field simulation is reliable.
2.3 Welding stress field verification
Deng and Murakawa (2005) used gas tungsten arc welding to weld the SUS304 pipe and measured the welding residual stress with a strain gauge. In order to verify the accuracy of the finite element model and analysis method, the model was established according to Deng’s test (Deng and Murukawa, 2005). The outer diameter of the SUS304 pipe is 114.3 mm, the wall thickness of the pipe is 6 mm, and the length of the pipe is 800 mm. The 1/4 pipe model is shown in Figure 3A. The specific welding process parameters are shown in Table 2.
[image: Figure 3]FIGURE 3 | Finite element pipe model and stress field verification. (A) Finite element pipe model; (B) axial residual stress cloud diagram; (C) comparison of simulation and experimental values of axial residual stress on the outer surface; (D) comparison of simulation and experimental values of axial residual stress on the inner surface.
TABLE 2 | SUS304 pipe welding process parameters.
[image: Table 2]The finite element ABAQUS software is used for welding simulation, and the axial residual stress cloud diagram is shown in Figure 3B. From the middle point (90° from the starting point of welding) of the left end surface of the model (weld center plane), the axial residual stress data of the inner and outer surfaces of the pipe are extracted along the direction parallel to the pipe axis. The comparative analysis is shown in Figures 3C, D. It can be seen that the residual stress value obtained by finite element simulation has a high degree of fit with the experimental measurement value; thus, the reliability of the welding finite element mechanical simulation modeling is verified.
2.4 Two-dimensional finite element model
In the finite element simulation of steel with inclusions, the three-dimensional model is simplified into a two-dimensional model, as shown in Figure 4. The length of the two-dimensional model is 2000 mm, and the width is 18.4 mm, which is equivalent to the wall thickness of the pipeline. Mesh refinement was performed in the weld and heat-affected zone, and mesh transition and coarsening are performed in other regions. The thickness of each layer of the model is about 3 mm because the weld reinforcement has little effect on the mechanical properties of the welded joint (Li, 2003), so the weld reinforcement is ignored in this paper.
[image: Figure 4]FIGURE 4 | Two-dimensional finite element model and its mesh division near welds.
Figures 5A, B show the hydrogen concentration distribution near the weld obtained by the two-dimensional axisymmetric model and the three-dimensional model under the condition of residual stress and with no inclusions. The hydrogen concentration distributions obtained by two-dimensional and three-dimensional modeling are similar. The hydrogen concentration distribution curves along the weld center plane obtained by two-dimensional and three-dimensional models are in good agreement in Figure 5C.
[image: Figure 5]FIGURE 5 | Hydrogen concentration distribution and comparison. (A) Two-dimensional axisymmetric model; (B) three-dimensional model; (C) comparison of the hydrogen concentration curves of the two-dimensional and three-dimensional models.
3 RESIDUAL STRESS OF PIPELINE AFTER WELDING
3.1 Residual stress of pipeline without inclusions
The uneven stress field is caused by the uneven temperature field after welding. The temperature field during the welding process of the fourth layer is shown in Figure 6A. Figure 6B plots the residual stress of the pipeline after 10,800 s natural air cooling to room temperature after welding. It can be seen that the von Mises stress mainly concentrates in the weld zone and the adjacent heat-affected zone, and the von Mises stress on the outer surface is higher than that on the inner surface. The peak value of the equivalent stress on the outer surface reaches 579 MPa, that of the inner surface is 394 MPa, and the peak value of the outer surface is close to the yield strength of the pipe.
[image: Figure 6]FIGURE 6 | Temperature field and stress field. (A) Temperature field during welding; (B) von Mises stress after cooling to room temperature.
Figures 7A–C plot the hoop, axial, and radial residual stress of pipeline welding, respectively. The distribution of residual stress in the weld zone is extremely non-uniform. The radial residual stress is smaller than the circumferential and axial residual stress, and the maximum radial value is reduced by almost an order of magnitude. Compared with the pipeline damage caused by hoop stress and axial stress, the damage caused by radial stress is much smaller, so the radial stress caused by pipeline welding is generally not discussed.
[image: Figure 7]FIGURE 7 | Residual stress distribution and curves. (A) Hoop residual stress of pipeline; (B) axial residual stress of pipeline; (C) radial residual stress of pipeline; (D) residual stress distribution on the outer surface; (E) residual stress distribution on the inner surface.
The inner and outer surfaces of the pipeline are in direct contact with the conveying medium and air, respectively; the dangerous sites of pipeline stress corrosion are on the inner and outer surfaces near the weld. Therefore, the residual stress distribution of the inner and outer surfaces of the pipeline after welding must be studied.
From the middle point (45° from the starting point of welding) of the left end plane (weld center plane) of the model, the residual stress data of the outer surface are extracted along the direction parallel to the pipe axis. Figure 7D plots the von Mises, hoop, and axial residual stress distribution curves of the outer surface of the pipeline. As the distance from the center plane of the weld increases, the von Mises stress on the outer surface of the pipe is relatively stable at the weld, drops rapidly after passing the weld junction, and, finally, slowly decreases to 0 MPa after a small peak value; the maximum value of the von Mises stress is 579 MPa. As the distance from the center plane of the weld increases, the hoop tensile stress on the outer surface first increases slightly and reaches the maximum value at the weld junction. After passing the weld, the hoop tensile stress rapidly changes into compressive stress and gradually rises to 0 MPa. The hoop tensile stress and compressive stress peaks are 624 MPa and 164 MPa, respectively. The axial stress is expressed as compressive stress at the center of the weld on the outer surface. As the distance from the center plane of the weld increases, the axial compressive stress rises rapidly to axial tensile stress, and then the axial tensile stress slowly decreases to 0 MPa. The peak stress and compressive stress are 276 MPa and 73 MPa, respectively.
Figure 7E plots the von Mises, hoop, and axial residual stress distribution curves of the inner surface of the pipeline. As the distance from the center plane of the weld increases, the von Mises equivalent stress on the inner surface of the pipe shows a downward trend, then rises to a small peak, and finally slowly drops to 0 MPa. The maximum value of von Mises stress is 394 MPa. Meanwhile, the hoop tensile stress on the inner surface rapidly changes into compressive stress and then gradually rises to 0 MPa. The peak values of circumferential tensile stress and compressive stress are 418 MPa and 319 MPa, respectively. Due to the increased distance from the center plane of the weld, the axial residual stress of the inner surface changes from tensile stress to compressive stress and then gradually rises to 0 MPa. The peak values of tensile stress and compressive stress are 309 MPa and 222 MPa, respectively.
3.2 Residual stress of pipeline with inclusions
Inclusions such as sulfide and oxides will be introduced in the steel welding process. Compared with the base material, the elastic modulus of the sulfide inclusions is very low, categorizing them as soft inclusions, while the elastic modulus of oxide inclusions is higher than the base material, categorizing them as hard inclusions. The distribution of residual stress in the inclusion zone will be influenced by inclusions. In order to study the local stress caused by inclusion, the position of the inclusions is set in the hydrogen concentration enriched area (the junction of the fourth and fifth welding layers), as shown in Figure 8A. For the three cases where the elastic modulus ratios of inclusions and base material are 2, 1, and 0.5, respectively, the corresponding local stress distributions are shown in Figure 8B, where Ei is the elastic modulus of inclusions and Em is the elastic modulus of steel.
[image: Figure 8]FIGURE 8 | Inclusion location and stress distribution. (A) Inclusion location; (B) von Mises stress distribution in the inclusion region.
As shown in Figure 8B, when Ei: Em = 2 or 1, the von Mises stress distribution around the inclusions is uniform, there is no von Mises stress mutation, and the residual stress is approximately 5.6 × 108 Pa. When Ei: Em = 0.5, the von Mises stress distribution around the inclusion is not uniform, and the stress mutation occurs. The maximum residual stress of the inclusion is 5.3 × 108 Pa; the minimum is 4.6 × 108 Pa, which is less than the von Mises stress of the hard inclusion, and the von Mises stress of the base welding material is still approximately 5.6 × 108 Pa.
4 HYDROGEN DIFFUSION IN THE PIPELINE
Simulating hydrogen diffusion in pipelines is mainly based on the governing and constitutive equations (Zhang et al., 2019). The governing equation for hydrogen diffusion can be expressed as
[image: image]
where C represents the hydrogen concentration, X represents the direction of hydrogen diffusion, J represents diffusion flux, φ denotes the hydrogen activity, and S denotes the solubility and can be computed as follows:
[image: image]
The general chemical potential gradient is the driving force of hydrogen diffusion, which is related to the diffusion flux J by Chu, 2019:
[image: image]
[image: image]
where D represents the diffusion coefficient, R represents the gas constant, T denotes temperature, TZ represents absolute zero, μ denotes the chemical potential, μ0 represents the chemical potential in the standard state without stress, σh represents hydrostatic stress, and VH represents the partial molar volume of hydrogen.
Substituting Eqs 2, 4 into Eq. 3, we obtain:
[image: image]
Introducing Eq. 5 into Eq. 1, the constitutive equation of hydrogen diffusion can be obtained:
[image: image]
where q represents the concentration flux of hydrogen, ks denotes the coefficient driven by the temperature gradient, and kp denotes the coefficient driven by the stress gradient. Ks and kp can be computed as follows:
[image: image]
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In this study, the hydrogen diffusion simulation is carried out after the welding is completed, and the pipe temperature is cooled to room temperature. The influence of the temperature gradient on the hydrogen diffusion is not considered, so the constitutive equation of the hydrogen diffusion can be simplified as:
[image: image]
The finite element simulation is mainly based on the following assumptions: 1) Hydrogen only diffuses in pipeline steel in the form of hydrogen atoms. When hydrogen atoms diffuse to the outer surface of the pipeline, they will combine into hydrogen molecules, so the hydrogen concentration on the outer surface of the pipeline is 0. 2) Ignoring the hydrogen introduced during the smelting of pipeline steel, it is considered that the hydrogen concentration inside the pipeline steel is 0 in the initial state. 3) The diffusion coefficient of hydrogen in pipeline steel is isotropic. 4) This study is of the hydrogen diffusion analysis after pipeline welding and cooling; only the influence of residual stress on hydrogen diffusion is considered, and the influence of temperature is ignored.
4.1 Hydrogen diffusion without inclusions
The influence of welding residual stress on hydrogen diffusion is considered mainly, so it is assumed that the hydrogen diffusion parameters of the weld material and the base metal are the same. Referring to Zhang et al. (2019), the adsorbing hydrogen concentration on the inner surface of the pipeline is 0.0235 × 10−6, and the solubility and hydrogen diffusion coefficient of the pipe are 4.797 × 10−11 Pa−1/2 and 3.302 × 10−6 cm2/s, respectively. In the simulation of pipeline hydrogen diffusion, the parameter characterizing the boundary condition is “normalized hydrogen concentration,” which is usually referred to as hydrogen activity φ and calculated by Eq. 2, and the hydrogen concentration applied on the outer boundary is 0.
Figure 9 shows the pressure distribution near the weld, and its value is the negative value of hydrostatic stress. It can be seen indirectly that the higher hydrostatic stress area at the weld is mainly concentrated at the junction of the fourth and fifth welding layers. Two paths, P1 and P2, are taken at the welded joint to better observe the distribution of hydrostatic stress and subsequent hydrogen concentration in the pipe. P1 is located on the central plane of the weld, pointing from the inner surface to the outer surface of the pipe, and P2 is parallel to the axis of the pipe and from left to right, with a starting point that is 12 mm away from the inner surface of the pipe (the junction of the fourth and fifth welding layers).
[image: Figure 9]FIGURE 9 | Pressure distribution near the weld and paths of P1 and P2.
Figures 10A, B show the hydrogen concentration distribution near the pipeline weld, considering the presence and absence of residual stress. Figures 10C, D plot the distribution of hydrostatic stress and hydrogen concentration together along P1 and P2 when welding residual stress is considered. Hydrogen atoms are affected by the hydrostatic stress gradient and are enriched toward the junction of the fourth and fifth welding layers with high hydrostatic stress, as shown in Figures 10C, D. The hydrostatic stress generated by welding is the main driving force for hydrogen atom enrichment in the pipeline, which is consistent with the research results (Jin et al., 2010; Moro et al., 2010). In Figure 10C, with the presence of residual stress, the hydrogen concentration first decreases and then increases, reaching a maximum value of 0.0606 × 10−6 at 12 mm from the inner surface of the pipeline along the P1 direction. It can be seen from Figure 10D that with the presence of residual stress, the hydrogen concentration value gradually decreases with the increase of the distance from the center plane of the weld along P2.
[image: Figure 10]FIGURE 10 | Hydrogen concentration distribution and curves. (A) Without residual stress; (B) with residual stress; (C) hydrogen concentration and hydrostatic stress curves along P1; (D) hydrogen concentration and hydrostatic stress curves along P2.
4.2 Hydrogen diffusion with inclusions
The previous content mainly discussed the distribution of hydrogen concentration in pipeline steel without considering inclusions. Inclusions are the main initiation position of hydrogen-induced cracking in steel (Gong et al., 2007a; Gong et al., 2007b; Yan et al., 2014). Most calcium oxide and alumina oxide inclusions are spherical, and most manganese sulfide inclusions are strips (Hejazi et al., 2012). The size of large inclusions observed by scholars in X80 pipeline steel exceeds 100 μm (Li et al., 2012; Wang et al., 2013; Chen et al., 2015).
The concentration of adsorbed hydrogen on the inner surface of the pipe, the solubility of the pipe, and the hydrogen diffusion coefficient are the same as those mentioned in Section 3.1. Neither the hydrogen solubility nor the diffusion coefficient of inclusions has definite values at present. Some scholars (Pumphrey, 1980) believe that the hydrogen permeability in inclusions is increased by 5–20 times. In this study, both the solubility and hydrogen diffusion coefficient of inclusions are 10 times that of X80 pipeline steel (Ren et al., 2017; Zhong et al., 2016; Zhou et al., 2022). In the finite element simulation, it is assumed that the coherent phase boundary condition is satisfied between the inclusion and the metal base material. The aspect ratio of the strip-like inclusions is proposed to be 10 (Zhou et al., 2022), and the short and long sides are 50 μm and 500 μm, respectively.
The elastic modulus ratios of inclusions to base material are 2, 1, and 0.5, respectively. The length-width ratio of the studied inclusion is 10:1. The corresponding local hydrogen concentration distribution is shown in Figure 11. The peak hydrogen concentration is located on the inclusions, and the hydrogen concentration around the inclusions is approximately 0.07 × 10−6. When Ei: Em = 2, Ei: Em = 1, and Ei: Em = 0.5, the hydrogen concentration of the inclusion is approximately 0.88 × 10−6, 0.7 × 10−6, and 0.55 × 10−6, respectively, as shown in Figure 11. Inclusions act as hydrogen traps to capture hydrogen atoms, resulting in a much higher hydrogen concentration in the inclusions than in the weld material. Inclusions with high elastic modulus are more likely to capture hydrogen atoms, and mutation occurs around soft inclusions.
[image: Figure 11]FIGURE 11 | Hydrogen concentration distribution in the inclusion area.
The angle between the strip inclusions and the hydrogen diffusion direction is defined as θ. Figures 12A, B show the hydrogen concentration distribution of striped inclusions with the angle θ equal to 0° in the absence and presence of residual stress. When the angle is 0, the hydrogen concentration peaks are located at the inclusions with or without welding residual stress, which are 0.6960 × 10−6 and 0.9179 × 10−7, respectively, which is a difference of 6.6 times. Comparing Figures 12B–D, it can be seen that the angle θ between the orientation of the striped inclusions and the direction of hydrogen diffusion do not affect the hydrogen concentration in the inclusions.
[image: Figure 12]FIGURE 12 | Hydrogen concentration distribution when Ei: Em = 1. (A) Without residual stress and θ = 0°; (B) with residual stress and θ = 0°; (C) with residual stress and θ = 45°; (D) with residual stress and θ = 90°.
Figure 13 shows the curves of hydrogen diffusion flux over time with different θ, considering the situation under the presence and absence of welding residual stress. When θ is 0°, 45°, and 90°, the steady-state hydrogen diffusion fluxes with inclusions are 0.0046 × 10−6 m/s, 0.0025 × 10−6 m/s, and 0.00045 × 10−6 m/s, respectively, and the steady-state hydrogen diffusion flux without inclusions is 0.00042 × 10−6 m/s, without considering the welding residual stress. The steady-state hydrogen diffusion fluxes with inclusions at θ of 0°, 45°, and 90° are 11.0 times, 6.0 times, and 1.1 times those without inclusions, respectively. When θ is 0°, 45°, and 90°, the steady-state hydrogen diffusion fluxes with inclusions are 0.0576 × 10−6 m/s, 0.0459 × 10−6 m/s, and 0.0322 × 10−6 m/s, respectively, considering the welding residual stress. The steady-state hydrogen diffusion flux without inclusions is 0.0033 × 10−6 m/s, and the steady-state hydrogen diffusion fluxes with θ of 0°, 45°, and 90° are 17.5 times, 13.9 times, and 9.8 times that without inclusions, respectively. It can be seen that inclusions in steel can be used as channels to accelerate the diffusion of hydrogen atoms. The angle between strip inclusions and hydrogen diffusion direction is closely related to diffusion capacity. The hydrogen diffusion flux decreases gradually with the increase of θ. When the orientation of the strip inclusion is perpendicular to the hydrogen diffusion direction (θ = 90°), the diffusion channel effect disappears.
[image: Figure 13]FIGURE 13 | Time evolution of diffusion flux under different θ values. (A) Without residual stress; (B) with residual stress.
Comparing the hydrogen diffusion flux under the presence and absence of residual stress, the steady-state hydrogen diffusion flux of θ = 0°, 45°, and 90° with residual stress is 12.5 times, 18.4 times, and 71.6 times that without residual stress, respectively. The steady-state hydrogen diffusion flux with residual stress is 7.9 times that without residual stress when there is no inclusion. It can be found that when there is residual stress, the hydrogen diffusion flux in the inclusion is much larger than when there is no residual stress. The time for the hydrogen diffusion flux to reach the steady state with residual stress is significantly faster than that without residual stress, as shown in Figure 13.
The influence of inclusion shape on hydrogen diffusion flux is analyzed by fixing the area of inclusion (50 μm × 500 μm). The hydrogen diffusion flux changes with time are studied, considering that the angle θ is equal to 0°, 45°, and 90°, the length–width ratio is 5:1, 10:1, and 20:1, and the spherical inclusion has the same area. Figures 14A–F show the curves of the hydrogen diffusion flux with time under the condition without and with residual stress. Without residual stress, when θ is equal to 0° and 45°, the aspect ratio of strip inclusions increases from 5:1 to 20:1, the steady-state hydrogen diffusion flux increases from 0.0027 × 10−6 m/s to 0.0078 × 10−6 m/s and from 0.0016 × 10−6 m/s to 0.0041 × 10−6 m/s, respectively, which is a growth rate of 188.9% and 156.3%. With residual stress, when θ is equal to 0° and 45°, the aspect ratio of strip inclusions increases from 5:1 to 20:1, and the steady-state hydrogen diffusion flux increases from 0.0474 × 10−6 m/s to 0.0728 × 10−6 m/s and from 0.0389 × 10−6 m/s to 0.0557 × 10−6 m/s, which is a growth rate of 53.6% and 43.2%. It can be seen that when θ is equal to 0° or 45°, the steady-state hydrogen diffusion flux increases with the increase of the aspect ratio of strip inclusions; at the same time, the steady-state hydrogen diffusion flux of spherical inclusions with the same area is smaller than that of other inclusions. When θ is equal to 90°, the steady-state hydrogen diffusion flux decreases with the increase of the aspect ratio of strip inclusions, and the steady-state hydrogen diffusion flux of the spherical inclusions with the same area is greater than that of other strip inclusions. Therefore, the more slender the inclusions are, the stronger the diffusion abilities of 0° or 45° inclusions are, and the weaker the diffusion abilities of vertical inclusions are.
[image: Figure 14]FIGURE 14 | Diffusion flux curves. (A) θ = 0°, without residual stress; (B) θ = 45°, without residual stress; (C) θ = 90°, without residual stress; (D) θ = 0°, with residual stress; (E) θ = 45°, with residual stress; (F) θ = 90°, with residual stress.
5 POST-WELD HEAT TREATMENT
The post-weld heat treatment of pipelines mainly refers to the relevant regulations in GB 50236-2011 “Field Equipment, Industrial Pipeline Welding Engineering Construction Specification,” NB/T 47015-2011 “Pressure Vessel Welding Procedure,” and the relevant studies in Liu (2017), Ge et al. (2021), and Chen et al. (2022).
Heat treatment is carried out in the whole model by raising the temperature to 600°C at a constant speed, keeping the temperature constant for 6 h, and then cooling the temperature to 20°C at a constant speed. During the heating and cooling process, the heating rate should not exceed 205°C/h, and the cooling rate should not exceed 260°C/h. The heat treatment temperature curve is shown in Figure 15.
[image: Figure 15]FIGURE 15 | Post-weld heat treatment temperature curve.
5.1 Residual stress after heat treatment without inclusions
Figures 16A–C show the von Mises, hoop, and axial residual stress of the pipeline after heat treatment. Figures 16D, E show the three-dimensional distribution surface diagrams of von Mises stress near the pipeline weld before and after heat treatment. The von Mises, hoop, and axial stresses of the pipeline after heat treatment are greatly reduced. The distribution of hoop and axial stress is similar to that before heat treatment, but the difference is that the axial stress on the outer surface of the pipeline changes from compressive stress into tensile stress. The welding von Mises stress mutation in the weld zone before heat treatment is substantial; the maximum and minimum values are 579 MPa and 124 MPa, respectively, mainly in the weld zone near the outer surface of the pipeline. After heat treatment, the von Mises equivalent stress becomes more uniform; the maximum value is 165 MPa, which is 71.5% lower than that before heat treatment, and the minimum equivalent residual stress is 98 MPa.
[image: Figure 16]FIGURE 16 | Residual stress distribution after heat treatment and surface map of the von Mises stress near the weld. (A) von Mises stress; (B) hoop residual stress; (C) axial residual stress; (D) surface diagram before heat treatment; (E) surface diagram after heat treatment.
Figure 17 shows the curves of von Mises equivalent stress at nodes 1 to 4 during the post-weld heat treatment process. The equivalent stress at points 1 to 4 at 0 h is 579 MPa, 566 MPa, 453 MPa, and 394 MPa, respectively, which are the stress values when the pipe has been welded and cooled to room temperature by natural air. The heating stage of heat treatment occurs from 0∼3 h, and the equivalent stress of the four nodes decreases, which is due to the yield strength of X80 pipeline steel decreasing with the increasing temperature. When the temperature is 600°C, the yield strength of X80 steel is approximately 108 MPa. The heat preservation stage of heat treatment occurs from 3∼9 h; yielding occurs at all four nodes, and the von Mises equivalent stress is 108 MPa. The cooling stage of heat treatment occurs from 9–12 h, and the stress at each point rises slowly, for the yield strength of X80 steel rises gradually, and the final stress value rises to 165 MPa. The additional residual stress of the pipeline after heat treatment is generated in the cooling stage of heat treatment and the effect of post-weld heat treatment on the reduction of welding residual stress are very significant.
[image: Figure 17]FIGURE 17 | von Mises stress curves of the four nodes.
Figure 18A shows the von Mises, hoop, and axial residual stress distribution curves on the outer surface of the pipe after heat treatment. As the distance from the center plane of the weld increases, the von Mises equivalent stress on the outer surface of the pipe is relatively stable within 60 mm from the center plane of the weld and then slowly decreases to 0 MPa. At the same time, the hoop stress of the pipeline begins to decrease rapidly to the minimum value, then increases slowly and finally declines to approximately 0 MPa. The peak values of the von Mises equivalent stress, hoop tensile stress, and compressive stress are 165 MPa, 190 MPa, and 30 MPa which are 71.5%, 69.6%, and 81.7% lower than those before heat treatment, respectively. The axial stress of the pipeline increases first and then decreases, and the peak value of the axial tensile stress is 184 MPa, which is a decrease of 33.3%.
[image: Figure 18]FIGURE 18 | Residual stress curves of the pipe after heat treatment. (A) Outer surface; (B) inner surface.
In Figure 18B, the von Mises, hoop, and axial residual stress distribution curves on the inner surface of the pipe after heat treatment are shown. It can be seen that with the increase of the distance from the center plane of the weld, the von Mises equivalent stress on the inner surface of the pipe is relatively stable within 50 mm of the center plane of the weld and then slowly decreases to 0 MPa, with a peak value of 165 MPa, which is 58.1% lower than that before heat treatment. At the same time, the hoop tensile stress decreases rapidly, becomes compressive stress, and then gradually rises to 0 MPa. The peak values of hoop tensile stress and compressive stress are 168 MPa and 160 MPa, which are decreases of 59.8% and 49.8%, respectively. The axial residual stress changes from tensile stress to compressive stress with the increase of the distance from the center plane of the weld and then gradually rises to 0 MPa. The peak value of axial compressive stress is 178 MPa, which is a decrease of 19.8%.
It can be seen that the welding residual stress on the inner and outer surfaces of the pipe is greatly reduced after post-weld heat treatment, and the stress relaxation effect is obvious with the release of the welding residual stress.
5.2 Residual stress after heat treatment with inclusions
The elastic modulus ratio of the inclusion to the base metal is 2, 1, and 0.5, respectively, and the corresponding local residual stress distribution is shown in Figure 19, and the von Mises stress of the welding material around the inclusion is 165 MPa. When Ei: Em = 2 and 1, the von Mises stress of inclusions is approximately equal to the welding material stress, and the stress mutation does not occur. When Ei: Em = 0.5, the von Mises stress peak of the inclusion is 86 MPa, which is approximately 52% of the von Mises stress of the welding material, and the stress mutation occurs.
[image: Figure 19]FIGURE 19 | Stress distribution in the inclusion region after heat treatment.
5.3 Hydrogen concentration after heat treatment without inclusions
Figures 20A, B show the hydrogen concentration distribution cloud diagram and the three-dimensional surface diagram of hydrogen concentration after post-weld heat treatment. Compared with Figure 10B, the post-weld heat treatment significantly reduces the hydrogen concentration because the post-weld heat treatment reduces the hydrostatic stress and the driving diffusion ability of hydrogen atoms. The enrichment area of hydrogen atoms is consistent with the hydrostatic stress, which is concentrated near the junction of the fourth and fifth welding layers.
[image: Figure 20]FIGURE 20 | Hydrogen concentration distribution and surface diagram after heat treatment. (A) Hydrogen concentration distribution; (B) surface diagram near the weld.
Figure 21 shows the comparison of the distribution of hydrogen concentration on paths P1 and P2 before and after heat treatment. It can be seen from Figure 21A that along the P1 direction, the peak value of hydrogen concentration after heat treatment is at the inner surface of the pipe. At a distance of 12 mm from the inner surface of the pipe, the hydrogen concentration value is 0.0202 × 10−6, which is 66.7% lower than that before heat treatment. Figure 21B shows that along P2, after heat treatment, the hydrogen concentration within 5 mm of the center plane of the weld is close to a linear distribution, with a value of approximately 0.0202 × 10−6, and there are some fluctuations thereafter. After heat treatment, the hydrogen concentration in the weld and its adjacent area is significantly reduced (66.7%), and the distribution is more balanced, especially along the axial direction.
[image: Figure 21]FIGURE 21 | Comparison of hydrogen concentration before and after heat treatment. (A) Along P1; (B) along P2.
5.4 Hydrogen concentration after heat treatment with inclusions
The ratio of the elastic modulus of the inclusion to the matrix is 2, 1, and 0.5, respectively, the length-width ratio of the studied inclusion is 10:1. and the corresponding local hydrogen concentration distribution is shown in Figure 22. The hydrogen concentration of the welding material around the inclusion is 0.02 × 10−6. Hydrogen enrichment occurs at the boundary of inclusions or inclusions. In particular, when Ei: Em = 2 and 0.5, the aggregation of hydrogen atoms at both ends of inclusions is more substantial, and the hydrogen concentration at the boundary of inclusions is 0.2 × 10−6, which is higher than that inside inclusions. When Ei: Em = 2, the minimum hydrogen concentration in the inclusion region is approximately 0.16 × 10−6. When Ei: Em = 1, the hydrogen concentration in the inclusion region is about 0.2 × 10−6. When Ei: Em = 0.5, the minimum hydrogen concentration inside the inclusion is about 0.15 × 10−6. The hydrogen concentration in a hard inclusion is higher than that in a soft inclusion.
[image: Figure 22]FIGURE 22 | Hydrogen concentration distribution in the inclusion area after heat treatment.
6 DISCUSSION
Under the action of high-temperature welding and the asynchronous heating caused by the movement of the welding heat source, the organization structure and strain of the weld zone and the heat-affected zone change unevenly, resulting in residual stress. This paper simulates the spatial characteristics of the temperature field and stress distribution by a three-dimensional model, as was carried out in previous work (Deng et al., 2006; Zhao et al., 2021). When the upper weld seam is welded, it is equivalent to heat treatment for the lower weld seam, so the residual stress of the outermost weld seam is relatively large, as was pointed out in Ge et al. (2021). In this paper, after the weld cooled, the von Mises residual stress on the outer surface is 579 MPa, and the result in the literature (Guo et al., 2018) is 566 MPa, which is a difference of 2.3%; the hoop stress on the inner surface is 471 MPa, and the result in the literature (Guo et al., 2018) is 479.5 MPa, which is a difference of 1.8%.
The non-metallic inclusions in the steel and the matrix interface are prone to separating due to the increase of hydrogen pressure and even lead to hydrogen-induced cracks, as described in previous work (Jiang et al., 2006). Inclusions are unavoidable in the welding process. Most studies of the inclusion use non-welded steel as the matrix. In this work, the welding zone material is used as the inclusion embedded matrix, and the characteristics of the inclusion residual stress and hydrogen diffusion are analyzed considering the uneven temperature field and the uneven stress field. The general chemical potential gradient is the driving force of hydrogen diffusion; it is related to hydrostatic stress from Eqs 3, 4. The simulation analysis shows that the law of hydrogen diffusion in the welding zone is the same as the law of hydrostatic stress distribution, as pointed out in Shuai et al. (2022),Zhang et al. (2019), and Jiang et al. (2006). Based on the main characteristics of inclusions, such as elastic modulus, angle, and shape, the law of hydrogen concentration and hydrogen diffusion in the inclusion area are analyzed. While the inclusion region serves as a hydrogen trap to capture hydrogen, it can also act as a channel to accelerate the diffusion of hydrogen. It can be considered that the effect of inclusions on hydrogen diffusion is the result of combining the diffusion channel and the hydrogen trap.
Under the action of residual stress, atoms have a tendency to move along the direction of that stress. If the temperature is low, their movement ability is limited or even poor. At high temperatures, the movement ability of atoms is enhanced, and the atoms will continue to move along the direction of the residual stress they are subjected to, which will release part of the residual stress and make the welding residual stress reach a state of uniform distribution. Current research is mainly focused on increasing welding heat input to reduce hydrogen concentration and heat treatment to eliminate residual stress, as demonstrated in Shuai et al. (2022) and Yan et al. (2015). In this work, the heat treatment temperature was set with reference to relevant specifications, the effect of heat treatment on hydrogen diffusion was studied, and two cases with and without inclusions were considered. In particular, the characteristics of the residual stress and hydrogen concentration after heat treatment are analyzed, and the residual stress and hydrogen concentration distribution are significantly reduced, which can reduce the possibility of hydrogen embrittlement.
7 CONCLUSION

(1) The residual von Mises stress at the center plane of the weld is the largest and gradually decreases from the outer surface to the inner surface. Along the pipe shaft, the circumferential residual stress on the inner and outer surfaces of the pipe and the axial residual stress on the inner surface of the pipe rapidly change from tensile stress to compressive stress and then gradually increase. The axial residual stress on the outer surface of the pipe rapidly changes from compressive stress to tensile stress and then gradually decreases. When Ei: Em = 0.5, the stress mutation occurs. The maximum residual stress of the inclusion is 5.3 × 108 Pa, and the minimum is 4.6 × 108 Pa, which is less than the von Mises stress of the hard inclusion, and the von Mises stress of base welding material is still approximately 5.6 × 108 Pa.
(2) The hydrostatic stress and hydrogen concentration distribution curves of pipelines are similar, and it can be considered that hydrostatic stress is the main driving force for hydrogen diffusion in pipelines. As the angle θ between strip inclusions and the hydrogen diffusion direction increases, the hydrogen diffusion flux will gradually decrease. The more slender the inclusions, the stronger the diffusion ability of parallel or 45° inclusions and the weaker the diffusion ability of vertical inclusions. The hydrogen diffusion flux at the inclusions with residual stress is much larger than that without residual stress, and the hydrogen concentration increases 6.6 times.
(3) After post-weld heat treatment, the peak von Mises stresses on the inner and outer surfaces of the pipe were reduced by 71.5% and 58.1%, respectively. The peak values of hoop and axial tensile stress on the outer surface of the pipe were reduced by 69.6% and 33.3%, respectively, and the peak value of hoop compressive stress was reduced by 81.8%. There is no axial compressive stress. The hoop and axial peak tensile stresses on the inner surface of the pipe were reduced by 59.8% and 94.7%, respectively, and the hoop and axial compressive stress peaks were reduced by 49.9% and 19.6%, respectively. Post-weld heat treatment makes the stress distribution near the weld more uniform. When Ei: Em = 0.5, the von Mises stress peak of the inclusion is 86 MPa, which is approximately 52% of the von Mises stress of the welding material, and the stress mutation occurs.
(4) The effect of post-weld heat treatment on reducing the hydrogen concentration is obvious. Along P1, the peak value of hydrogen concentration on the inner surface of the pipeline is reduced by 66.7%. Along path P2, the distribution of hydrogen concentration is close to a straight line with slight fluctuations. From the three-dimensional distribution surface diagram, it can be found that post-weld heat treatment makes the hydrogen concentration distribution near the weld more uniform. Hydrogen enrichment still occurs at the boundary of inclusions or inclusions, especially when Ei: Em = 2 and 0.5, the aggregation of hydrogen atoms at both ends of inclusions is more substantial, and the hydrogen concentration at the boundary of inclusions is higher than that inside inclusions. The internal hydrogen concentration of hard inclusions is higher than that of soft inclusions.
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