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Abstract

:

316L stainless steel pipes are widely used in the storage and transportation of low-temperature media due to their excellent low-temperature mechanical properties and corrosion resistance. However, due to their low thermal conductivity and large coefficient of linear expansion, they often lead to significant welding residual tensile stress and thermal cracks in the weld seam. This also poses many challenges for their secure and reliable applications. In order to effectively control the crack defects caused by stress concentration near the heat-affected zone of the weld, this paper establishes a thermal elastoplastic three-dimensional finite element (FE) model, constructs a welding heat source, and simulates and studies the influence of process parameters on the residual stress around the pipeline circumference and axial direction in the heat-affected zone. Comparison and verification were conducted using simulation and experimental methods, respectively, proving the rationality of the finite element model establishment. The axial and circumferential residual stress distribution obtained by the simulation method did not have an average deviation of more than 30 MPa from the numerical values obtained by the experimental method. This study also considers the effects of welding energy, welding speed, and welding start position on the pipe’s circumferential and axial residual stress laws. The results indicate that changes in welding energy and welding speed have almost no effect on the longitudinal residual stress but have a more significant effect on the transverse residual stress. The maximum transverse residual stress is reached at a welding energy of 1007.4~859.3 J/mm and a welding speed of 6.6 mm/s. Various interlayer arc-striking deflection angles can impact the cyclic phase angle of the transverse residual stress distribution in the seam center, but they do not alter its cyclic pattern. They do influence the amplitude and distribution of the longitudinal residual stress along the circumference. The residual stress distribution on the surface of the pipe fitting is homogenized and improved at 120°.
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1. Introduction


316L is a kind of austenitic stainless steel containing a small amount of ferrite. Because of its good weldability and corrosion resistance, it is often used for chemical storage, low-temperature medium transportation, and other occasions [1,2,3,4,5]. In the welding of 316L thin-walled pipes, hot cracks can be easily produced, so filling welding becomes a necessity. Filler welding is usually composed of multiple bead layers. The large amount of heat input brings high residual stresses to the heat-affected zone. Once these residual stresses exceed the yield strength of the material, they will cause stress release and deformation, which further lead to stress corrosion, fatigue cracking, and other leakage accidents.



Pipe welding stress control has become a popular research topic in recent years. In the past, scholars have studied welding stress and strain using experimental methods or simplified numerical calculations. However, with the emergence of thermoelastic–plastic finite element analysis and continuous improvements in computer performance, numerical simulation using finite element methods has become a widely respected approach among researchers. To ensure the reliability of 316L stainless steel pipes in resisting low-temperature impact during use and to obtain good weld tissue performance, scholars worldwide have studied the influence of process parameters such as welding speed, welding power, welding sequence, interlayer temperature, and preheating temperature on residual stresses and the degree of deformation of the pipe fitting’s structure. They have proposed reducing post-weld stress concentration through the optimal selection of process parameters [6,7,8,9,10].



To improve simulation accuracy and computational efficiency, some scholars have applied neural network training for heat sources, simplified models with rotational or axial symmetry, and developed thermal–mechanical simulation methods that consider solid phase transitions and softening effects. They have also developed stress simulation processing methods. I. Sattari-Far [11] proposed a three-dimensionalentralomechanical analysis method to study single-pass pipe welding in nine different welding sequence conditions. The appropriate welding sequence can effectively reduce welding deformation. Navid [7] utilized the heat source model parameters acquired through neural network training on the 316L pipe, based on the one-quarter circumferential circle and the direction of the welding simulation and experimental validation. The results showed that when using full circumferential welding, residual stresses and deformations are distributed more uniformly along the circumferential direction. Zhao et al. [12] also investigated this phenomenon. Their study analyzed the impact of heat input, bevel form, and the number of weld beads on residual stresses during the welding of T92 and S30432 dissimilar steels. The results showed that reducing the slope angle reduced the axial and circumferential residual stresses. Additionally, the peak of the residual stresses on the tensile side of S30432 decreased with a smaller heat input and an increased number of weld beads. Kohandehghan et al. [13] investigated the distribution of residual stresses in welded joints under the coupled state of welding sequence and welding fixture constraints. Abid et al. [14] conducted a three-dimensional thermal–mechanical analysis to investigate the effect of the mechanical–thermal coupling state of pipeline flange joints on weld deformation and the residual stress state. The results were found to be closer to the actual state of stresses. In addition, Gharib et al. [15] studied the effects of the clamping constraint position and the clamping holding time on weld deformation and the residual stress distribution of 304L austenitic stainless steel butt-welded joints throughentralomechanical analyses, revealing that the state of the external constraint position and timing are also key factors influencing weld residual stresses.



In recent years, methods such as optimizing heat input, improving the accuracy of heat source parameters, and simplifying simulation models have been widely used in finite element simulation analysis of the effects of welding sequence, heat input, groove form, and the number of weld bead layers on the residual stress and deformation in pipeline welding. However, due to the irrationality of the symmetry assumption and the over-simplification, the research and analysis scope is limited, and only the influence of process changes on the pipeline stress in a fixed cross-section can be obtained. This limitation makes it difficult to effectively guide the process optimization and stress and deformation control of conventional pipe fitting welding production [16,17,18,19,20,21,22,23,24,25,26,27].



In order to deeply study and master the overall distribution law of residual stress after multilayer welding of 316L pipes under process parameters, this paper first establishes a finite element model based on the morphology characteristics of the butt weld and verifies the rationality of the three-dimensional finite element model through experimental methods combined with process parameters. In addition, controllable welding energy, welding speed, and welding start position of the three process parameters are also selected as the object, respectively, to study the rule of change in pipeline circumferential and axial welding residual stresses under the different factors mentioned above. This study analyzes the correlation and influencing characteristics of various factors on the overall stress distribution of multilayer welded pipe fittings, which are of great significance for the coordinated control of welding residual stresses [28,29,30,31,32].




2. Experimental Analysis


2.1. Experiment Material Selection


The weld base metal selected for this study is SUS316L. GMS-316L solid core stainless steel wires of size 1.2 mm are used, with the base metal and wire chemical composition shown in Table 1. Test samples with a diameter of 168 mm, length of 600 mm, and wall thickness of 8 mm and 5 mm on both sides of a 35° V-butt-welded stainless steel pipe are selected, with a 1 mm weld root assembly gap. Argon, with a purity of 99.99%, is used as a shielding gas. The welding process is carried out with argon inside and outside the weld.




2.2. Experimental System


The experimental system in this study comprises three components: a smart pipe welding robot system, a welded sample pipe, and a residual stress detection system. The intelligent pipe welding robot system employs a KUKA KR16 six-axis industrial robot (KUKA, Augsburg, Germany), a Fronius Trans Tig 5000 Job G/F TIG power supply (Fronius, Welles, Austria), a KB370 fully automatic rotary three-jaw chuck (Huaheng, Xuzhou, China), and a BU-01 residual stress ultrasonic detector (BIT, Beijing, China). The system comprises an ultrasonic transducer, an ultrasonic signal excitation card, an ambient temperature sensor, a signal collector, a calibration specimen, etc. Its detection range is from −1000 mPa to +1000 mPa, with an error margin of ±30 mPa. The system uses a one-receiving-one-transmitting mode for single-point online acquisition. The system conforms to the national standard GB/T 32073-2015 [33] and can detect residual stress below the surface of the component at a certain depth. It can also detect residual stress distributed along the thickness or depth direction of the component. To enable the ultrasonic sensor to be coupled with the structural surface, the axial and circumferential wedge can be designed and manufactured to fit a pipe diameter of 168 mm. Additionally, 100 × 100 zero-stress specimens can be produced using the GB/T25712 [34] vibration time-distortion method for raw material specimens after treatment. Figure 1 shows a schematic diagram of the pipe fitting for axial and circumferential detection.




2.3. Experimental Method


High-precision rotary cut pipe butt welding is used as the test object. The butt gap is 1 mm, and the alignment assembly is completed before welding to ensure that the amount of misalignment is less than 0.5 mm. The assembly weld area and weld circumference are wiped down using mechanical grinding and acetone to remove surface oils and oxidized layers. The process involves applying root pass, two layers of filling passes, and one layer of cover pass using Gas Tungsten Arc Welding (GTAW). The process is detailed in Table 2.



The residual stress ultrasonic detector is used to detect the pipe stress after welding, and the axial and circumferential signal collectors are selected to obtain the axial and circumferential residual stresses through wedge coupling.





3. FE Simulation


A three-dimensionalentralomechanical coupling finite element model for butt-joint argon arc welding of pipes is established based on SYSWELD. Using the nonlinear heat conduction model, we first solve for the temperature field distribution and its time-domain variation data in the pipe fitting space. Then, we obtain the residual stresses based on the nodal temperatures as the boundary condition inputs. These residual stresses are used as input conditions for mechanical elasticity and plasticity calculations.



3.1. Finite Element Model


The finite element model of single-layer multi-pass butt welding with a V-bevel pipe is constructed, and four welds are set with reference to the macroscopic morphology of actual welds, as shown in Figure 2. The total length of the pipe is 600 mm, the outer diameter is 168 mm, and the wall thicknesses are 8 mm and 5 mm. Considering that the temperature gradient near the welding heat source varies a lot, in order to improve the computational efficiency and obtain better computational accuracy, the principle of gradually decreasing the mesh density of the seam center, heat-affected zone, and peripheral area is adopted, but the element sizes along the direction of the weld beads are kept the same, close to 4 mm, and the minimum element size is 1.267 mm in the direction of the pipe axis.




3.2. Heat Source Modeling and Input Parameters


In combination with the characteristics of the argon arc welding process, the heat source takes the form of a double semi-ellipsoid with front and back asymmetry, as shown in Figure 3. The parameters of the long and short axes of the two semi-ellipsoids are defined as (   c h   ,    c p   ,  a , and  b ), and the proportion of heat in the front and rear parts is represented by    f h    and    f p   , respectively. The settings for the shape parameter are presented in Table 3. The heat flow distribution of the heat source can be expressed by the following equation:


   q h  ( x , y , z ) =   6  3   f h  Q   a b  c p  π  π    exp ( −   3  x 2     a 2    −   3  y 2     b 2    −   3  z 2     c h 2    ) , x ≥ 0  










   q p  ( x , y , z ) =   6  3   f p  Q   a b  c p  π  π    exp ( −   3  x 2     a 2    −   3  y 2     b 2    −   3  z 2     c p 2    ) , x < 0  








where    f h  +  f p  = 2  ,    f h  = 1.2  , and    f p  = 0.8  .



Referring to the welding energy formula, the expression for the energy obtained from the heat source per unit length of weld during fusion welding can be derived as follows:


  P = η  P 0  = η U I  








where  U  is the voltage   ( V )  ,  I  is the welding current   ( A )  ,    P 0    is the total welding arc power   ( J / s )  , and  η  is the electricity heat conversion efficiency (AC tungsten arc welding thermal efficiency is generally 0.68–0.85; this paper takes 0.8).




3.3. Thermal Elastic–Plastic Simulation


The strain in the thermoplastic process comprises elastic strain   d  ε e   , plastic strain   d  ε P   , and thermal strain   d  ε T   . The complete expression for the strain increment under thermoplastic deformation can be obtained as follows:


  d ε = d  ε e  + d  ε P  + d  ε T   











The thermal process of welding is characterized by a sharp increase in temperature and a complex process. To accurately simulate the dynamics of the temperature field process, the material selected here is 316L stainless steel for circumferential butt-welded joints. The relevant thermophysical parameters of the 316L material are obtained, among which are the following: density of 7720 (kg/m3), thermal conductivity [W/(m·K)], specific heat capacity [102 J/(kg·K)], coefficient of thermal expansion (10−6/K), Young’s modulus (Gpa), Poisson’s ratio, and yield strength and strain as a function of temperature. The relationship is shown in Figure 4.



After dividing the established three-dimensional model of the pipe butt weld bead into finite elements, external constraints and temperature fields are applied. The welding energy and welding speed for each bead are determined based on the welding multilayer multi-bead welding information. Material properties are considered along with changes in temperature and other disturbing factors. The temperature increment is then calculated after iteration. The node temperatures from the thermal analysis are imported and used in the stress analysis to obtain the stress distribution results during and after welding, while maintaining the same units and nodes as the thermal analysis.




3.4. Simulation Scheme


This study focuses on three parameters that have a significant impact on residual stresses: welding energy, welding line speed, and welding start position. To ensure reliable welding results, consistent bottoming welding process parameters are used. The process parameters are varied during filling and cosmetic welding to compare their post-weld residual stresses. Two types of pipe fittings are separately selected based on their diameter and wall thickness (168 mm and 8 mm; 5 mm). A single-pass multilayer welding process is used to create 11 simulation models, divided into three independent comparison groups (a, b, and c), with the relevant parameters detailed in Table 4.



Group a analyzes the effect of different welding energy inputs on the temperature field and stress distribution of pipe fittings using the same mesh model and process welding speed. The distribution characteristics of residual stresses in the weld are analyzed by 4 groups with different energy inputs.



Group b analyzes the effects of different welding speeds on the temperature and stress fields of pipe fittings while maintaining the same structural characteristics, external constraints, and process welding energy input. This study analyzes the effect of energy input on the distribution of welding residual stresses using four different welding speed inputs.



Group c studies the effects of temperature field and stress field distribution with different welding start positions. Under the condition of the same welding energy input and welding speed, three groups of different interlayer deflection angles are established to study its effect on welding residual stress, as shown in Figure 5.





4. Results and Analyses


4.1. Comparative Validation of Simulation and Test


We select group a2 of the welding process parameters as the experimental base condition for the simulation and welding process testing; after the completion of welding to meet the national standard GB/T 32073-2015, a residual stress ultrasonic detector at a distance from the center of the circumferential joint of 20 mm, respectively, is used to detect the transverse and longitudinal residual stress. The results of the finite element simulation compared with the experimental results are shown in Figure 6.



It is evident from the comparison chart between the detection and simulation results that the distribution of residual stress along the circumference of the pipe follows a converging pattern. Although there is some numerical deviation, it is not significant, with an average deviation of no more than 30 MPa. A significant deviation is observed at the beginning of the weld, where the value is close to 100 MPa. This is mainly due to the striking and ending arc points of the weld; the actual welding current at this position is in an unstable state and the actual energy value will be smaller than the simulation value.



Figure 7 shows a comparison between the experimental and simulation results of stress in the axial direction. The trend of the measured and simulated stress values is similar, with an average deviation in the transverse and longitudinal residual stresses of no more than 30 MPa. The stress on the side far away from the weld has a smaller deviation than the stress in the near-weld region. This stress difference is due to the large gradient near the weld region. It is important to note that even a slight change in the measurement position can result in a significant difference in stress.



Based on the comparison between the actual measurements and simulations, deviations in measurements may occur in the weld start and finish points and near the weld region due to the large stress change gradient. Despite this, the overall trend of the measurement results remains consistent.




4.2. Effect of Welding Energy on Residual Stress Distribution


Figure 8 shows that the residual stresses in the seam center profile have similar distribution trends for the four welding energy inputs, but the effects of different welding energy inputs vary considerably in the heat-affected zone. The transverse residual stresses indicate that the inner ring is generally under tension, while the outer ring is under compression. The inner ring exhibits significant stress concentrations and gradients in the transverse residual stresses near the arc-striking and ending points. Tensile stresses are predominantly near the arc-striking point, while compressive stresses are predominantly at the arc-ending point. From the four groups of comparisons, it can be observed that as the welding energy input increases, so does the stress gradient. However, there is a certain point at which further increases in the welding energy input will not have any significant effect on the circumferential stress distribution trend. The longitudinal residual stress is concentrated on the welding arc-striking side of the local area and entralral symmetrical region, resulting in a large residual tensile stress. The higher the welding energy, the more concentrated the longitudinal residual stresses, and the larger the area or range they affect.



The transverse residual stress trend on the pipe surface along the axial direction reflects the overall stress distribution on the surface of the pipe fittings after welding. The center area of the weld is the stress concentration area, mainly exhibiting the largest transverse compressive stress and the largest longitudinal tensile stress. In the heat-affected zone of the weld, the transverse residual stress transitions gradually from the center of compressive stress to transverse tensile stress, while the longitudinal residual stress transitions from tensile stress to compressive stress.



Figure 9 shows that a larger welding energy input increases the area of influence of the transverse residual stresses. However, the stress amplitude does not significantly increase due to the constraints of the fitting structure. Instead, the concentration of residual stresses is homogenized due to the distant constraints, resulting in a slightly smaller stress amplitude of a1 compared to a2. The longitudinal residual stresses are minimally affected by the welding energy outside of the heat-affected zone and only slightly affected within the adjacent area. The comparison graph shows that the groups a1 and a2 have the highest residual tensile and compressive stresses in the transverse and longitudinal directions, respectively. As the heat-affected zone expands and the welding energy output reaches a certain value, the surrounding structures become involved in stress homogenization, resulting in a decrease in the local stress amplitude. The critical value of the welding energy is between 1007.4 and 859.3 J/mm.



Figure 10 gives a comparison of the transverse and longitudinal residual stresses on the surface of the pipe circumference at distances of 20 mm and 40 mm from the center of the circumferential joint, respectively. The overall magnitude and nature of the transverse residual stresses will be different for pipe circumferences with different distances from the center of the circumferential joint. In the region near the heat-affected zone (20 mm from the center of the circumferential joint), after the arc-striking point, the local area is dominated by tensile stress, before the ending point, the local area is dominated by compressive stress, and the vast majority of the intermediate area exists in a lower tensile or compressive stress state. The specific tensile or compressive stress mainly depends on the magnitude of the welding energy. In the heat-affected transition region (40 mm from the center of the circumferential joint), the majority of tensile stresses are manifested, and only in the vicinity of the arc-closing point are compressive stresses manifested. In addition, due to the influence of structural constraints, the transverse residual stresses will become larger with the welding energy increase, but there is a critical value. When the welding energy reaches 693.4 J/mm, the energy input increases again, and the transverse residual stresses no longer increase.



The longitudinal residual stresses are basically the same in the overall distribution trend, with the seam center mainly showing longitudinal tensile stresses and the heat-affected zone mainly showing longitudinal compressive stresses. Moreover, the longitudinal residual stress has a periodic fluctuation, with large values obtained at 0–30° and 180–210°, and minimum values near 90–120° and 270–300°, respectively. The distribution of the longitudinal residual stresses in the circumference at different distances from the ring seam also has similar periodic fluctuations as those at the center of the circumferential joint, but its fluctuation pattern is little affected by the energy input.




4.3. Effect of Welding Speed on Residual Stress Distribution


Figure 11 shows that for transverse residual stresses, the distribution of the outer and inner surfaces near the seam center and the heat-affected zone is contrasting. The stress gradient of the cross-section increases as the welding speed increases. However, there is no significant change in the stress gradient when the welding speed reaches 6.6 mm/s. The distribution trend of the longitudinal residual stress is not directly related to welding speed. The longitudinal residual stress does not significantly change in the seam center and the heat-affected zone with changes in speed.



The maximum transverse compressive stress and longitudinal tensile stress appear in the seam center, and as the distance from the weld center is increased, the transverse compressive stress and longitudinal tensile stress in the heat-affected zones on both sides of the weld gradually decrease, and the reversal occurs at about 20 mm, as shown in Figure 12. Subsequently, the stress becomes transverse tensile stress and longitudinal compressive stress. And then, the transverse tensile stress no longer reverses, and the longitudinal compressive stress reverses again to longitudinal tensile stress at about 60 mm.



In general, the change in welding speed by affecting the size of the heat-affected zone makes the range of stress concentration in the weld change somewhat but does not affect the overall distribution pattern. When the welding speed is faster, the fixed line energy is output in a shorter time, making the power per unit time larger. However, due to the limited heat exchange rate of the material, the heat-affected zone will become smaller, while the gradient of the transverse and longitudinal residual stresses will be larger in the weld center region. If it is farther away from this region, the effect will be smaller. When the welding speed decreases near the seam center, there should be an extreme value of the transverse residual compressive stresses, which is obtained when the welding speed is between 4.2 mm/s and 5.4 mm/s.



From the comparison of the transverse residual stresses at different distances from the center of the circumferential seam in Figure 13a (i.e., at 20 mm and 40 mm), it is observed that the higher the welding speed, the higher the transverse residual tensile or compressive stresses, and the deviation at the nearer distance is significantly larger than that at the farther distance. This indicates that the amplitude of the welded transverse residual stresses in the heat-affected region is positively correlated with the welding speed, and the influence coefficient is inversely correlated with the distance from the seam center.



A comparison of the longitudinal residual stresses at different distances from the center of the circumferential seam is given in Figure 13b. Except for the obvious difference in the longitudinal residual stress at the center of the circumferential seam, the longitudinal residual stresses at distances of 20 mm and 40 mm are less sensitive to the welding speed and have lower values. At the center of the circumferential seam, the longitudinal residual stresses are cyclically varying tensile stresses, and the positions of the 0° angle and the 180° angle are the stress concentration areas, where the higher the welding speed, the greater the longitudinal residual tensile stresses.




4.4. Effect of Interlayer Welding Start Position on Residual Stress Distribution


The interlayer welding start position differs from other process parameters in that it does not substantially change the amount of power or energy input to the welding process. It is only adjusted by changing the striking position of the weld bead. A pipe with a diameter of 168 mm and a wall thickness of 5 mm is used here to investigate the residual stress distribution characteristics for three different interlayer welding start positions. To ensure the consistency of the input parameters, the same weld bead, line energy input, and welding line speed are used.



Figure 14 compares the distribution of weld residual stresses on the axial surface of the pipe fittings at deflection angles of 0°, 60°, and 120°. For transverse residual stresses, when the interlayer arc-striking deflection angle is 0°, the transverse residual stresses are maximal in the center region of the weld, while the compressive stresses in the heat-affected zone are minimal. The residual stress in the transverse direction is minimal at a 120° deflection angle, with the seam center experiencing tensile stress and the heat-affected zone experiencing compressive stress. In terms of the longitudinal residual stress, the seam center zone experiences the maximal tensile stress at a 0° interlayer welding start position, while the minimal tensile stress is observed at a 120° deflection angle. There are no significant differences in the longitudinal residual stresses between the heat-affected zone and its peripheral regions.



Different interlayer welding start positions can affect the deflection of the transverse residual stress in the circumference of the seam center, and it can be seen from Figure 15 that the transverse residual stress in the seam center rotates by an angle as large as the deflection angle of the interlayer welding starting position. The stress gradient and amplitude changes are not obvious. And from the transverse residual stress distribution at 20 mm and 40 mm in Figure 16, it can be clearly observed that the interlayer deflection angle will change the cyclic phase angle of the stress distribution but will not change its cyclic law.



The comparison graph shows the longitudinal residual stresses at different distances from the seam center. It is evident that the welding start position has a minimal impact on the amplitude and distribution of the longitudinal residual stresses along the circumference. However, it does affect the distribution of the longitudinal residual stresses at distances of 20 mm and 40 mm. The arc-striking deflection angle of 120° experiences minor fluctuations around the circumference, but the amplitude remains relatively stable. The reduction in heat input has homogenized and improved the distribution of surface residual stress away from the weld area.





5. Conclusions


This study establishes a finite element model of butt welding for 316L stainless steel pipes. A heat source model is constructed, and the simulation results are verified using a residual stress ultrasonic detector. The results confirm that the simulation method can replace the actual measurement method to a certain extent. The present study explores the effects of process parameters, such as welding energy, welding speed, and welding start position, on the post-weld residual stresses. The axial and circumferential residual stress distribution characteristics of the pipe are discussed. The research conclusions reached in this paper are as follows:




	(1)

	
The simulation method and experimental method yield similar axial and circumferential residual stress distributions, with an overall average deviation of no more than 30 MPa. The two methods can be used interchangeably to some extent. The greater deviation in the value of the transverse residual stress near the arc-striking and ending points of the pipe circumference is due to the presence of a large heat input near the point. This heat input is incorporated too late to be diffused, thus causing a local stress concentration.




	(2)

	
Once the energy output reaches a certain threshold, the surrounding structure undergoes stress homogenization as the heat-affected zone expands. The transverse residual stresses reach extremely high values when the input is between 1007.4 and 859.3 J/mm. The longitudinal residual stresses are less affected by the welding energy, but they exhibit inherent periodic fluctuations. Maximum values are achieved at angles between 0 and 30° and between 180 and 210°, while minimum values are obtained at angles around 90–120° and 270–300°.




	(3)

	
The higher the welding speed, the higher the residual stresses on the transverse direction. There is no significant change in the stress gradient when the welding speed reaches 6.6 mm/s. The longitudinal residual stress is less effected, and the overall distribution trend of residual stress is not directly related to the welding speed.




	(4)

	
Different interlayer welding start positions can affect the cyclic phase angle of the transverse residual stress distribution in the seam center, but they do not alter its cyclic pattern. This can have an impact on the amplitude and distribution of the longitudinal residual stress along the circumference, while the surface residual stress distribution is homogenized and improved at 120°.













Author Contributions


Conceptualization, X.J. and C.X. methodology, X.J. and C.X.; software, X.J.; validation, W.W., J.L. (Jingdong Li) and J.L. (Jiangquan Lu); formal analysis, X.J.; investigation, W.W.; resources, J.L. (Jiangquan Lu); data curation, W.W.; writing—original draft preparation, W.W.; writing—review and editing, X.J.; visualization, X.J.; supervision, J.L. (Jingdong Li); project administration, J.L. (Jiangquan Lu). All authors have read and agreed to the published version of the manuscript.




Funding


This research and publication was supported by the Joint R&D Fund for Advanced Manufacturing Technology Innovation Center of Shipbuilding and Marine Equipment in 2023 (No. 2023-07) and the Jiangsu achievement transformation project (No. BA2022059).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data that support the findings of this study are available from the corresponding author upon reasonable request.




Conflicts of Interest


The authors have no conflicts of interest to declare.




References


	



Mokhtarishirazabad, M.; McMillan, M.; Vijayanand, V.D.; Simpson, C.; Agius, D.; Truman, C.; Knowles, D.; Mostafavi, M. Predicting residual stress in a 316L electron beam weld joint incorporating plastic properties derived from a crystal plasticity finite element model. Int. J. Press. Vessel. Pip. 2023, 201, 104868. [Google Scholar] [CrossRef]

	



Hedhibi, A.C.; Touileb, K.; Djoudjou, R.; Ouis, A.; Alrobei, H.; Ahmed, M.M.Z. Mechanical Properties and Microstructure of TIG and ATIG Welded 316L Austenitic Stainless Steel with Multi-Components Flux Optimization Using Mixing Design Method and Particle Swarm Optimization (PSO). Materials 2021, 14, 7139. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Z.; Wang, P.; Wang, H.; Xiong, Z. Thermo-mechanical analysis of the repair welding residual stress of AISI 316L pipeline for ECA. Int. J. Press. Vessel. Pip. 2021, 194, 104469. [Google Scholar] [CrossRef]

	



Wan, Y.; Jiang, W.; Li, H. Cold bending effect on residual stress, microstructure and mechanical properties of Type 316L stainless steel welded joint. Eng. Fail. Anal. 2020, 117, 104825. [Google Scholar] [CrossRef]

	



Xu, Z.; Guo, X.; Zhou, Y.; Deng, C.; Yang, G. Experimental and Finite Element Analysis of Butt Weld of Double-layer Steel Plates. KSCE Civ. Eng. 2022, 26, 4628–4643. [Google Scholar] [CrossRef]

	



Alian, A.R.; Shazly, M.; Megahed, M.M. 3D finite element modeling of in-service sleeve repair welding of gas pipelines. Int. J. Press. Vessel. Pip. 2016, 146, 216–229. [Google Scholar] [CrossRef]

	



Moslemi, N.; Abdi, B.; Gohari, S.; Sudin, I.; Redzuan, N.; Ayob, A.; Ahmed, M.; Rhee, S.; Burvill, C. Influence of welding sequences on induced residual stress and distortion in pipes. Constr. Build. Mater. 2022, 342, 127995. [Google Scholar] [CrossRef]

	



Yaghi, A.H.; Hyde, T.H.; Becker, A.A.; Williams, A.; Sun, W. Residual stress simulation in welded sections of P91 pipes. Mater. Process. Technol. 2005, 167, 480–487. [Google Scholar] [CrossRef]

	



dos Santos Paes, L.E.; Andrade, J.R.; Lobato, F.S.; dos Santos Magalhães, E.; Ponomarov, V.; de Souza, F.J.; Vilarinho, L.O. Sensitivity analysis and multi-objective optimization of tungsten inert gas (TIG) welding based on numerical simulation. Int. Adv. Manuf. Technol. 2022, 122, 783–797. [Google Scholar] [CrossRef]

	



Serindağ, H.T.; Çam, G. Multi-pass butt welding of thick AISI 316L plates by gas tungsten arc welding: Microstructural and mechanical characterization. Int. J. Press. Vessel. Pip. 2022, 200, 104842. [Google Scholar] [CrossRef]

	



Sattari-Far, I.; Javadi, Y. Influence of welding sequence on welding distortions in pipes. Int. J. Press. Vessel. Pip. 2008, 85, 265–274. [Google Scholar] [CrossRef]

	



Zhao, L.; Liang, J.; Zhong, Q.; Yang, C.; Sun, B.; Du, J. Numerical simulation on the effect of welding parameters on welding residual stresses in T92/S30432 dissimilar welded pipe. Adv. Eng. Softw. 2014, 68, 70–79. [Google Scholar] [CrossRef]

	



Kohandehghan, A.R.; Serajzadeh, S. Experimental Investigation into the Effects of Weld Sequence and Fixture on Residual Stresses in Arc Welding Process. J. Mater. Eng. Perform. 2012, 21, 892–899. [Google Scholar] [CrossRef]

	



Abid, M.; Siddique, M. Numerical simulation of the effect of constraints on welding deformations and residual stresses in a pipe–flange joint. Model. Simul. Mater. Sci. Eng. 2005, 13, 919. [Google Scholar] [CrossRef]

	



Gharib, A.R.; Biglari, F.R.; Shafaie, M.; Kokabi, A.H. Experimental and numerical investigation of fixture time on distortion of welded part. Int. Adv. Manuf. Technol. 2019, 104, 1121–1131. [Google Scholar] [CrossRef]

	



Costa, M.I.; Leitão, C.; Rodrigues, D.M. Parametric study of friction stir welding induced distortion in thin aluminium alloy plates: A coupled numerical and experimental analysis. Thin-Walled Struct. 2019, 134, 268–276. [Google Scholar] [CrossRef]

	



Keivani, R.; Jahazi, M.; Pham, T.; Khodabandeh, A.R.; Afshar, M.R. Predicting residual stresses and distortion during multisequence welding of large size structures using FEM. Int. Adv. Manuf. Technol. 2014, 73, 409–419. [Google Scholar] [CrossRef]

	



Ghafouri, M.; Ahola, A.; Ahn, J.; Björk, T. Numerical and experimental investigations on the welding residual stresses and distortions of the short fillet welds in high strength steel plates. Eng. Struct. 2022, 260, 114269. [Google Scholar] [CrossRef]

	



Zhang, Y.; Wang, Y. The influence of welding mechanical boundary condition on the residual stress and distortion of a stiffened-panel. Mar. Struct. 2019, 65, 259–270. [Google Scholar] [CrossRef]

	



Chen, B.-Q.; Soares, C.G. Experimental and numerical investigation on welding simulation of long stiffened steel plate specimen. Mar. Struct. 2021, 75, 102824. [Google Scholar] [CrossRef]

	



Chen, Z.; Chen, Z.; Shenoi, R.A. Influence of welding sequence on welding deformation and residual stress of a stiffened plate structure. Ocean. Eng. 2015, 106, 271–280. [Google Scholar] [CrossRef]

	



Kannan, A.R.; Sankarapandian, S.; Pramod, R.; Shanmugam, N.S. Experimental and numerical studies on the influence of formability of AISI 316L tailor-welded blanks at different weld line orientations. J. Braz. Soc. Mech. Sci. Eng. 2021, 43, 171. [Google Scholar] [CrossRef]

	



Chen, L.; Mi, G.Y.; Zhang, X.; Wang, C.M. Numerical and experimental investigation on microstructure and residual stress of multi-pass hybrid laser-arc welded 316L steel. Mater. Des. 2019, 168, 107653. [Google Scholar] [CrossRef]

	



Li, G.; Feng, G.; Wang, C.; Hu, L.; Li, T.; Deng, D. Prediction of Residual Stress Distribution in NM450TP Wear-Resistant Steel Weldedoints. Crystals 2022, 12, 1093. [Google Scholar] [CrossRef]

	



Perić, M.; Nižetić, S.; Garašić, I.; Gubeljak, N.; Vuherer, T.; Tonković, Z. Numerical calculation and experimental measurement of temperatures and welding residual stresses in a thick-walled T-joint structure. Therm. Anal. Calorim. 2020, 141, 313–322. [Google Scholar] [CrossRef]

	



Heinze, C.; Schwenk, C.; Rethmeier, M. Influences of mesh density and transformation behavior on the result quality of numerical calculation of welding induced distortion. Simul. Model. Pract. Theory 2011, 19, 1847–1859. [Google Scholar] [CrossRef]

	



Shin, H.-S.; Boo, S.-H. Welding simulation using a reduced order model for efficient residual stress evaluation. J. Comput. Des. Eng. 2022, 9, 1196–1213. [Google Scholar] [CrossRef]

	



Elmesalamy, A.S.; Abdolvand, H.; Walsh, N.; Francis, A.; Suder, W.; Williams, S.; Li, L. Measurement and modelling of the residual stresses in autogenous and narrow gap laser welded AISI grade 316L stainless steel plates. Int. J. Press. Vessel. Pip. 2016, 147, 64–78. [Google Scholar] [CrossRef]

	



Elmesalamy, A.S.; Li, L.; Francis, J.A.; Sezer, H.K. Understanding the process parameter interactions in multiple-pass ultra-narrow-gap laser welding of thick-section stainless steels. Int. Adv. Manuf. Technol. 2013, 68, 1–17. [Google Scholar] [CrossRef]

	



Wang, H.; Jing, H.Y.; Zhao, L.; Han, Y.D.; Xu, L.Y. Study on residual stress in socket weld by numerical simulation and experiment. Sci. Technol. Weld. Join. 2016, 21, 504–514. [Google Scholar] [CrossRef]

	



Bhatti, A.A.; Barsoum, Z.; Khurshid, M. Development of a finite element simulation framework for the prediction of residual stresses in large welded structures. Comput. Struct. 2014, 133, 1–11. [Google Scholar] [CrossRef]

	



Rong, Y.; Zhang, G.; Huang, Y. Study on deformation and residual stress of laser welding 316L T-joint using 3D/shell finite element analysis and experiment verification. Int. Adv. Manuf. Technol. 2017, 89, 2077–2085. [Google Scholar] [CrossRef]

	



GB/T 32073-2015; Non-Destructive Testing—Test Method for Measuring Residual Stress Using Ultrasonic Critical Refracted Longitudinal Wave. Standards Press of China: Beijing, China, 2015.

	



GB/T 25712-2010; Vibratory Stress Relief Technology—Parameter Selection and Effect Evaluation Methods. Standards Press of China: Beijing, China, 2010.








[image: Materials 17 02201 g001] 





Figure 1. Welding systems, specimen preparation, and testing methods. 
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Figure 2. Finite element modeling of pipe multilayer welding. 
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Figure 3. Double ellipsoidal heat source model. 
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Figure 4. Thermal, physical, and mechanical properties of 316L stainless steel. 
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Figure 5. Setting of interlayer arc-striking deflection angles. 
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Figure 6. A comparison of the simulated and measured residual stresses at 20 mm from the center of the circumferential joint. 
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Figure 7. A comparison of the simulated and measured residual stresses on the surface of the pipelines in the axial direction. 
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Figure 8. A comparison of residual stresses in the circumferential circle of the seam center. 
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Figure 9. Effect of welding energy input on distribution of residual stresses on pipe surfaces in axial direction. 
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Figure 10. Comparison of residual stresses of pipe circumference at 20/40 mm from seam center. 
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Figure 11. Effect of welding speed on transverse and longitudinal residual stresses in pipe sections. 
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Figure 12. Effect of welding speed on residual stress distribution on pipe surface along axial direction. 
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Figure 13. A comparison of the residual stresses of the pipe circumference at 20/40 mm from the seam center. 
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Figure 14. Effect of interlayer arc-striking deflection angle on axial residual stress distribution. 
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Figure 15. Effect of interlayer arc-striking deflection angle on transverse and longitudinal residual stresses in seam center. 
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Figure 16. A comparison of the residual stresses of the pipe circumference at 20/40 mm from the seam center. 
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Table 1. Chemical composition (wt-%) of base material 316L and welding wire ER316L.
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	Material
	C
	Mn
	Si
	S
	P
	Cr
	Ni
	Mo
	Fe





	Base material
	0.025
	1.19
	0.64
	0.011
	0.015
	17.13
	12.57
	2.12
	Bal.



	Welding wire
	0.025
	1.91
	0.42
	-
	-
	19.10
	12.58
	2.57
	Bal.










 





Table 2. Welding process parameters.
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	Welding Parameter
	Root Pass
	Filling Passes/Cover Pass





	Number of welding layers
	1
	3



	DC/Pulse
	DC
	AC



	Welding current (A)
	130
	145



	Welding voltage (V)
	40
	40



	Welding speed (m/min)
	0.06
	0.054



	Oscillating form
	None
	Triangular weaving



	Oscillation parameters (mm)
	None
	1.2










 





Table 3. Shape parameter settings for a double ellipsoidal heat source model.
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Wall Thickness/mm

	
Bead

	
     c h  / m m    

	
     c p  / m m    

	
    a / m m    

	
    b / m m    






	
8

	
1

	
2

	
4

	
2.5

	
2




	
2–4

	
2.5

	
4.5

	
3

	
2











 





Table 4. Setting of simulation model parameter comparison.
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Comparison Group

	
Simulated Specimen

	
Test Program

	
Welding Layer

	
Starting Positions of Interlayer Welding (°)

	
Current

	
Voltage

	
Welding Energy (J/mm)

	
Welding Speed (mm/s)






	
Group a

	
168–8 mm

	
a1

	
1

	
0

	
130

	
40

	
693.3

	
6




	
2–4

	
170

	
40

	
1007.4

	
5.4




	
a2

	
1

	
0

	
130

	
40

	
693.3

	
6




	
2–4

	
145

	
40

	
859.3

	
5.4




	
a3

	
1

	
0

	
130

	
40

	
693.3

	
6




	
2–4

	
130

	
40

	
693.4

	
5.4




	
a4

	
1

	
0

	
130

	
40

	
693.3

	
6




	
2–4

	
110

	
40

	
586.7

	
5.4




	
Group b

	
168–8 mm

	
b1

	
1

	
0

	
130

	
40

	
693.3

	
6




	
2–4

	
189

	
40

	
773.6

	
7.8




	
b2

	
1

	
0

	
130

	
40

	
693.3

	
6




	
2–4

	
145

	
40

	
773.6

	
6




	
b3

	
1

	
0

	
130

	
40

	
693.3

	
6




	
2–4

	
131

	
40

	
773.6

	
5.4




	
b4

	
1

	
0

	
130

	
40

	
693.3

	
6




	
2–4

	
102

	
40

	
773.6

	
4.2




	
Group c

	
168–5 mm

	
c1

	
1

	
0

	
130

	
40

	
693.4

	
6




	
2–3

	
145

	
40

	
859.3

	
5.4




	
c2

	
1

	
60

	
130

	
40

	
693.4

	
6




	
2–3

	
145

	
40

	
859.3

	
5.4




	
c3

	
1

	
120

	
130

	
40

	
693.4

	
6




	
2–3

	
145

	
40

	
859.3

	
5.4
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