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Abstract

:

Dimensional accuracy of incoming components is crucial for automated welding and assembly in mass volume production. However, thin-walled extrusions made to industrial standards show severe dimensional variations, including gap opening, sidewall inclination, local convexity, and so on. Thus, one major challenge is to provide a low-cost correction method to improve the dimensional accuracy at a level demanded by automated assembly and/or product fit-up. A novel correction method called transverse stretch and local bending (TSLB) has recently been developed, enabling one to efficiently correct the dimensional deviations in thin-walled, U-channel profiles at a low cost. However, the lack of in-depth understanding of the underlying mechanism makes it challenging to efficiently optimise and control the process. In this study, the feasibility of this new technique was experimentally validated by four groups of TSLB tests with different profile dimensions, showing a dimensional accuracy improvement of about 92% compared with the as-received parts. The evolution of the critical dimensional characteristics, including gap opening and bottom convexity, is analysed numerically throughout four stages consisting of inserting, releasing, calibration, and springback. It is found that the inserting stage greatly reduces the dimensional deviations in a pure bending state, while the calibration stages further minimise the deviations in the bending and transverse stretching combined state. In addition, the wedge angle of the tool is found to be critical to the dimensional accuracy improvement. The low wedge angle facilitates the correction of sidewall inclination and gap opening, while the high wedge angle contributes to mitigating bottom convexity. The overall outcome of this study enhances the fundamental understanding of the effects of in-process stretching and local-bending on the dimensional capabilities of U-channel extrusions. This can ultimately generate guidelines that will lead to new application areas of aluminium extrusions in highly competitive marketplaces.
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1. Introduction


The automotive market is screaming for lightweight solutions to meet new legislation and standards for CO2 reduction, energy efficiency, and sustainability [1,2]. In particular, the rapid increase in electric and hybrid-powered vehicles urgently needs new concepts and the development of lightweight materials and technologies for highly efficient automotive components [3,4]. Aluminium alloys are ideal alternatives to traditional steel owing to their lightweight nature and low-cost features [5,6,7,8]. Sheets and extrusions have been widely used to reduce curb weight and provide considerable convenience and safety in service [9,10,11]. Especially, aluminium extrusions are nowadays extensively used in automobiles thanks to their gradually enhanced capabilities [12]. New emerging design strategies such as the ongoing shift to electric cars also drive huge market demands, e.g., manufacturing battery housing cases.



Extrusion is an effective method for producing long 2D profiles that can be cut, shaped, and joined with other parts to generate advanced 3D configurations. However, it is challenging to achieve high dimensional accuracy for aluminium profiles owing to the severe plastic deformation and even complex microstructure evolution during the extrusion processes [12,13,14,15]. The typical dimensional defects of extruded U-channel profiles include open-gap, sidewall inclination, and bottom convexity, which could directly affect the subsequent manufacturing operations such as precision forming/bending, robotic welding, and automatic assembly [13,16,17,18]. To ensure sufficient assembly fit-up or use as bracket locators, this desperately calls for new manufacturing methods to effectively correct the dimensional deviations, thus improving the dimensional accuracy of aluminium extrusion. Such a correction method should ensure the proper location of surfaces, locally or along the entire length of the profile, and exclude process-inherent thickness variations.



During the past decades, many methods have been developed to correct the geometric dimensions of extrusions. The first one commonly used in industries is the standard post-stretching process [19]. The stretching method is normally performed immediately and automatically after extrusion in order to meet extrusion tolerance standards, while minimising conversion cost and maximising recovery. The process could improve the out-of-straightness and, to some extent, twist, but is still incomplete to provide finished products that fully comply with some high dimensional requirements. Another method is continuous rotary straightening, mainly for correcting the dimensional accuracy of tubes [20,21]. In this method, multiple cross rollers are used to create repeated elastoplastic bending on the workpiece to reduce the deviation in cross section and straightness when the tube is moved through the machine as it is rotated around its longitudinal axis in a spiral direction [21,22]. However, this method would hardly work to correct the dimensional deviations when it comes to complex profiles, especially open profiles. Additionally, hydroforming is also widely used for correction purposes. In this method, the extruded profile is formed or corrected under high water pressure towards rigid tool surfaces, making up the exterior of the final product [23,24,25]. The advantage of this process is that the (internal) pressure sets up the stresses in the section so that, once forced up against the die surfaces, the springback amount is small. This means that the exterior of the section remains very close to the machined tool surfaces in terms of accuracy. However, hydroforming is normally slow and has a high requirement of machines and tools, leading to large investments and a certain plant infrastructure [26]. Baringbing et al. also presented a method for the calibration of crush cans for welded bumper beam assemblies [27]. The method proved to be fast, inexpensive, and accurate, but with the drawback that the part is only calibrated locally; that is, in the region of the location of the weld, where tight dimensional control is needed. In addition to the strategies mentioned above, some other processes could be used for improving the dimensional accuracy of metal-formed products, for example, stretch bending [28,29], sheet stamping with stiffening ribs [30,31], the hot form quench (HFQ) process [32,33], heat treatment before/after forming [34,35,36], and so on. However, in these processes, the dimensional accuracy of the formed products could be assured in the condition that the input blank, e.g., extruded profiles, could well meet the standard extrusion tolerances.



Based on the above perspectives, there is an urgent industrial demand to develop a correction method capable of cost-effectively improving the dimensional accuracy of aluminium extrusions without demanding additional and expensive forming operations. Recently, a novel mechanical calibration method was developed specifically to correct the dimensional defects in complex open-type profiles, for instance, U-channels [37]. In this method, stretching is applied in the transverse direction of the profile to achieve high dimensional accuracy, as stretching associated with bending generates less springback than that in pure bending states [29]. Less springback leads to less dimensional variability, and thus ensures better process capability. Although validated theoretically and experimentally [21], this technique has, to the best of our knowledge, not yet been applied in the industry. The main reason lies in the complex deformation processes, including inserting, releasing, calibration, and springback. Thus, it is challenging to achieve the desired dimensions by controlling the die geometry and process parameter.



This study aims to provide new, in-depth insights into the deformation behaviours of open thin-walled extrusions during the TSLB process and to clarify the effects of stretching and bending components on improving dimensional accuracy. TSLB experiments with different initial geometries are conducted to verify the feasibility of this technique. Then, the finite element model (FEM) was established to reveal the underlying stress/strain and dimensional evolution during the process. In the end, the critical geometric parameter, the wedge angle, is investigated, which contributes to the tool design in industrial practice.



The remainder of the paper is organised as follows. Section 2 presents the profile material, experimental details, and finite element modelling. Section 3 introduces the results and discussion, including the experimental results, FE validation, and comprehensive analysis of the deformation mechanisms. Finally, Section 4 summarises the conclusions and provides an outlook for future research.




2. Materials and Methods


In this study, experiments and numerical simulations were conducted to understand the deformation mechanics in the TSLB process. TSLB experiments using profiles with different initial geometries were conducted to verify the feasibility of this technique. Uniaxial tensile tests were performed to characterise the mechanical properties of the as-received materials. The achieved stress–strain data were then input into the FE model to describe the material behaviours during TSLB. 3D dimensions of the samples before and after the correction were measured to examine the improvement in the dimensional accuracy. The measured geometries before the correction were used in the FE model to describe the initial geometries of the profiles. Tools with different shapes were designed.



2.1. Experiments


2.1.1. Sample Description


Commercial aluminium extrusions AA6082 T4 were received from Benteler Automotive Raufoss (Benteler Aluminum Systems Norway AS, Raufoss, Norway). The typical structure is shown in Figure 1a. It consists of a long U channel with a complex open thin-walled cross section, including two top and one bottom flange and two sidewalls. The dimensions of the transverse cross section are shown in Figure 1b. The thicknesses of the sidewalls and the bottom flange are distributed unevenly. The typical dimensional deviations are illustrated in Figure 1c, including the large gap opening, sidewall inclination, and bottom convex. These dimensional problems are caused by complex reasons such as cooling, tool wearing, and distortion during transportation or storage [38].



Four samples with different initial geometric dimensions, labelled as P1–P4, were used to study the dimensional correction capability of this technique. Uniaxial tensile tests were conducted with the samples cut from the bottom corner along the extrusion direction. The strain rate was controlled to be 0.02 mm/min. More details such as the sample geometry and stress–strain response are referred to in previous work [37]. The anisotropy effects were found to be insignificant by comparing the stress–strain curves of the samples cut along different directions (0°, 45°, and 90° related to the extrusion direction).




2.1.2. Experimental Setup


The TSLB experimental setup is presented in Figure 2. The bottom die consisting of the die blocks and the profile-specific inserts is fixed on the base plate. The wedge is connected with the hydraulic actuator, enabling its movement forward and downward. The guide system was designed to ensure the vertical movement of the wedge without being affected by the uneven deformation during the TSLB process. Two shim blocks are freely placed between the profile and the wedge. They are driven towards the profile by the wedge and deform the profile to the inner shape of the bottom die.




2.1.3. Experimental Procedures


The TSLB tests include dimension measurement and geometric correction process. Before and after the correction tests, the sample dimensions were measured in the Leitz PMM-C 600 coordinate measuring machine (CMM). In this study, the dimensional data on the middle section of the profile were recorded and used. More details about the measurement strategy can be found in [37].



After the measurement, the profiles were then deformed in the experimental setup. Lubricant Mobil Vactra oil No. 2 was applied on the surfaces of the profile and shim blocks to reduce friction and wear. The entire dimensional correction procedures are illustrated in Figure 3, including four stages. Firstly, the as-received profile is placed on the edges of the bottom die. A large block is on top of it and just under the wedge, as shown in Figure 3a. Then, the wedge drives the block and the profile downward (in Figure 3b). The wedge stops when the detected force sharply increases, implying that the profile comes into contact with the bottom die. It can protect the machine and the profile bottom from a reduction in thickness. During this process, the gap opening is greatly reduced, as well as the sidewall inclination and convex. However, strong springback occurs after the block releases from the profile owing to the pure bending state (in Figure 3c), causing the profile geometry to deviate from the nominal geometry. Thus, the subsequent process is required to refine the geometry. The stretch-based correction process introduces the stretching component, reducing the springback level and improving geometry accuracy [29]. As shown in Figure 3d, two shim blocks are placed freely on the profile bottom just below the wedge. The wedge moves downward and pushes the blocks to the profile till the profile comes fully into contact with the die block, which can be indicated by the sharp increase in the force on the wedge. After that, the wedge and blocks were extracted (in Figure 3e), followed by the profile. In the end, the corrected profile was measured in the CMM.



Although the springback still occurs during unloading, it is not significant owing to the specific loading conditions, i.e., stretching dominant stress state. Thus, the final geometry is much closer to the designed one, satisfying industrial requirements. In total, four groups of TSLB tests were conducted with the profile dimensions before and after each test.





2.2. Finite Element Modelling


A robust FE model was established to study the process behaviour as well as the deformation mechanics in the TSLB process. The experimental calibration process with the profile geometry in Case P1 was simulated to investigate the deformation mechanism. Based on this case, the other two cases with different wedge angles were compared and analysed to uncover the effect of tool shape.



The configuration of the FE model is shown in Figure 4a. A 2D model was built in Abaqus 2017, under the assumption that the profile is so long that the axial deformation around the middle section is quite slight and can be ignored. A half CAD model was used owing to symmetry. The initial geometry of the profile was achieved by experimental measurements.



The profile and shim block were defined as deformable parts, and the other parts were set as rigid parts. The elastic-plastic data of the profile were obtained from the uniaxial tensile test described previously. The mechanical properties of carbon steel were applied to the shim block for high simulation accuracy, given the high stress concentration during calibration. Surface to surface contact with a friction coefficient of 0.2 was used to define the interfaces between the four parts.



Four steps were defined in explicit and standard solvers to simulate the entire process in Figure 3. The insertion, release, and calibration stages were calculated by an explicit solver owing to the complex contact problem, while the final springback was simulated in the implicit solver for high computational accuracy. In terms of the boundary condition, a global symmetry constraint was applied on the middle section of the profile, while the bottom die was fully fixed. In the inserting stage, a vertical displacement was applied on the shim block, keeping the wedge still. The displacement value was obtained from the experiments. Then, the block moved slowly upward, and the formed profile was released at the same time. During the calibration stage, the block was initially put close to the top surface of the bottom flange, and the wedge remained close to the block surface. A vertical displacement was applied on the wedge without any constraints applied on the block. The displacement of the wedge was obtained from the experiments. In the last springback stage, the last state of the profile was predefined as the initial state in this process. Only the profile was kept in this step, with all other parts deleted. One vertical velocity constraint was applied on the lowest node of the bottom flange.



Three cases with different wedge angles γ, varying from 5° to 20°, are simulated and analysed to investigate the effect of tool shapes on the dimensional evolution. The tool designs are shown in Figure 4(b1–b3). To achieve the full contact of the shim block side with the profile sidewall, the horizontal displacement driven by the wedge is kept constant in these three cases. Accordingly, different vertical displacements were calculated and applied on the wedge.





3. Results and Discussion


3.1. Experimental Results


Figure 5 compares the sidewall dimensions of the profiles before and after the TSLB process in four cases, P1–P4. Six points along the inner wall of the sidewall, N1 to N6, were characterised. The vertical interval between them remains at 10 mm. The x-axis in Figure 5 represents the horizontal distance to the middle line of the profile, i.e., half of the opening gap. The vertical axis means their vertical position related to the bottom.



Before the TSLB process, the gap opening on N6 in Case P4 was as large as 33.1 mm, which is reduced to 25.8 mm after the process, with the nominal size being 25.1 mm. Hence, the dimensional accuracy at this point is improved by about 90%, according to the following equation of dimensional accuracy improvement percentage:


  η =  |     D f  −  D n     D i  −  D n     |   








where    D i   ,    D f   , and    D n    represent the initial/as-received dimension, final dimension, and nominal dimension, respectively.



Furthermore, the average improvement (  η ¯  ) in opening gap dimensional accuracy for all four cases is evaluated, and the value is as high as 92%. Meanwhile, the average dimensional deviation after calibration on N1 of the four cases is within 1%, with the lowest being 0.4%. This group of experimental data confirms the reliable capability of this technique in improving dimensional accuracy.




3.2. Verification of FE Model


Figure 6 compares the sidewall dimensions of profiles achieved by experiment and simulation before and after the calibration in Case P1. The experimental and simulated results nearly coincide, with the maximum deviation on the six points being 0.74 mm, only 2.9% of the nominal dimension. This indicates that the 2D FE model could accurately predict the deformation behaviours of the TSLB process.




3.3. Deformation Evolution


The deformation evolution during the TSLB process is studied using the case P1 by FEM, in terms of the stress, strain, and dimensional evolution throughout the process.



3.3.1. Analysis of Stress and Strain Evolution


Figure 7 illustrates the stress and strain evolution of the profile during the entire TSLB process, including the initial state, inserting, releasing, calibration, and springback stages.



Initially, the profile is placed freely on the bottom die, as shown in Figure 7a. Then, the block pushes it down to the die bottom, while the sidewall is bent locally, especially at the thinnest location, and the bottom flange is compressed owing to the convex there, as shown in Figure 7b. The deformation on the sidewall is within the elastic state (in Figure 7(b1)); however, the bottom has suffered plastic deformation (in Figure 7(c1)). During the calibration stage (in Figure 7d), the block driven by the wedge pushes the profile to the die bottom as well as the die sidewall. The highest stress and plastic strain occur at the corner, as shown in Figure 7d and d1. In Figure 7e, the higher stress disappears after releasing from the tools, but the plastic strain is preserved and contributes to the dimensional correction of the profile.



The calibration process is studied in more detail to evaluate the individual effects of the bending and stretching components on the deformation behaviours, consisting of five stages, as shown in Figure 8. The initial stage is presented in Figure 8a. Then, the wedge begins to move downward. The block does not compress the profile yet, but rotates around the corner owing to the gap between the profile sidewall and the block, as seen in Figure 8b. After coming fully into contact with the profile sidewall, the block begins to compress the profile, especially at the profile’s corner, leading to the bending of the sidewall of the profile and the stretching of the bottom flange, as shown in Figure 8c. Meanwhile, owing to the compression at the bottom corner, gaps were formed between the profile bottom and the bottom die, as well as between the profile sidewall and the block, as seen in Figure 8d. It can be seen from Figure 8(d1,d2) that the profile bottom undergoes stretching owing to the positive stress along the x-direction, while the sidewall undergoes bending owing to positive and negative stresses on two sides along the y-direction. The bending of the bottom flange is not evident. At the end of the calibration process (in Figure 8e), the block further pushes the corner of the profile to the die corner, generating a high stress concentration, and filling the gaps between the block and profile sidewall and the profile bottom with the die. Based on Figure 8(e1,e2), it can be seen that the bottom flange is stretched and bent based on the stress gradient along the thickness direction, while the sidewall is under strong normal compression owing to the contact force applied by the block.



The stress component along the horizontal direction on the profile bottom and that along the vertical direction on the profile sidewall are further investigated to clarify the stretching and bending behaviors on the whole process, as shown in Figure 9 and Figure 10.



As seen in Figure 9, two elements on the middle line are selected to investigate the stress evolution on the bottom profile. The S11 (stress component along the x-direction) values on these two elements vary significantly during this whole process. Mostly, the bottom is under tension because the S11 value is mostly positive, while the upper side is firstly under compression and then changes to tension during the calibration stage. During the insertion stage, the bottom is in a pure bending state without stretching as its average value is nearly zero. After releasing, compression occurs along the horizontal direction on the profile bottom due to the springback, followed by a stable stress state. During the calibration stage, the whole bottom is stretched to the highest stretching level as the block pushes the profile corner to the die corner. In the end, the stress values of both elements return to about zero, with a small amount of positive residual stress.



Similar to the profile bottom, the profile sidewall is also in a pure bending state, with the inside under compression and the outside under tension. The stresses reduce to low levels after releasing, with the average value remaining zero. The calibration increases the S22 (stress component along y direction) values on both inner and outer elements to a new high level of about 200 MPa. The average value increases, but remains at a low level. After unloading, the stresses reduce sharply, and the negative residual stress remains in the profile sidewall in the end.



Therefore, the profile bottom is in a pure bending state during the insertion stage and changes to the stretching state in the calibration stage. However, the sidewall remains in a pure bending state in both the insertion and calibration stages. In the end, the positive residual stress exists in the bottom with the negative residual stress in the sidewall.




3.3.2. Analysis of Dimensional Evolution


Three dimensional parameters during the TSLB process are investigated, gaps A and B and convex distance, as shown in Figure 11. Initially, there is a large dimensional variation between gaps A and B owing to the severe sidewall inclination. In the end, the variation is reduced from 7.1 mm to 0.4 mm and their dimensions move closer to the desired dimension of 25.1 mm. The convex distance, which is not expected in the design, is also reduced from 1.25 to a very low level of 0.35 mm. This demonstrates the strong capability of this technique in correcting variable dimensional defects in open thin-walled extrusions.



During the inserting stage, gap A is significantly reduced owing to the reduction in the sidewall inclination, which causes the reduction of gap B as well. The convex distance is reduced significantly because of the compression from the block. However, a certain amount of springback occurs on the convex distance after releasing, while gap A and B remain stable during this stage owing to the constraint of the bottom die.



During the calibration stage, the variation between gap A and B nearly disappears and their values become very close to the desired value owing to the complete contact with the block and the bottom die. The convex distance varies greatly during this stage, increasing to a high level because of the initial compression of the block on the profile corner and then reducing to a new level owing to the compression from the block to the profile bottom. However, the compression is not quite high enough to fill the gap, leaving a slight deviation of 0.22 mm.



In the springback stage, the sidewalls open slightly owing to the elastic recovery, generating a slight increase in the value of gap A by 0.7 mm. Because gap B is closed to the bottom, its variation is not evident. The convex distance is also increased by a slight value of 0.1 mm. Thus, to achieve high dimensional accuracy, it is of great importance to take the spingback into account.



In summary, the gap opening, sidewall inclination, and bottom convex are generally corrected in the insertion stage, but in the calibration stage, the dimensional deviation is further corrected and becomes much closer to the nominal geometry.




3.3.3. Effect of Wedge Slope on Dimensional Accuracy Improvement


Profiles with three different wedge angles are used to study the capability of the calibration process. The three wedge angles are set as 5°, 10°, and 20°, as shown in Figure 4b. Figure 12 compares the simulated final dimensions of the profiles with three different wedge angles. The standard angle 10° refers to the angle the same as that in the experimental case P1. It can be found that the dimensional accuracies in gap A, gap B, and convex distance are all improved significantly for 5°, 10°, and 20° wedge angles, with the highest improvement percentage of 94.6%, 97.3%, and 79.0%, respectively. It is interesting to notice that the highest relative accuracy improvement in the three items does not occur in the same case. Moreover, in the low-angle case, the value of gap A is less than that of gap B, implying that the sidewall inclines toward the middle line.



Further investigations were conducted to analyse the underlying reasons. Figure 13 compares the Von Mises stress at the end of the calibration stage and the plastic strain distribution after springback in the three cases. For all cases, the block creates compressive deformation of the profile corners, but at different levels. Gaps between the profile bottom and bottom die and between the profile sidewall and block are shown in Figure 13(a1,c1), respectively. It indicates that the horizontal displacement of the block to the profile sidewall is relatively larger in the low angle case, while the vertical displacement to the profile bottom is larger in the high angle case. This results from the different movement behaviours of the block under different wedge angles caused by different force distribution. This also causes the highest stress in low angle cases to occur on the sidewall, while in the other two cases, it occurs at the corner. The high stress concentration generates plastic deformation, which contributes to the dimensional correction, but results in the high springback after unloading simultaneously. By comparing the simulation results of the three cases after springback (Figure 13 (a2,b2,c2)), it can be found that the plastic deformation in the low angle case is much lower than that in the other cases. For the other two cases, the profile sidewall inclines to the die wall, while in the low angle case, it inclines to the middle section and becomes closest to the desired location.



In summary, the high angle provides a benefit in terms of correcting the bottom convexity, but the associated high level stress concentration would cause significant springback and deteriorate the gap opening. However, the low angle facilitates the correction of the sidewall inclination, while its ability to fix the bottom convexity is constrained. Thus, a compromised solution should be taken to arrive at an optimal result.






4. Conclusions


Achieving high dimensional accuracy of extrusions is of crucial importance and remains a challenging issue in mass production. This study comprehensively investigated the feasibility and deformation mechanisms of a newly developed TSLB dimension correction technique for U-channel aluminum alloy profiles by experimental and FE numerical approaches. The main dimensional problems in open extrusions, including gap opening, sidewall inclination, and bottom convex, were investigated, with their evolution during the calibration process being analysed. The stretching and bending effects on dimensional correction were identified and, further, the effects of wedge angle on the dimensional accuracy improvement are discussed. The main findings can be drawn as follows:



	
It is experimentally validated that the novel TSLB technique is capable of improving the dimensional accuracy for the thin-walled extrusions, with an average dimensional improvement of 92% for the four selected cases.



	
During the TSLB process, the profile sidewall is mainly subject to a pure bending state, while the profile bottom is under pure bending in the inserting stage and changes to the stretching stress state in the calibration stage. The bending of the sidewall provides a benefit in terms of correcting the sidewall inclination and the top gap opening. The bending of the bottom contributes to correcting the sidewall inclination and narrowing the top gap opening, while the stretching facilitates the straightening of the bottom convex.



	
The wedge angle affects the stress distribution on the profile. The high angle facilitates the reduction in bottom convex owing to the strong compression on the bottom surface, but it leads to severe plastic deformation and high springback after unloading. The low angle would be good for correcting the sidewall inclination and gap opening, but its capability for reducing the convex is limited. It is important to optimise the wedge angle during the tool design stage.
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Figure 1. Description of (a) as-received sample; (b) dimensions on half of the transverse cross section; and (c) dimensional defects including gap opening, non-right angle, and unexpected convex. 
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Figure 2. Stretch bending and local calibration experimental setup (redrawn from [37]). 
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Figure 3. Dimension correction process: (a) initial geometry; (b) profile placement in die; (c) releasing; (d) calibration; and (e) final part geometry. 
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Figure 4. Description of (a) the finite element model for the TSLB process with (b1–b3) three different tool designs. 
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Figure 5. Comparison of profile sidewall dimensions before and after calibration processes in four samples, P1–P4. 
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Figure 6. Comparison of the experimental and simulated results of the profile sidewall in Case P1. 
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Figure 7. Stress and strain evolution during the TSLB process: Von Mises stress in (a) initial state; (b) inserting stage; (c) releasing stage; (d) calibration stage; and (e) springback stage and (b1,c1,d1,e1) the corresponding equivalent plastic strain distribution in the last four stages. 
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Figure 8. Von Mises stress evolution of the profile in the TSLB process: (a) initial state; (b) block rotating; (c) full contact stage of the block side to the profile side; (d) full contact on the bottom; and (e) final state and (d1,d2,e1,e2) stress components S11 and S22 during the last two stages. 
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Figure 9. S11 evolution of two elements on the profile bottom during the whole TSLB process. 
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Figure 10. S22 evolution of two elements on the profile sidewall during the whole TSLB process. 
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Figure 11. Dimensional evolution during the TSLB process in terms of gap A and B and convex distance. 
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Figure 12. Comparison of the final dimensions of the profiles under different wedge angles. 
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Figure 13. Stress–strain evolution on the profile under three different wedge angles: (a1,b1,c1) von Mises stress on the profiles after the calibration and (a2,b2,c2) equivalent plastic strain after springback. 
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