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Abstract

:

The V-die bending force is an important parameter in respect of press machine capacity selection, but it has not been the focus of previous research. Furthermore, while the various modified formulas proposed in previous research were calculated using V-die bending theory, they are insufficient for predicting the actual V-die bending force. Based on the actual V-die bending mechanism, a new V-die bending force formula is proposed in this study, in which bending is generated not only in the bending allowance zone but also on the legs next to the bending allowance zone. Therefore, the bending force in these zones must be carefully considered. The finite element method (FEM) was used as an effective technique to clearly determine the actual V-die bending mechanism and to modify and develop a new V-die bending force formula. Laboratory experiments were carried out to validate the FEM simulation results as well as to confirm the accuracy of the proposed new V-die bending force formula. Two types of workpiece material, aluminum AA1100-O (JIS) and medium carbon-steel sheet-grade SPCC (JIS), were used as test materials. The results clearly show that the new V-die bending force formula offers more accuracy in V-die bending force prediction than predictions based on past formulas. The error in the V-die bending forces predicted using the new formula was approximately 5% compared with those of the experimental works.
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1. Introduction


Metals are important materials that are still used in many industrial fields. To manufacture metal components whilst achieving the relevant product requirements and low production costs, process selection and working process parameter settings must be carefully considered. In terms of the sheet metal forming industry, in order to manufacture various curvature shapes, a die bending process is usually applied. However, the die bending process is classified based on curvature shapes, i.e., L-, V-, U-, and Z-bending processes [1]. The die bending types must be carefully selected and applied in order to manufacture products with various curvature shapes, whilst achieving the relevant product requirements and low production costs. In the past, much of the research in respect of die bending processes was carried out based on experimental works and numerical techniques. Spring-back, as a major problem that can degrade product quality, has mainly been studied [2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20]. Some research has been performed to improve the understanding of spring-back characteristics [2,3,4,5,6,7]. In warm forming conditions, Wang et al. [2] investigated the spring-back and neutral layer of AZ31B magnesium alloy V-bending. At rising temperatures and smaller punch radii, the neutral layer coefficient (k-value) decreased. This neutral layer shift led to a greater spring-back prediction. A material model that takes into account crucial material phenomena such as the Bauschinger effect, average Young’s modulus, elastic anisotropy, and plastic anisotropy was proposed by Sumikawa et al. [3]. The accuracy of the spring-back prediction using all four material behaviors was higher than that of conventional analyses. Li et al. [4] presented a comprehensive analysis of the impact of design and process parameters on twist spring-back. As an illustration, the angle of the twist spring-back is reduced the deeper the draw-bead depth. Thipprakmas and Komolruji [5] suggested that for the offset Z-bending process, in which the punch is moveable and the die is fixed, the amount of spring-back should not be equal to each other. In addition, the effects of the bend angle on the spring-back/spring-forward characteristics were also clearly identified by analyzing the changes in the stress distribution. Research has been conducted to examine spring-back properties in a variety of hard-to-form materials, such as high-strength steels, aluminum alloys and tailor welded blanks (TWBs) [8,9,10,11,12,13,14]. Zhang et al. [8] showed the tailor rolled blank (TRB) U-spring-back channel is directly proportional to the die clearance and inversely proportional to the length of the thickness transition zone, the thickness of the blank, and the friction coefficient. Wasif et al. [9] demonstrated that when bending JSC 440 steel into a V shape, thickness and width were the primary determinants of spring-back, whereas when bending JSC 590 steel, the change in blank width and the use of a hydraulic press with holding resulted in a negligible change in spring-back. It was demonstrated by Vorkov et al. [10] that a thorough experimental investigation of large-radius bending yields results regarding the impact of tool dimensions and material properties. When the ratio between the punch radius and the die opening is more than 1:4, it could be referred to as “big radius bending.” Additionally, earlier studies have suggested a number of methods to regulate and minimize the spring-back produced in die-bending processes [15,16,17,18,19,20]. In order to control spring-back and preserve a proper form of the inner bend radius of bent parts during the V-die bending process, Thipprakmas et al. [15,16] designed a coined-bead die. Nikhare [17] proposed a novel, patented method that uses rollers in the forming tool to eliminate spring-back. It was discovered that during the forming process, the rollers in the tool rotate, reducing the stress in the part and, consequently, the spring-back. Cheng et al. [18] proposed an innovative method of angle compensation based on the UDT (USTB-Durable T)-type angle adjustment method for efficiently controlling spring-back in a complex-sectional HSS roll forming process. Based on that research, the quality of bent products could be improved and the number of operations could be reduced. These improvements resulted in increases in productivity and decreases in production cost. In addition to that research, die bending force analyses have been conducted by some researchers [21,22,23]. Prediction of the die bending force is necessary for press machine capacity selection that reflects the production cost analysis. Excluding the traditional bending force based on the theory underlying the die bending process as shown in Equation (1) [23], the bending force formula has been modified to achieve more accuracy in bending force prediction [21,22]. Boljanovic [22] and Tekaslan [21] modified and proposed the die bending force formulas shown in Equations (2) and (3), respectively. By comparing the die bending force calculations to the experimental results shown in Figure 1, this die bending force calculations are not good enough for predicting the V-die bending force, particularly the maximum bending force. In recent years, numerical methods, such as the finite element method (FEM), have been successfully employed in metal forming operations [24,25,26,27,28,29]. It has been continually improved for both bulk metal forming processes and sheet metal forming processes. For instance, Shaikh et al. [24] used the Zener-Hollomon parameter to develop the strain-compensated Arrhenius-type model of the hot deformation behavior of 13CrMoNbV ferritic/martensitic steel. The anticipated and observed values of flow stress during hot compression at 1100–1275 °C and strain rates of 0.1–10 s−1 were well constrained by this model. According to Lin et al. [27], it is important to consider material characteristics (such as the Bauschinger effect and texture anisotropy) when running a spring-back simulation. The accuracy of spring-back prediction for materials (such as MP980) exhibiting a clear Bauschinger effect but insignificant texture anisotropy can be increased by choosing the appropriate yield criteria (for example, Hill48), taking into account elastic modulus degradation in combination with the Y-U model.



In terms of a die bending force calculation, although the FEM simulation could be used to predict it, the FEM simulation code and the processing time are needed. Both the production cost for commercial FEM code investment and the production time required for model preparation and process computation have increased as a result of these factors. Furthermore, it was unable to comprehend the die bending force in relation to the die bending mechanism and the bending process parameters by utilizing the FEM simulation technique. This results in a lack of understanding of how process variables affect the bending force of a die. In light of this, the goals of the present research are to (1) develop a new formula for calculating die bending force in relation to the V-die bending process with an error rate of less than 5% in comparison to experimental work, and (2) gain a clear understanding of the characteristics of die bending force in relation to die bending mechanisms as well as the effects of bending process parameters on die bending force in the V-die bending process.


   F b  =   1.33  σ  u t s   b  T 2     l k     



(1)






   F b  =   4 m  σ  u t s     b  T 2   4  c o  s 2   φ 2     l k  − 2    R  u d   +  R p  + T   s i n  φ 2     



(2)






   F b  = C ×   b  T 2   σ  u t s      l k    × 10  



(3)







Here, as depicted in Figure 2,



 b  = width of the bend (mm),  C  = coefficient relation    l k   /T (  C = 1 +   4 × T    l k     )



   F b    = V-bending force (N),    l k    = V-die opening (mm)



 m  = correction coefficient hardening of the material ( m  = 1.6 to 1.8)



 T  = material thickness (mm),    R p    = punch radius (mm)



   R  u d     = die radius (mm),    σ  u t s     = ultimate tensile strength (MPa)



 φ  = bend angle (ᵒ)





[image: Metals 13 00587 g002 550] 





Figure 2. Illustration of a bending model and its parameters. 






Figure 2. Illustration of a bending model and its parameters.
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2. FEM Simulation Procedures


In the present research, in addition to reducing the number of experimental works, FEM simulation was used as a tool to clarify the bending mechanism related to the bending force calculation analysis. As shown in Figure 3, models of V-air bending (Figure 3a) and V-die bending (Figure 3b) were investigated. The symbols related to their uses based on past research, especially for the bend angle and V-punch angle, are clearly marked. The V-punch angle is marked with  θ  and the bend angle is marked with  φ  as shown in Figure 3(b2). These are related because the sum of these angles is 180°. A half-bending angle denoted by  φ /2 was calculated using a half-V-shaped model, as shown in Figure 3(b3). In the present research, one direction of longitudinal bending in which the bend line is perpendicular to rolling and grain directions was focused on and investigated. Therefore, the two-dimensional plane strain model was applied, and the two-dimensional, implicit, quasi-static finite element method based on a commercial analytical code, DEFORM-2D, was used for the FEM simulation. In addition, the stress-strain curve for the rolling direction is required, and the stress-strain curves for other directions could be ignored. Therefore, the plastic properties of the workpiece are assumed to be isotropic and described by the von Mises yield function. Next, as shown in Table 1, the punch and die were set as rigid types, and the workpiece material was set as an elasto-plastic type with approximately 3500 rectangular elements. In addition, the adaptive remeshing technique was applied by setting every three steps to prevent a divergence calculation due to excessive deformation of the elements. The solution algorithm that was utilized in this FEM model is based on the Newton–Raphson iteration. As per the previous studies [5,16,30,31,32,33], the constitutive equations of materials, based on the elasto-plastic, power-exponent, isotropic hardening model and their properties derived from tensile testing data were used in this study. As per past research [5,16,30,31,32,33], based on the contact surface model defined by the Coulomb friction law, a friction coefficient (μ) of 0.10 was applied.




3. Experimental Procedures and Workpiece Characterization


The workpiece characterization was examined to obtain the important input information for FEM simulation such as Young’s modulus and the constitutive equation. Based on the dimensions of the ASTM standard (E8/E8M-13a), it had a gauge length of 50 mm. The tensile test specimen was created by using machining process. The tensile tests were also performed, following this standard, by using a five-ton universal testing machine with a test speed of 1 mm/min. Based on the tensile test data, the mechanical properties of Young’s modulus, Poisson’s ratio, and the ultimate tensile strength were examined. In addition, the constitutive equation of material based on the true stress-strain curve was created as listed in Table 1.



To validate the FEM simulation results, laboratory experiments were performed. As per the experiments in past research [16,30], Figure 4 shows the press machine, which includes a five-ton universal tensile testing machine (Lloyd Instruments Ltd., Hampshire, UK) and a set of V-bending dies. In the present research, in the experiments, five samples from each bending condition were used to inspect the obtained bend angles and bending force. The bend angle after unloading was measured using a profile projector (Mitutoyo Model PJ-A3000). The amount of spring-back was calculated based on the obtained bend angles, and the average spring-back values with the standard deviations (SDs) were reported. These were compared with the bend angles analyzed by the FEM simulation. The bending forces were also recorded and the average maximum bending force values with the standard deviations are reported. In practice, the magnitude of this force varies greatly with the amount of punch displacement. In the present research, the value of the maximum bending force was determined both experimentally and in the FEM simulation by setting the bending stroke where the gap between the punch and the die was equal to the material thickness, and then recording the maximum bending force. Again, the results were compared with the bending force analyzed by the FEM simulation.




4. Results and Discussion


4.1. Validation of the FEM Simulation


Although the commercial FEM code used in the present research is well-known and has been widely used in past research, validation of its use in the present research is still needed to clearly confirm the accuracy of V-die bending force prediction. The V-bending component geometries, especially for the bend angle and V-die bending force, are commonly used as the main indices by which to clearly validate the FEM simulation. Based on various types of material and bending process conditions, a comparison of the obtained bending angles from the FEM simulation and experimental results is shown in Figure 5. A comparison of the V-die bending forces from the FEM simulation and experimental results is also shown in Figure 5. As the results show, the average errors in respect of formed bending angles and V-die bending forces were both approximately 1%. These results are in agreement with past research [16,30] using the same commercial FEM code.




4.2. Comparison of Bending Force Obtained Using Bending Force Formula and FEM Simulation


As above mentioned, based on the traditional and modified V-die bending forces as listed in Equations (1)–(3), Figure 6 shows a comparison of bending forces obtained using the V-die bending force formulas and FEM simulation. The results show that the V-die bending forces predicted using the V-die bending force formulas do not completely agree with those predicted by FEM simulations. Although it is noted that the use of modified V-die bending force formulas achieved more accuracy in V-die bending force calculation compared with using the traditional V-die bending force formula, the errors for the calculated V-die bending forces were still very large compared with those predicted using FEM simulation. Namely, the V-die bending force calculated using the traditional V-die bending force formula was approximately 34.0 times less than that predicted using FEM simulation. After using the modified V-die bending force formulas of Boljanovic [22] and Tekaslan [21], the calculated values were less than those of FEM simulation prediction by approximately 27.4 and 4.9 times, respectively.



Next, as the same bending conditions and material types are used in the V-die bending process, an FEM simulation of the V-air bending process was also carried out. The predicted V-air bending forces compared with those calculated using traditional and modified V-die bending force formulas are shown in Figure 7. There is good agreement in respect of bending forces between the bending force formula values and the FEM simulation prediction. The average error in respect of the V-air bending force calculated using the V-die bending force formulas compared with that predicted using FEM simulation was approximately 1.5%. It was again noted that the use of modified V-die bending force formulas resulted in a smaller error. These results show that the use of V-die bending force formulas cannot be effective for the prediction of the bending force in the V-die bending process. However, they could be effectively used for prediction of the bending force in the V-air bending process. These results confirm that a V-die bending force formula is still lacking.




4.3. Proposed Concept for V-Die Bending Force Formula Improvement


To improve the V-die bending force formula, a different bending mechanism between the V-air and V-die bending processes must be clearly understood. Figure 8 shows a comparison of the bending mechanism between the V-air and V-die bending processes. As shown in Figure 8a, for a bending stroke of approximately 4 mm, the same manner of stress distribution analysis can be observed. The workpiece was bent based on a three-point bending mechanism in both the V-air and V-die bending processes. This bending mechanism agrees well with the bending theory and literature [15,16,30]. In terms of the bending force, the results again show the same manner of predicted bending force. The results were approximately 930 and 924 N in the case of the V-air and V-die bending processes, respectively. As the bending stroke increased, the workpiece was continuously bent by the three-point bending mechanism for both the V-air and V-die bending processes, and the same manner of stress distribution analysis could again be observed. As shown in Figure 8b, this resulted in increases in the bending allowance zone. Compression stress generated on the inner radius and tensile stress generated on the outer radius were also increased. Again, based on the same three-point bending mechanism in both the V-air and V-die bending processes, similar bending forces were predicted. These were approximately 972 and 966 N for the V-air and V-die bending processes, respectively. With a bending stroke of approximate 15.1 mm, the workpiece was continuously bent based on the three-point bending mechanism in the case of V-air bending process, as shown in Figure 8(c1). The bending allowance zone and the stress generated in this zone rarely changed. The bending force slightly decreased. In contrast, in the case of the V-die bending process shown in Figure 8(c2), the legs of the bent section made contact with the punch, and then the workpiece was not only bent based on a three-point bending mechanism. As the workpiece was bent on the bend radius, the legs were again bent towards the sides of the die simultaneously. A reversed bending allowance zone was formed on the legs of the bent sections, in addition to the bending allowance zone on the bend radius. This bending mechanism agreed well with the literature [15,16,30]. Based on these bending mechanisms, the bending force steeply increased to approximately 10,260 N. It was noted that the V-die bending force was approximately 12 times larger than the V-air bending force. With the end of the bending stroke as shown in Figure 8d, as the same manner of bending mechanism was used for the previous bending stroke, the V-air bending process exhibited only the three-point bending mechanism but the V-die bending process exhibited the reversed bending mechanism in addition to the three-point bending mechanism. The V-air bending force slightly decreased to approximately 852 N. In contrast, owing to the legs making full contact with the punch and die, the reversed bending stresses were steeply increased. Therefore, the V-die bending force significantly increased to approximately 27 kN. This was approximately 32 times larger than the V-air bending force. These results clearly show that, in order to calculate the V-die bending force, consideration is required not only of the force required to form the bending allowance zone on the bend radius, but also the force required to form the reversed bending allowance zone on the legs.




4.4. Effects of V-Die Bending Parameters on Reversed Bending Allowance Zone


4.4.1. Effects of Punch Radius on Reversed Bending Allowance Zone


Figure 9 shows a comparison of the stress distribution analyses for the workpiece before unloading with respect to the punch radius. The larger the punch radius applied, the larger the bending allowance zone generated. In addition, the reversed bending allowance zone decreased as the punch radius increased. This resulted in the differences in the calculated V-die bending forces. These types of stress distribution analyses, and zones of bending and reversed bending, agree well with bending theory and the literature [15,16,30]. The results show the decrease in the V-die bending force as the punch radius increases.




4.4.2. Effects of V-Punch Angle on Reversed Bending Allowance Zone


Figure 10 shows a comparison of the stress distribution analyses for the workpiece before unloading with respect to the V-punch angle. The results show that the larger the V-punch angle applied, the smaller the bending allowance zone generated. In addition, the reversed bending allowance zone increased as the V-punch angle increased. Again, this resulted in differences in the calculated V-die bending forces. These types of stress distribution analyses and zones of bending and reversed bending agree well with bending theory and the literature [15,16,30]. The results show the increase in the V-die bending force as the V-punch angle increases.




4.4.3. Effects of Workpiece Thickness on Reversed Bending Allowance Zone


Figure 11 shows a comparison of the stress distribution analyses for the workpiece before unloading with respect to the workpiece thickness. The results show that the bending allowance zone slightly increased as the workpiece thickness increased. In contrast, the reversed bending allowance zone largely increased as the workpiece thickness increased. Again, this resulted in differences in the calculated V-die bending forces. These types of stress distribution analyses and zones of bending and reversed bending agree well with bending theory and the literature [15,16,30]. The results show the increases in the V-die bending force as the workpiece thickness increases.




4.4.4. Effects of Workpiece Length on Reversed Bending Allowance Zone


Figure 12 shows a comparison of the stress distribution analyses for the workpiece before unloading with respect to workpiece length. The results show the same types of stress distribution analyses with respect to workpiece length. Furthermore, the areas of the bending and reversed bending allowance zones are similar. These types of stress distribution analyses and zones of bending and reversed bending agree well with bending theory and the literature [15,16,30]. Therefore, this resulted in the same calculated V-die bending forces. However, in this instance, as the sample length increased, the distance between supports increased in order to achieve complete V-die bending. As a result, the longer sample had a longer bending stroke than the smaller sample.




4.4.5. Effects of Material Type on Reversed Bending Allowance Zone


Figure 13 shows a comparison of the stress distribution analyses for the workpiece before unloading with respect to material type. The results show the different types of stress distribution analyses. The generated stresses for the bending and reversed bending allowances in the case of SPCC were larger than those in the case of AA1100-O. However, the areas of the bending and reversed bending allowance zones were similar. These types of stress distribution analyses and zones of bending and reversed bending agree well with bending theory and the literature [15,16,30]. Due to the differences in mechanical properties, i.e., ultimate tensile strength, the difference in calculated V-die bending forces can be noted.



As per bending theory and the literature [15,16,30], the results again confirm the effects of the V-die bending parameters on the stress distribution and bending allowance. They also clearly show the effects of the V-die bending parameters on the stress value and bending allowance zone and its size. The punch radius, V-punch angle, and workpiece thickness had significant effects on the size of the reversed bending allowance zone. The material type did not have any effect on the size of the reversed bending allowance zone, but it had a significant effect on the generated stress value in this zone.





4.5. Modified V-Die Bending Force Formula


As mentioned previously, the V-die bending force should not be only considered in terms of the bending allowance zone on the bend radius, but also in terms of the reversed bending allowance zones on the legs. In the present research, a new formula that includes the bending force on the reversed bending allowance zones was proposed. To derive a new formula, the fundamental concept for V-die bending force calculation shown in Equation (1) was considered. The new formula consists of two terms of bending forces applied for the bending allowance zone and the reversed bending allowance zone. In terms of the bending force on the bending allowance zone, the Boljanovic equation as shown in Equation (2) was selected [22]. As per previous research [21,22], this equation was derived based on the V-air bending mechanism. The calculated bending forces were also validated by experiments and their errors were approximately less than 10%. Therefore, this equation can be used for the calculation of the bending force on the bending allowance zone, where only the bending mechanism of V-air bending is generated.



Next, in terms of the bending force on the reversed bending allowance zones, as shown in Figure 8, the relationship between the V-die bending force and the bending stroke determines that the maximum V-die bending force is generated at the end of bending stroke before unloading. It can be observed that, by comparing it with the V-air bending process, the V-die bending force was much higher than that due to the formation of reversed bending allowance zones. Therefore, the area of the reversed bending allowance zones is the key factor related to the V-die bending force. Owing to the fact that the contacted zones were slightly increased step-by-step by the bending stroke, the generated stress was not uniform in this zone. At the end of the bending stroke before unloading, the legs made full contact with the punch and die. Specifically, the reversed bending allowance zones also made full contact with the punch and die. At this stage, the bending system was static and in equilibrium. Therefore, to simplify the calculation, the bending stress can be assumed to be a uniform loading. Therefore, at the end of the bending stroke before unloading, we can estimate the force used for making full contact with the punch and die based on a uniform loading contact, and the formula can be derived as shown in Equation (4).



Next, there were not any thickness changes in these zones, and the yield strength (   σ y   ) was used as the normal pressure (P). The areas of these zones can be calculated based on the width of the bend (b) and the length of the reversed bending allowance zones (   L o   ) as shown in Equation (5). To calculate the force in the punch movement direction, this calculated force must be modified by the bend angle as shown in Equation (6). In addition, there are two sides of the leg; therefore, this quantity is duplicated as shown in Equation (7). Finally, the new formula for V-die bending force calculation can be achieved as shown in Equation (8).


   F  r e v e r s e   b e n d i n g   = P A  



(4)






   F  r e v e r s e   b e n d i n g   =  σ y     L o  b    



(5)




Here,



 P  = yield strength (   σ y   ),  A  = reverse bending area =    L o  b  


   F  r e v e r s e   b e n d i n g   =  σ y     L o  b   cos  φ 2   



(6)






   F  r e v e r s e   b e n d i n g   = 2  σ y     L o  b   cos  φ 2   



(7)






   F b  =   4 m  σ  u t s     b  T 2   4  c o  s 2   φ 2     l k  − 2    R  u d   +  R p  + T   s i n  φ 2    + 2  σ y     L o  b   c o s  φ 2   



(8)




Hence,



 b  = width of the bend (mm),    F b    = V-bending force (N)



   l k    = V-die opening (mm)



 m  = correction coefficient hardening of the material ( m  = 1.6 to 1.8)



 T  = material thickness (mm),    R p    = punch radius (mm)



   R  u d     = die radius (mm),    σ  u t s     = ultimate tensile strength (MPa)



   σ y   = yield strength (MPa), φ = bend angle (ᵒ)



   L o    = length of reversed bending allowance zone (mm)



As mentioned previously, the length of the reversed bending allowance zone directly relates to the V-die bending process parameters, including punch radius, bend angle, and workpiece thickness. Based on the FEM simulation technique in association with statistical techniques, the recommended length of the reversed bending allowance zone used for V-die bending force calculation can be obtained as shown in Table 2. It is noted that data that are not listed in this table can be estimated by the interpolating technique.



However, the modified V-die bending force formula mentioned above still has limitations. As per the main objective of the present research, to find out the value of the maximum bending force during the bending process of a V-die bending tool, the bending mechanism at the bending stroke where the maximum bending force was generated was focused on. This bending stroke was the stroke at the end of the bending phase, namely, before removing the tool. The bending mechanism at this bending stroke showed a complete difference from the previous bending stroke. Therefore, the limitation of the use of this modified V-die bending force formula was that the bending force for any bending angle corresponding to any bending stroke could not be accurately calculated. Figure 14 shows the comparison of the bending force calculated by the modified V-die bending force formula and obtained by FEM simulation during the bending process and at the complete bending stage. With the same bending angle, in the case of calculation during the bending process, the calculated bending force obtained by the modified V-die bending force formula showed a large error when compared with that obtained by FEM simulation. In contrast, in the case of the calculation at the complete bending stage, they were the same level of bending force with a small error. These results again confirmed and well corresponded with the above explanation, as well as clearly showing the limitations of the use of the modified V-die bending force formula. In addition, the influence of friction coefficient was also investigated based on the range of friction coefficient of 0.05–0.15 which was generally applied for sheet-metal forming process [15,17,19,27,28]. As shown in Figure 15, the maximum bending forces were slightly different. They were approximately 16,000 N, 16,300 N, and 17,200 N, respectively, in the case of friction coefficients of 0.05, 0.10, and 0.15. Therefore, the friction coefficient has not been included in the bending formula. The disadvantage of the developed formula was also the limited shape of the cross-section of the workpiece. This bending formal could not be possible to apply for bent parts with arbitrary cross-sections. However, these limitations are in the process of being addressed, and they will be reported in future works.




4.6. Confirmation of Uses of New V-Die Bending Force Formula


To confirm the uses of the new formula for V-die bending force calculation, three V-die bending conditions with two types of material, as listed in Table 3, were investigated based on the experimental works. Three V-die bending force values calculated using the traditional formula, the Boljanovic formula, and new formula were calculated and compared with the V-die bending forces obtained in experimental works. The calculated V-die bending forces agreed well with the experimental works, as well as with the theory behind V-die bending and the literature [15,16,30]. Specifically, for a material with a higher ultimate tensile strength, a higher calculated V-die bending force was obtained. In addition, as the material thickness increased, the calculated V-die bending force increased. Again, these results agree well with the theory behind V-die bending and the literature [30,31]. However, by using the traditional and Boljanovic V-die bending force formulas, the calculated V-die bending forces were much smaller than those of experimental works (over 8 times smaller). In contrast, by using the new V-die bending force formula, the calculated V-die bending force was closer to those of the experimental works. An error of less than 5% could be achieved. These results clearly show that the new V-die bending force formula can be suitably applied for V-die bending force calculation.





5. Conclusions


To determine the press machine capacity in the V-die bending process, the V-die bending force is important. Specifically, the more accurately the V-die bending force is calculated, the more precise the proper selection of the press machine capacity can be. In the present research, by using FEM and laboratory experiments, a new V-die bending force formula was proposed. The results could be concluded as follows:




	➢

	
The V-die bending forces calculated in the past using the traditional and modified V-die bending force formulas have large errors compared with those of experimental works. This evidence shows that those V-die bending force formulas cannot be effective for calculating the bending force in the V-die bending process.




	➢

	
There was a difference in bending mechanisms between the V-air and V-die bending processes. Specifically, the bending allowance zone on the bend radius was formed in the case of the V-air bending process; in contrast, a reversed bending allowance zone on the legs was also formed in the case of the V-die bending process.




	➢

	
Based on this finding, a new V-die bending force formula must be calculated by combining two terms: the bending force on the bending allowance zone on the bend radius and the bending force on the reversed bending allowance zone on the legs.




	➢

	
Only the length of the workpiece and the type of material did not have any effect on the length of the reversed bending allowance zone. Therefore, the recommended lengths of the reversed bending allowance zone related to the other V-die bending process parameters were listed. Using this length, the new V-die bending force formula could be fully used to calculate the V-die bending force.




	➢

	
The errors of bending forces calculated using the traditional formula and Boljanovic formula were approximately more than 600% when compared to the bending force obtained by experiments. In contrast, by using the new formula derived in this present research, the error of bending force was approximately less than 5% when compared to experimental results.
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Figure 1. Comparison of the bending force obtained through experiments and calculated using formulas based on past research (   R p    = 3.5 mm,  T  = 3.0 mm,  θ  = 120°, AA1100-O,  L  = 70 mm, lk = 60 mm). 
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Figure 3. The model of V-air and V-die bending. 
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Figure 4. Press machine and set of V-bending dies. 
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Figure 5. Comparison of V-bending shapes from FEM simulation and experimental results (AA1100-O,  L  = 70 mm, lk = 60 mm). 
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Figure 6. Comparison of bending forces obtained using the traditional, Boljanovic, and Tekaslan formulas, and FEM simulation results in the case of V-die bending with respect to various bending conditions. 
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Figure 7. Comparison of bending forces obtained using the traditional, Boljanovic, and Tekaslan formulas, and FEM simulation results in the case of V-air bending with respect to various bending conditions. 
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Figure 8. Comparison of bending force and stress distribution analyses between V-air and V-die bending processes (   R p    = 3.5 mm,  T  = 3.0 mm,  θ  = 120°, AA1100-O,  L  = 70 mm, lk = 60 mm). 
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Figure 9. Illustration of stress distribution analyses and bending force with respect to punch radius ( T  = 3.0 mm,  θ  = 60°, AA1100-O,  L  = 70 mm, lk = 60 mm). 
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Figure 10. Illustration of mean stress and bending force with respect to bend angles. (   R p    = 3.5 mm,  T  = 3 mm, AA1100-O,  L  = 70 mm, lk = 60 mm). 
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Figure 11. Illustration of mean stress and bending force with respect to workpiece thickness (   R p    = 9.0 mm,  θ  = 60°, AA1100-O,  L  = 70 mm, lk = 60 mm). 
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Figure 12. Illustration of mean stress and bending force with respect to workpiece length (   R p    = 9.0 mm,  T  = 3 mm,  θ  = 60°, AA1100-O). 
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Figure 13. Illustration of stress distribution analyses and bending force predictions with respect to material type (   R p    = 3.5 mm,  T  = 3 mm,  θ  = 120°,  L  = 70 mm, lk = 60 mm). 
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Figure 14. Comparison of the bending force calculated by the modified V-die bending force formula and obtained by FEM simulation during the bending process and at the complete bending stage. (   R p    = 3.5 mm,  T  = 3 mm,  θ  = 30°,  L  = 70 mm, lk = 60 mm, AA1100-O). 
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Figure 15. Bending forces calculated by FEM simulation with respect to friction coefficients. (   R p    = 3.5 mm,  T  = 3 mm,  θ  = 30°,  L  = 70 mm, lk = 60 mm, SPCC). 
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Table 1. Finite element simulation and experimental conditions.
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	Simulation model
	Plane strain model



	Object type
	Workpiece: elasto-plastic

Punch, die: rigid



	Workpiece material
	Ultimate tensile strength (   σ  u t s    ): 92.5 MPa



	AA1100-O
	Yield strength (   σ y   ): 88 MPa



	
	Elongation (δ): 43.5%



	
	Young’s modulus (E): 68,900 MPa



	
	Poisson’s ratio (ν): 0.33



	
	Ultimate tensile strength (   σ  u t s    ): 346.0 MPa



	SPCC
	Yield strength (   σ y   ): 208 MPa



	
	Elongation (δ): 47.0%



	
	Young’s modulus (E): 208,000 MPa



	
	Poisson’s ratio (ν): 0.33



	Flow curve equation
	



	AA1100-O
	σ = 153.50ε0.20 + 88



	SPCC
	σ = 554.43ε0.23 + 208



	Friction coefficient (μ)
	0.10



	Workpiece geometries
	Thickness ( T ) = 2–6 mm

Width ( b ) = 30 mm

Length ( L ) = 70 mm



	Die geometries
	Tool radius (   R p   ) = 3–30 mm



	
	V-punch angle ( θ ) = 30°–150°



	
	Die radius (   R  u d    ) = 5 mm



	Punch velocity
	5 mm/min
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Table 2. Recommended length of reversed bending allowance zone on legs (   L o   ).
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     L o    ( mm )    




	
Thickness

	
  θ   (°)

	
     R p    ( mm )    




	
3

	
6

	
9

	
12

	
15

	
18

	
21

	
24

	
27

	
30






	
2 mm

	
30

	
3.54

	
3.31

	
3.07

	
2.86

	
2.69

	
2.49

	
2.31

	
2.05

	
1.87

	
1.69




	
60

	
3.65

	
3.47

	
3.26

	
3.10

	
2.89

	
2.64

	
2.44

	
2.33

	
2.09

	
1.88




	
90

	
3.90

	
3.70

	
3.53

	
3.29

	
3.13

	
3.04

	
2.71

	
2.53

	
2.30

	
2.03




	
120

	
4.29

	
4.02

	
3.70

	
3.51

	
3.35

	
3.15

	
2.94

	
2.74

	
2.54

	
2.30




	
150

	
4.40

	
4.17

	
3.92

	
3.72

	
3.59

	
3.36

	
3.16

	
2.99

	
2.75

	
2.55




	
3 mm

	
30

	
5.24

	
5.10

	
4.83

	
4.64

	
4.45

	
4.25

	
4.09

	
3.86

	
3.63

	
3.47




	
60

	
5.41

	
5.25

	
5.08

	
4.86

	
4.65

	
4.51

	
4.24

	
4.03

	
3.86

	
3.61




	
90

	
5.74

	
5.43

	
5.26

	
5.06

	
4.86

	
4.70

	
4.39

	
4.25

	
4.14

	
3.89




	
120

	
5.95

	
5.61

	
5.51

	
5.31

	
5.08

	
4.89

	
4.68

	
4.44

	
4.32

	
4.17




	
150

	
6.03

	
6.00

	
5.80

	
5.59

	
5.39

	
5.25

	
4.97

	
4.76

	
4.55

	
4.35




	
4 mm

	
30

	

	
6.65

	
6.49

	
6.24

	
6.02

	
5.79

	
5.59

	
5.41

	
5.22

	
5.08




	
60

	
6.82

	
6.59

	
6.42

	
6.23

	
6.06

	
5.86

	
5.65

	
5.42

	
5.24




	
90

	
7.08

	
6.85

	
6.71

	
6.42

	
6.26

	
6.09

	
5.88

	
5.70

	
5.43




	
120

	
7.22

	
7.09

	
6.92

	
6.63

	
6.51

	
6.19

	
5.99

	
5.87

	
5.67




	
150

	
7.53

	
7.34

	
7.13

	
6.88

	
6.67

	
6.50

	
6.32

	
6.11

	
6.00




	
5 mm

	
30

	

	
8.50

	
8.31

	
8.12

	
7.93

	
7.74

	
7.49

	
7.32

	
7.09




	
60

	
8.73

	
8.52

	
8.29

	
8.08

	
7.87

	
7.69

	
7.47

	
7.23




	
90

	
9.03

	
8.72

	
8.60

	
8.31

	
8.19

	
7.97

	
7.75

	
7.52




	
120

	
9.20

	
8.96

	
8.84

	
8.53

	
8.40

	
8.21

	
7.94

	
7.77




	
150

	
9.41

	
9.23

	
8.98

	
8.78

	
8.62

	
8.35

	
8.19

	
7.93




	
6 mm

	
30

	

	
10.35

	
10.12

	
9.88

	
9.70

	
9.47

	
9.28

	
9.09




	
60

	
10.41

	
10.29

	
10.07

	
9.87

	
9.70

	
9.50

	
9.25




	
90

	
10.77

	
10.56

	
10.42

	
10.06

	
9.93

	
9.72

	
9.52




	
120

	
10.96

	
10.75

	
10.52

	
10.29

	
10.18

	
9.88

	
9.73




	
150

	
11.17

	
10.99

	
10.78

	
10.59

	
10.37

	
10.2

	
9.95
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Table 3. Comparison of V-die bending forces calculated using traditional, Boljanovic, and new formulas, and those obtained by experiment.
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Bending Condition

	
Experiment

	
Traditional

	
Boljanovic

	
New Formula




	
Bending Force

(N)

	
Bending Force

(N)

	
%Error

	
Bending Force

(N)

	
%Error

	
Bending Force

(N)

	
%Error






	
   R p    = 3.5 mm,

 T  = 3 mm

	
 θ  = 30°

	
AA1100-O

	
7150

	
773

	
925%

	
951

	
751%

	
7296

	
2%




	
SPCC

	
16,952

	
2259

	
750%

	
2738

	
619%

	
17,463

	
3%




	
 θ  = 60°

	
AA1100-O

	
14,211

	
791

	
1796%

	
983

	
1445%

	
14,734

	
3%




	
SPCC

	
33,961

	
2259

	
1503%

	
2738

	
1240%

	
35,556

	
5%




	
 θ  = 120°

	
AA1100-O

	
27,153

	
791

	
3432%

	
983

	
2762%

	
28,189

	
4%
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