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Abstract

:

The springback phenomenon has an impact on tube-processing quality during the free-bending process. For different pipe benders, the forming process is affected by different factors, such as gaps between the tube and the bending die and friction between the tube and the guiding mechanism and the bending die; thus, the theoretical U-R relationship cannot complete the precise processing required. In order to overcome the influence of springback during the free-bending forming process, a U-R experiment was performed first, and the actual U-R relationship was established. The U-R experiment demonstrated that when the bending die offset U increased, the tube-bending radius R decreased. Then, based on the results of the springback experiments, a springback prediction method was presented. The experimental method successfully predicted springback, demonstrating that the springback problem can be effectively solved through compensation of the arc section.
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1. Introduction


Bending components are widely used in construction, manufacturing and aerospace applications [1,2,3,4]. With the continuous development of science and technology, the tube-bending process is facing more and more requirements. Traditional bending methods include press bending, stretch bending and so on [5,6], The above methods require the use of mold made according to each method’s profile. Therefore, these methods are difficult to apply in small batch productions. In order to solve this problem, free-bending technology was proposed. It was invented by Japanese scientists Makoto Murata, Shinji Ohashi and Hideo Suzuki. Originally, its name was composed of the initials of the three surnames, and was called MOS bending [7]. This technology can meet the requirements of bending tubes with different radii without changing the die [8]. In recent years, more and more researchers have conducted research on free-bending technology [8,9,10,11,12,13] based on many methods. Ali et al. [14] described in detail the theoretical development and technical status of free-bending technology in recent years and discussed its importance in tube forming. Cheng et al. [15] studied the influence of the mandrel on the forming quality of thin-walled tubes in free-bending forming, and optimized and determined the structure, size and installation position of the mandrel. Guo et al. [16] studied the effect of the bending die offset U on the forming radius R, which is a key factor in accurate tube construction. Cheng et al. [17] studied and analyzed tube formability under different wall thicknesses, and the results showed that when the relative wall thickness was 0.133, the ellipticity of the tube was the smallest, and a better forming quality could be obtained.



At present, most of the research on free-bending technology focuses on forming accuracy and forming quality, among which forming accuracy is the focus of scholars’ research. When the external load is unloaded, the stress in the tube returns to equilibrium, and the formed tube is different from the ideal shape. The springback phenomenon directly affects the final shape and forming quality of the forming parts. Therefore, it is necessary to study the springback phenomenon and find a solution. Many scholars have analyzed the springback phenomenon at the theoretical level, Wang et al. [18] studied the influence of different A values on the springback phenomenon through finite element analysis. The larger the A value is, the more obvious the springback phenomenon is. Li et al. [19], taking the AL6061 tube as a research object, predicted the springback based on finite element analysis, and enhanced the springback prediction model by considering the offset of the neutral layer. Megharbel et al. [20] provided a method to quantitatively predict springback based on the constitutive equation and obtained a more accurate springback calculation model. Zhang et al. [21] proposed a springback prediction model for variable curvature tubes based on the theoretical formula for springback angle prediction of fixed curvature tubes, which has good performance in solving the springback phenomenon of variable curvature tubes. Shi et al. [22] studied and solved the springback compensation problem through finite element numerical simulation and experimental verification. The results showed that the wall thickness and bending radius of the test tube had an important impact on the springback. With an increase in wall thickness, the amount of springback compensation decreased rapidly, and then showed a gentle trend. Razali et al. [23] proposed a springback prediction method for an accurate, fully implicit elasto-plastic finite element analysis function and multi-body processing scheme based on a tetrahedral micro-mesh system, which had an average error rate and maximum error rate of 8.1% and 12.4%, respectively. Wang et al. [24] proposed a numerical approximate springback prediction and compensation method by considering the section distortion of a spatially variable curvature tube, establishing the curvature and torsion mapping functions of the central axis of the tube before and after springback. After springback compensation, the position deviation of each node was less than 1.4%, and the average position deviation was 0.80%. Zhou et al. [25] considered the interference of section deformation, established the mapping relationship between characteristic parameters and cross-section distortion, and predicted the springback angle. The experimental results showed that the average error of the springback angle of this method was 4.73%, and the three different analytical models were 38.92%, 14.39% and 14.22% respectively. This method significantly improved the prediction accuracy of the springback angle.



To sum up, many scholars predicted the springback of free bending based on complex finite element and numerical analyses. Although these studies can predict springback well, they ignore the complexity of the influencing factors during the process of free bending, such as the gap between the bending die and the tube; the friction between the guide mechanism and the tube; the friction between the bending die and the spherical bearing; the bearing flutter; and the installation error of the bending machine, etc. Moreover, different materials have different U-R relationships, and the analysis and calculation of a single material is often not applicable to other materials. Therefore, an experimental method is proposed in this paper to avoid complex numerical calculations, as experimental data are the most real data. U-R experiments were carried out for Q235 carbon steel and aluminum 6061 to obtain the real U-R curve. U-R experiments showed that the radius R decreases with the increase of bending mode offset U, and different materials have different U-R relations. The springback experiment was carried out according to the real U-R data. Through the compensation of the transition section and the arc section, it was found that the compensation of the arc section can solve the springback phenomenon. A springback compensation curve capable of accurately predicting the springback was established.




2. Free-Bending Technology


Free-bending technology is different from traditional bending technologies such as winding, rolling and pressing. It is characterized by dieless bending, as there is no need to change the die to accommodate tubes with different bending radii. The tube bender adjusts the bending die pose in real time so as to realize the forming of tubes with different bending radii.



As shown in Figure 1, U is the offset of the bending die, which is the height of the center of the bending die from the axis of the guide mechanism in the plane formed by the bending tube. The distance between the center of the bending die and the foremost end of the guide mechanism is called A. The length of the arc segment formed during the movement of the bending die from 0 to U is called ‘l’. With the bending die tangent to the spherical bearing, the spherical bearing installed on the bearing seat is driven by the motor to move in the plane XOY perpendicular to the feeding direction of the Z axis. The bending die is assumed to be at the origin. Before processing, the bending die is set in the original position, and its axis coincides with the axis of the guide mechanism, which is called the equilibrium position. During processing, the spherical bearing is pushed by a servomotor which drives the bending die to move in the XOY plane from the equilibrium position to the processing position U. The tube blank deforms under the combined action of the force applied by the inner wall of the bending die and the propulsion force to form an arc-shaped tube with a bending radius R and an axis arc length l. After the tube with the predetermined arc length is formed, the bending die moves to the next processing position or returns to the equilibrium position. Conversely, the straight section is processed when the bending die is kept at the initial equilibrium position.



As shown in Figure 2, there are five stages of a single bend: the first straight section, first transition section, arc section, second transition section, and second straight line.



	(1)

	
First transition section







Figure 3a shows the first transition section of the bending die movement to U. During the first transition section, the tube is in a state of dynamic combination and transition from a straight line and an arc section. At the moment the bending die starts to move, the tube within the guide distance A are straight segments, and the arc section is firstly generated at the outlet of the guide mechanism and gradually spreads to the whole guide distance along with the uniform delivery of the tube blank. The straight section within the guide distance becomes shorter and shorter during the feeding movement, and the radius of the arc section decreases from infinity to the target radius.



Set the feeding time as    t 1   , the real-time sending length is    v Z   t 1   , the bending die offset    U 1    of straight section, the bending die offset    U 2    of arc section is can be obtained using Equations (1) and (2):


   U 1  = tan   180  v Z   t 1    π R   ×   A − R sin   180  v Z   t 1    π R      



(1)






   U 2  = R   1 − cos   180  v Z   t 1    π R      



(2)







The total bending die offset U is the sum of    U 1    and    U 2   , its value is in dynamic change. The relationship between U, radius R and feeding time    t 1    can be calculated by Equation (3):


  U =  U 1  +  U 2  = R − R cos   180  v Z   t 1    π R   + tan   180  v Z   t 1    π R     A − R sin   180  v Z   t 1    π R      



(3)







The total length    L 1    of the tube blank in the first transition section can be calculated by Equation (4):


   L 1  =   π R arcsin  A R    180 °    



(4)







	(2)

	
Arc section







In the arc section, the bending die reaches the predetermined U and holds on. The tube blank is continuously sent out by the feeding mechanism, and an arc section with bending radius R is generated within the guide distance. The U of the arc section and feeding length    L 2    can be calculated by Equations (5) and (6):


  U = R −    R 2  −  A 2     



(5)






   L 2  =   π θ R   180 °   −   π R arcsin  A R    180 °    



(6)







	(3)

	
Second transition section







Figure 3b shows the second transition section of the bending die from U back to the initial equilibrium position. In the second transition section, the center of the bending die returns to the equilibrium position at a uniform speed from the processing position. Similar to the first transition section, the tube is in a state of dynamic combination and transition from a straight line and an arc section, the straight section is first generated at the outlet of the guide mechanism and gradually spreads to the whole guide distance. At the same time, the bending radius of the newly generated arc section gradually increases to infinity until the bending die reaches the equilibrium position, and the tube section sent out from the bending die is completely a straight section. The feeding length    L 3    in second transition section can be calculated by Equation (7):


   L 3  = A  



(7)







Set the feeding time of this section as    t 3   , the feeding distance at time    t 3    is    v z   t 3   . The relationship between the offset U of the bending die, the bending radius R and the feeding time    t 3    can be calculated by Equation (8):


  U = R − R cos θ = R − R   1 −       A −  v Z   t 3   R     2     



(8)







To sum up, the value of the U is related to the tube bending radius R, the guide distance A and the feeding length L. The guide distance A in the bending die follow-up tube bender is a fixed mechanical distance, and the corresponding bending radius R can be formed by adjusting U for a circular arc tube with the arc length L. Therefore, the relationship between U and R is defined as a U-R relationship. Establishing a reasonable and accurate U-R relationship is the key to ensure the forming accuracy of free bending.



In the free-bending process, these factors, such as the gap between the bending die and the tube, the friction between the tube and the guide mechanism, the friction between the bending die and the spherical bearing and so on, which will affect the accuracy of the U-R relationship, and different materials have different U-R relationship during the process. The U-R experiment was carried out, considering the influence of these factors.




3. Experimental Verification


Different tube benders have a variety of processing errors due to installation errors, the bending die clearance, bearing flutter, misalignment of die installation, non-horizontal installation, and so on. The final forming is affected by many factors, such that the theoretical relationship may not meet the processing requirements. According to results obtained in the experiment, the transition section and the arc section were analyzed, respectively, and the general experimental springback law was obtained. Before the springback experiment, the key U-R relationship model should be obtained according to the experiment.



3.1. U-R Experiment


U-R experiments were carried out on carbon steel Q235 and aluminum 6061. The uniform tube diameter was 32 mm, the tube wall thickness was 2 mm, and the feeding speed was 10 mm/s. The U-R experimental data are shown in Table 1 and Table 2. The experimental data were fitted separately to obtain the U-R general curve, as shown in Figure 4a,b.



According to the curve obtained by fitting, the mapping relationship between U and R was obtained and the U-R database was established. As can be seen from the curves above, when the bending die offset U increases, the tube bending radius R decreases. This rule was found in both U-R experiments. As we all know, carbon steel Q235 has better toughness than aluminum 6061. The carbon steel tube has a larger springback when the U value transits from 2 to 2.5, so when we carried out the U-R experiment of aluminum, we narrowed the interval to observe the springback phenomenon of aluminum with lower toughness in the free-bending process. In fact, the material still adhered the rule that R decreases as U increases, but the degree of springback varies according to the material. Next, the springback analysis was performed on the transition and bend sections based on the U-R database.




3.2. Springback Experiment


According to the experimental U-R relationship, the corresponding bending angle can be obtained, and the single bending experiment was carried out according to the theoretical bending angle and springback bending angle. A Q235 carbon steel tube with a diameter of 32 mm and a wall thickness of 2 mm was used as the tube blank. Because the forming process is influenced by the value of U, the processing process was divided into five stages: first straight section, first transition section, arc section, second transition section, and second straight section. Because the springback phenomenon does not occur in the straight section, only the springback phenomena of the first transition section, the bending section and the second transition section were considered. First, single bends were processed to observe the stress and strain phenomena of the cross-section of the bending section. The experiment showed that the actual arc length was shorter than the theoretical arc length. In the process of tube bending formation, the conventional distribution of the wall thickness took the neutral layer as the boundary, and the outer wall of the tube was thinned while the inner wall was thickened. In the free-bending process, under the action of the axial thrust force and the bending moment of the bending die, the strain neutral layer of the tube deviated like the outer side of an arc, and in this process, the inner side led to the thinning of the outer arc wall of the tube and the accumulation of the inner arc wall. As shown in Figure 5, it can be clearly seen that the inner side of the arc is thickened, and the outer side of the arc is thinned. This is due to the fact that the neutral layer deviates to the outside of the arc during free bending [26]. Excessive accumulation in the inner side leads to the reduction of extrusion of the arc segment, which is also the reason why the experimental arc segment is smaller than the theoretical arc segment in the actual measurement process.



Through measurements, it can be seen that the actual arc length is shorter than the theoretical arc length, so the compensation experiment was considered for the transition section and arc section. First, a single bend experiment with a single bend angle of 45° was carried out. The tube was processed according to the theoretical value, and the formed tube is shown in Figure 6a.



After the original tube is formed without any treatment, the actual included angle is 76°, and the springback angle  α  can be calculated by Equation (9):


  α =  θ 1  −  θ 0   



(9)







It can be seen that the initial springback angle without treatment is 31°, and the error is large. Next, the compensation experiment is carried out for each segment.



	(1)

	
Compensate the first transition section







The first transition section is compensated by 30 mm, as shown in Figure 6b. At this time, the angle increases from 76° to 84.9°;



	(2)

	
Compensate the second transition section







The second transition section is compensated by 30 mm, as shown in Figure 6c. At this time, the angle increases from 76° to 85°.



It can be seen that the springback angle does not decrease but increases after compensating the transition section, so the experiment continues to control the variable and only compensates the arc section;



	(3)

	
Compensate the arc segment







The arc section is modified. On the basis of the original processing data, the first transition section is reduced by 20 mm, the second transition section is reduced by 20 mm, and the arc break compensation is 40 mm. The formed tube is shown in Figure 6d. At this time, the included angle is reduced from 76° to 64°.



It can be seen that the compensation of the arc section can achieve the purpose of reducing the springback. Next, continue to compensate the arc section. The arc section compensation is 40 mm while the straight and transition section compensation is −40 mm, and the formed tube is as shown in Figure 6e. At this time, the included angle is reduced from 76° to 55.6°.



Continue to compensate the arc section for 80 mm, and the included angle is 33°, as shown in Figure 6f.
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Figure 6. Diagram of included angle 45 experiment: (a) original state of included angle 45; (b) compensating first transition section; (c) compensating second transition section; (d) reduced transition section and compensation arc section; (e) 40 mm arc segment compensation; and (f) 80 mm arc segment compensation. 






Figure 6. Diagram of included angle 45 experiment: (a) original state of included angle 45; (b) compensating first transition section; (c) compensating second transition section; (d) reduced transition section and compensation arc section; (e) 40 mm arc segment compensation; and (f) 80 mm arc segment compensation.
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Based on the experiments above, it was found that the larger the compensation distance is, the smaller the springback angle is, and the less obvious the springback phenomenon is. Based on the fitting of the springback compensation and the corresponding angle, it was found that there is a linear relationship between the compensation value and the angle, as shown in Figure 7. This linear equation is:


  C = − 1  . 86  θ  + 141   . 7   



(10)




where  C  is the compensation value and  θ  is the included angle.



According to the compensation-included angle curve, when the theoretical included angle is 45°, that is, the central angle is 135°, the compensation value can be calculated according to the equation, and the calculated compensation value is 58 mm. At this time, the compensation value is substituted into the processing, and the included angle after forming is 45.1°, as shown in Figure 8. Therefore, the method is feasible.



According to this method, only two groups of compensation data are needed to verify the springback compensation of angle 90° and angle 135°. The validation results are shown in Table 3. The compensation versus springback curve is shown in Figure 9.



From the function obtained in the above table, the springback value of the tube with an included angle of 90° and an included angle of 135° can be obtained, and the experimental results are shown in Figure 10 and Figure 11.



According to the springback law obtained from the experiment, the double-bending experiment with an angle of 90° was verified, and the results are shown in Figure 12.





4. Conclusions


In this paper, the springback prediction of free bending was studied, which provided a springback prediction method for tube bending. A compensation method for the transition section and the arc section was proposed which can ultimately achieve the purpose of springback prediction. The conclusions are as follows:



	(1)

	
The theoretical U-R relationship cannot meet the actual processing requirements, and the actual processing is affected by many factors. The experimental U-R data show that the larger the bending die offset U is, the smaller the bending radius R is. Different materials have different U-R relationships;




	(2)

	
From the cross-section, it can be seen that in the process of free bending, the material outside the arc is thinner, and the material inside the arc is thicker. This will cause the tube to be squeezed and stretched unnecessarily during the actual process. However, the length of the arc section of the actual bent pipe is shorter than the length of the theoretical arc section, which also verifies this point;




	(3)

	
Compensating the transition section cannot solve the springback problem, while compensating the arc section can solve the springback problem well. The springback angle, with a small error, can be obtained using the experimental method. The general rule of the springback of the tube can be obtained by the springback compensation experiment: with the increase of the compensation value, the included angle is smaller. An ideal tube can be obtained according to that rule.
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Figure 1. Diagram of free-bending structure. 
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Figure 2. Diagram of the stages of free-bending. 
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Figure 3. Diagram of the transition sections: (a) first transition section; and (b) second transition section. 
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Figure 4. U-R curve: (a) Q235 U-R curve; and (b) Al6061 U-R curve. 
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Figure 5. Tube Cross Section. 
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Figure 7. Compensation-included angle curve 45°. 
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Figure 8. Tube of 45° included angle. 
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Figure 9. Compensation-included angle curve. 
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Figure 10. Springback experiment with 90° included angle: (a) C0; (b) C40; (c) C80; and (d) C47.29. 
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Figure 11. Springback experiment with 135° included angle: (a) C0; (b) C40; (c) C80; and (d) C38.515. 
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Figure 12. Comparison before and after forming of double-bending 90° tube: (a) before treatment; and (b) after treatment. 
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Table 1. Table of Q235 U-R Relationship Experimental Data.






Table 1. Table of Q235 U-R Relationship Experimental Data.





	

	
U (mm)

	
2

	
2.5

	
3

	
4

	
6

	
10

	
15




	

	






	
1

	
4998.16

	
1823.5

	
1167.2

	
619.85

	
312.8

	
155.11

	
97.32




	
2

	
5137.7

	
1892.7

	
1172.7

	
624.5

	
317.22

	
155.11

	
94.42




	
3

	
6096.1

	
1982.9

	
1255.2

	
619.85

	
315

	
154.03

	
94.83




	
4

	
4806.3

	
2047.9

	
1212.6

	
621.39

	
313.9

	
161.88

	
95.64




	
5

	
4097.2

	
1810.4

	
1172.7

	
626.06

	
321.77

	
157.3

	
64.42




	
6

	
5317.7

	
1892.7

	
1161.8

	
613.76

	
319.48

	
159.56

	
96.23




	
7

	
5433.3

	
1982.9

	
1151.1

	
613.76

	
322.93

	
158.42

	
95.23




	
8

	
4715.6

	
1878.5

	
1178.2

	
612.26

	
319.48

	
151.92

	
94.83




	
9

	
5206.9

	
1892.7

	
1195.1

	
612.26

	
319.9

	
156.19

	
93.63




	
10

	
5680.4

	
1759.4

	
1200.9

	
615.27

	
319.48

	
147.88

	
93.23




	
Average

	
5148.936

	
1896.36

	
1186.75

	
617.896

	
318.196

	
155.74

	
91.978
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Table 2. Table of Al6061 U-R Relationship Experimental Data.
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U (mm)

	
2.2

	
2.35

	
2.5

	
2.55

	
2.7

	
3.25

	
3.5

	
5




	

	






	
1

	
1771.2

	
1427.5

	
1207.6

	
1115.11

	
1015.3

	
762.93

	
635.61

	
373.3




	
2

	
1734.9

	
1427.5

	
1207.6

	
1090.7

	
1012.9

	
770.56

	
627.63

	
373.54




	
3

	
1747.1

	
1419.3

	
1210.3

	
1120.1

	
989.7

	
773.13

	
629.21

	
373.3




	
4

	
1878.5

	
1403.4

	
1199.6

	
1172.1

	
1005.5

	
768

	
627.63

	
376.66




	
5

	
1797.4

	
1419.3

	
1200.3

	
1188.2

	
1000.3

	
765.46

	
626.06

	
373.86




	
6

	
1734.9

	
1435.7

	
1203

	
1140.5

	
1021.3

	
760.42

	
637.23

	
373.3




	
7

	
1734.9

	
1357.6

	
1198.5

	
1139.3

	
997.3

	
765.46

	
627.23

	
371.65




	
8

	
1771.9

	
1460.9

	
1196.7

	
1141.1

	
1110.1

	
760.42

	
630.8

	
375.54




	
9

	
1771.9

	
1411.3

	
1201.7

	
1137.3

	
1005.4

	
762.93

	
632.39

	
372.75




	
10

	
1759.4

	
1411.3

	
1201.7

	
1155.1

	
1002.3

	
760.42

	
622.94

	
373.86




	
Average

	
1770.21

	
1417.38

	
1202.7

	
1139.55

	
1015.81

	
764.973

	
629.673

	
373.776
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Table 3. Compensation-Included Angle.






Table 3. Compensation-Included Angle.





	
Compensation (mm)

	
  θ   = 90°

	
  θ   = 135°




	
The Angle of the Actual Springback (°)






	
0

	
116.4

	
157




	
40

	
93.5

	
134.7




	
80

	
72.2

	
110.8




	
Functional relation

	
   C = − 1.809 θ + 210.1   

	
   C = − 1.731 θ + 272.2   
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