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Abstract


With increasingly severe environmental problems, energy saving and environmental protection have become two important issues to be solved in the automobile industry. Patchwork blank hot-stamping technology can be used to obtain light-weight and high-strength parts and is thus increasingly used in the manufacture of autobody parts. Because the main blank and the patched blank need to be connected through spot welding before forming, the welding spots’ arrangement has a great influence on the formability of the part. In this study, a thermal–mechanical coupling finite element analysis model of A-pillar patchwork blanks was established. With the thickness of the patched blank, the distance between the welding spot and the external contour of the patched blank, and the number of welding spots as optimization variables, together with the maximum thinning rate and the maximum welding spot force as objectives, the influence of welding spot arrangement on forming quality was analyzed, and the welding spots’ arrangement was optimized using a central composite design (CCD), the response surface method (RSM), and the genetic algorithm (GA). The results showed that when the initial welding spot was located close to the contour of the patched blank, the bending moment was greater when the weld spot passed through the die corner, leading to the rupture of the welding spot or its surrounding base material due to the greater thinning rate. When the patched blank was thicker than the main blank, the main blank cracked during the forming process due to a greater increase in the thinning rate. The optimal solution of the weld spot arrangement on the A-pillar patchwork blanks was a 1.2 mm thick main blank, 0.8 mm thick patched blank, a distance of 29 mm between the weld spot and the contour line of the patched blank, and 16 weld spots. Hot-stamping experiments were conducted using the optimized weld spots’ arrangement, and high-quality parts were obtained.
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1. Introduction


In order to meet strict environmental requirements, achieve fuel economy, and reduce vehicle exhaust pollution, the application of lightweight materials in automobile bodies is becoming increasingly widespread. Among these materials, 22MnB5 boron steel, with the advantages of a high strength, low cost, and good cost performance, is gradually becoming favored [1,2,3,4]. Hot stamping has gradually replaced cold stamping, which can reduce effects such as springback and wrinkling during the stamping process and is also beneficial for extending the service life of the die. The hot-stamping forming process involves heating boron steel until it is fully austenitized and then quickly closing the dies for forming and quenching to obtain high-strength parts with tensile strengths of over 1500 MPa [5,6,7]. In recent years, in order to improve the safety of collision, it has become necessary to design customized parts with partition strength and toughness in the case of some boron steel structural parts. Hot-stamping patchwork blank technology is a new method used to produce customized parts, which has the advantages of a good applicability and low cost and is more and more widely used in the manufacture of customized parts. At present, the main welding methods for patchwork blanks’ hot stamping are resistance spot welding, laser welding, and arc welding [8,9,10]. Considering the cost and efficiency of automobile production, resistance spot welding is a common connection method. Patchwork blank hot stamping is first used to connect the main blank and patched blank together via spot welding, and then the connected the main blank and patched blank are heated and hot-stamped together. Then, the patchwork parts with a given partition strength and toughness are obtained. The patchwork blank hot-stamping forming technology can be used to obtain different thickness and shapes of the main blank and patchwork blank. Compared with a continuously variable cross-section blank, the patchwork blanks can be more flexible, allowing one to adjust the mechanical properties of parts. Since the main blank and the patchwork blank are connected before hot-stamping forming, the number of required dies can be reduced. This method has been widely used in automobile A-pillar, B-pillar, and front reinforcement beams, among others [11,12,13]. Its advantages are a good collision safety, high bending load, local reinforcement, and good lightweight effects. Klaus et al. [14] used numerical simulation methods for the hydroforming patchwork blanks and carried out an experimental verification, providing a suitable model for the numerical simulation of patchwork blanks’ forming process. Gao et al. [15] studied the influences of spot welding parameters on the connection performance of hot-stamped patchwork blanks and successfully produced a B-pillar reinforcement. Wang et al. [16] conducted an effective experimental study and finite element analysis of patchwork blanks, verified the accuracy of the patchwork blank hot-forming finite element model, and outlined the principle of the welding spots’ arrangement. However, the material near the welding spot can easily become thin and crack during the hot-stamping process, which affects not only the forming quality but also the stability of the production process [17,18,19]. At present, there are still two problems that need to be solved for the hot stamping of patchwork blanks. First, the quality of the spot-welding connection should be controlled before hot stamping to ensure that the welding spot is not deformed or cracked after the hot stamping. Second, due to the difference in thickness between the main blank and the patched blank area and the existence of welding spots, the forming ability will be reduced to a certain extent compared with the uniform thickness sheet. If the welding spots are not properly arranged, an uneven material flow will easily occur during the hot-stamping process, thus increasing the possibility of wrinkling and cracking in the hot-stamping process of patchwork blanks [20,21].



In this study, a finite element method was used to simulate and analyze the hot stamping forming process of A-pillar patchwork blanks. The influences of the number of welding spots, the thickness of the patched blank, and the distance between the welding spot and the external contour of the patched blank on the thinning rate and welding spot force were studied using a central composite design (CCD), the response surface method (RSM), and the genetic algorithm (GA) multi-objective optimization method to obtain the optimal welding spot arrangement. Based on this, hot-stamping experiments of the A-pillar patchwork blanks were conducted to verify the optimization results.




2. Establishment of Finite Element Model for A-Pillar Patchwork Blanks


The material of A-pillar patchwork blanks is 22MnB5 steel. Its chemical composition is shown in Table 1, and its physical and thermal parameters at different temperatures are shown in Table 2 [22,23,24,25].



The thicknesses of the main blank and the patched blank are 1.2 mm and 1.5 mm, respectively, and the overall dimensions of the part are 692 mm × 380 mm × 115 mm, as shown in Figure 1. Uniaxial tensile tests of the 22MnB5 at different temperatures and strain rates were carried out using a Gleeble 1500 testing machine to obtain the stress–strain curves at different temperatures [26,27].The stress–strain curves of the material at different temperatures are shown in Figure 2. With the increase in temperature, the rheological stress of the material decreases.



The dies’ arrangement for the hot stamping of the A-pillar patchwork blanks is shown in Figure 3. The friction coefficient was set to 0.45, and the heating temperature of the blank was 930 °C so as to render it completely austenitized [28,29]. The transfer time was 8 s, the tool temperature was 70 °C, and the stamping stroke was 200 mm. The waiting time of the blank in the die before the punch touched the blank was set to 2 s. The quenching time was 7 s, and the holding force was 5000 kN during quenching.



Figure 4 shows the simulation results without the optimization of the welding spots’ arrangement. In hot-stamping analysis, it is generally required that the maximum thinning rate of the material is no more than 17%; otherwise, the material is considered to be cracked. It can be seen that the thinning rate of the main blank around the welding spots on the sidewall is 30.7%, far exceeding the requirement of 17%. To reduce the excessive rate of thinning around the welding spots, the central composite design, response surface methods, and genetic algorithm multi-objective optimization method were used to optimize the formability of the A-pillar patchwork blanks, and the optimization process is shown in Figure 5.




3. Response Surface Method Hot Stamping of A-Pillar Patchwork Blanks


The central composite design is the most commonly used response surface design for experiments, composed of a factor design or partial factor design with a central point and enhanced by a group of axis points (or star points). By adding center points and axis points to the previously run factor design, this method has the advantages of covering a wide design space and obtaining accurate high-order information. During the hot-stamping process of the patchwork blanks, the area between the welding spot and the external contour of the patched blank is prone to an excessive thinning rate, which leads to the crack of the base material around the weld spots. At the same time, the number of welding spots is also an important factor affecting the forming performance of the patchwork blanks. Exploring the number of welding spots required for the motherboard with different thickness combinations is also of great significance for optimizing the structure of the patch plate and improving the forming performance. In addition, the stress on welding spots during hot stamping is also an important index with which to evaluate the formability of patchwork blanks, which has an important influence on the performance of patchwork blanks. Hence, the thickness of the patched blank X1, the distance between the welding spots and the contour of the patched blank X2, and the number of welding spots X3 were selected as optimization variables, and the maximum thinning rate and the maximum tensile shear force on the welding spots during the forming process were studied as objective functions. The thickness of the main blank was 1.2 mm, and the patched blank thickness was in the range of 0.8–1.6 mm. If the distance between the welding spots and the contour of the patched blank is too small, the main blank is prone to cracking. The distance between the welding spots and the contour line of the patched blank was selected to be in the range of 12–40 mm. Because the welding spots on the bottom of the forming part have little influence on the forming quality, only the welding spots on the side wall after forming were optimized. The number of sidewall welding spots ranged from 4 to 20. The values of the design variables X1, X2, and X3 are shown in Table 3. Based on the central composite design principle, a total of 20 groups of tests were conducted, and the experimental scheme and results are shown in Table 4.



The response surface models for the maximum thinning rate Y1 and maximum weld spot force Y2 based on the results in Table 4 are shown in Equations (1) and (2):


   Y 1  = 14.97148 + 43.76238  x 1  − 1.02883  x 2  − 1.146551  x 3  − 0.238839  x 1   x 2  − 0.019531  x 1   x 3  − 0.012388  x 2   x 3   − 13.46591  x 1 2  + 0.021150  x 2 2  + 0.051491  x 3 2   



(1)






   Y 2  = 2582.89549 + 688.57224  x 1  − 17.35005  x 2  − 77.89261  x 3  − 7.76786  x 1   x 2  + 9.14062  x 1   x 3  + 0.09375  x 2   x 3   − 150.85227  x 1 2  + 0.0376855  x 2 2  + 2.10724  x 3 2   



(2)







The variance analysis of the maximum thinning rate Y1 and the maximum weld spot force Y2 are shown in Table 5 and Table 6. The magnitude of the F-value reflects the degree of the interactive effect, while the p-value reflects the degree of significance (usually, for models, p < 0.01 indicates highly significant, and p < 0.005 indicates significant). A larger F-value and smaller p-value can reflect the significance of the correlation coefficient. The model p-values of the response surfaces for both the maximum thinning rate and the weld spot force are less than 0.005, indicating that the model is significant. This shows that the fitting accuracy is good, and the response surface approximation model can be used for subsequent optimization design. It can be seen from Table 5 that the F-values of the linear terms X1, X2, X3 and the quadratic terms    X 1 2  ,    X 2 2   ,     X 3 2    are less than 0.005, indicating that the effect on the thinning rate of the patch board is extremely significant, and the other factors are not significant. From Table 6, it can be seen that the F-value of the first terms X1, X2, and X3 and the second term    X 3 2    is <0.005, indicating that the influence on the solder joint force of the patch plate is extremely significant, and the other factors are not significant. According to the F-value, it can be concluded that the factors affecting the maximum thinning rate, from strong to weak, are the distance between the welding spot and the contour of the patched blank X2, the number of weld spots X3, and the thickness of the patched blank X1, while the factors affecting the weld spot force, from strong to weak, are the number of weld spots X3, the thickness of the patched blank X1, and the distance between the welding spot and the contour of the patched blank X2.



To ensure the validity of the response surface model, the fitting accuracy was verified using the sample correlation coefficient R2 and the revised correlation coefficient Radj2. When the values of R2 and Radj2 are close to 1, this indicates that the smaller the relative error is, the higher the model fitting accuracy is. The results of the accuracy analysis of the maximum thinning rate and weld spot force response surface models are shown in Table 7, with correlation coefficients R2 of 0.9660 and 0.9354 and revised correlation coefficients Radj2 of 0.9558 and 0.9159, respectively, which indicate that the constructed second-order response surface models have a good fitting accuracy and can be used for subsequent optimization.



Although analysis of variance can be used to determine whether the constructed response surface model has a high fitting accuracy, it cannot be used to evaluate the interaction between design variables and the impact on the response results. Therefore, the rule of influence between design variables and their corresponding variables is generally explored by creating a three-dimensional response surface map between two parameters and a response variable and analyzing the corresponding contour line map. The degree of influence between the design factors and response variables is judged according to the slope angle and curvature change in the response surface and the color gradient distribution of the contour line map.



Figure 6 shows the effects of the thickness of the patched blank X1, the distance between the welding spot and the contour of the patched blank X2, and the number of weld spots X3 on the maximum thinning rate Y1. As the thickness of the patched blank increased, the maximum thinning rate showed a gradually increasing trend. When the thickness of the patched blank was greater than that of the main blank, the rigidity of the main blank was less than that of the patched blank, which increased the deformation of the main blank and the thinning rate. With increasing distance between the welding spot and the contour of the patched blank, the thinning rate [30] gradually decreased. The reason for this effect is that increasing the distance between the welding spot and the contour of the patched blank reduces the impact of the bending moment on the welding spot during the forming process, thus reducing the thinning rate. The effect of the number of weld spots on the maximum thinning rate shows a trend of first decreasing and then increasing. In the case of a small number of welding spots, increasing the number of welding spots could better constrain the patched blank and reduce the thinning rate. However, with the continuous increase in the number of welding spots, the stiffness of the patched blank increased, the deformation of the main blank increased during the forming process, and the thinning rate increased.



Figure 7 shows the effects of the three factors on the maximum welding spot force Y2. With the increasing thickness of the patched blank, the maximum welding spot force showed a gradually increasing trend. As the thickness of the patched blank increased, the required forming force increased, and thus, the welding spot force became larger. With increasing distance between the welding spot and the contour of the patched blank, the maximum welding spot force gradually decreased. As the distance from the welding spot to the contour of the patched blank decreased, the bending moment of the welding spot decreased during the forming process, and the welding spot force decreased. As the number of welding spots increased, the maximum welding spot force showed a downward trend.




4. Multi-Objective Optimization Based on the NSGA-II Algorithm


According to the response surface analysis, a mathematical model of parameter optimization was established, as shown in Equation (3):


  Z = F  X  =       min    Y 1     X 1  ,  X 2  ,  X 3          min      Y   2     X 1  ,  X 2  ,  X 3                0.8 ≤  X 1  ≤ 1.6       12 ≤  X 2  ≤ 40       4 ≤  X 3  ≤ 20          



(3)







The NSGA-II genetic optimization algorithm was used to solve the problem. The optimization process is shown in Figure 8. The crossover probability was 0.9, the crossover distribution index was 20, the variance distribution index was 20, the initial population number was 12, the number of population iterations was 20, and the final stopping iteration was 240. To meet the real needs for the production of parts, under the condition that the maximum thinning rate is less than 17%, the maximum welding spot force is as low as possible, the optimal solution set is the patched blank thickness of 0.8003 mm, the distance between the welding spot and the edge of the patched blank is 29.483 mm, and the number of welding spots is 16.002. Considering the real situation, a patched blank thickness of 0.8 mm, a distance between the welding spot and the edge of the patched blank of 29 mm, and a number of welding spots of 16 were selected as the optimal solution.



The simulation result obtained under the optimal solution conditions is shown in Figure 9. Compared with the maximum thinning rate of 30.7% (Figure 4) before optimization, the maximum thinning rate was significantly reduced to 14.9% after the optimization of the welding spots’ arrangement, which meets the hot-stamping production specifications.



Figure 10 shows the evolution of the maximum welding spot force after optimization. With the increase in the punch stroke, the welding spot force increased, and the welding spot force decreased rapidly after reaching the maximum of 2249.56 N.



To further verify the influence of the optimized process parameters on the real hot-stamping quality, an A-pillar patchwork blank part was produced. The formed part is shown in Figure 11. With the plastic deformation of patchwork blanks, the position of the weld spots will change. When the weld spots were in the flange position, as the punch moved downwards, the weld spots moved to the die fillet area, and the force gradually increased. Near the corner of the die, the weld spot force was the greatest. When the weld spots entered the side wall area of the part, the resistance was reduced, so that the weld spot force was reduced. There were no crack or wrinkling defects in the formed part, and the welding spots were intact and met the quality requirements.




5. Conclusions


By optimizing the thickness of the patchwork blanks, the distance between the welding spot and the contour of the patched blank, and the number of welding spots, the influence law of the parameters on the forming quality was obtained. The optimal set of Pareto solutions were acquired using the multi-objective optimization NSGA-II algorithm. The optimal solution of the weld spot arrangement on the A-pillar patchwork blanks was a 1.2 mm thick main blank, 0.8 mm thick patched blank, a distance of 29 mm between the weld spot and the contour line of the patched blank, and 16 weld spots. Experiments of the hot-stamping process of A-pillar patchwork blanks with the optimal welding spot arrangement were carried out. The obtained A-pillar patchwork blanks parts were free of wrinkles and crack defects, which fully proved that the optimization method could significantly improve the hot-forming ability of patchwork blank hot stamping.
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Figure 1. A-pillar patchwork blanks. (a) Part. (b) Blanks. Note: main blank red; patched blank purple. 
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Figure 2. The stress−strain curves of 22MnB5 at different temperatures. 
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Figure 3. The dies’ arrangement for the hot stamping of the A-pillar patchwork blanks. 
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Figure 4. Simulation results before the optimization of the welding spots’ arrangement. 
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Figure 5. Chart of the A-pillar patchwork blank welding spots’ optimization process. 
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Figure 6. Response surface and contour line map of the three factors showing effects on the maximum thinning rate: (a) X1 and X2, (b) X1 and X3, (c) X2 and X3. 
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Figure 7. Response surface and contour line map of the three factors showing effects on the welding spots force: (a) X1 and X2, (b) X1 and X3, (c) X2 and X3. 
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Figure 8. Chart of the NSGA-II genetic algorithm optimization process. 
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Figure 9. Simulation results after optimization of the welding spots’ arrangement. 






Figure 9. Simulation results after optimization of the welding spots’ arrangement.



[image: Metals 13 01409 g009]







[image: Metals 13 01409 g010] 





Figure 10. Evolution of maximum welding spot force after optimization of the welding spots’ arrangement. 
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Figure 11. A-pillar patchwork blank part after multi-objective optimization. 
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Table 1. Chemical composition of 22MnB5 (w%).






Table 1. Chemical composition of 22MnB5 (w%).





	C
	Si
	Mn
	P
	B
	Cr
	Ti
	Fe





	≤0.25
	0.23
	1.2
	≤0.02
	0.003
	≤0.20
	≤0.30
	Bal.










 





Table 2. 22MnB5 physical and thermal parameters.






Table 2. 22MnB5 physical and thermal parameters.





	Temperature (°C)
	20
	500
	600
	700
	800
	900





	Elasticity modulus E (MPa)
	212
	158
	150
	142
	134
	126



	Poisson’s ratio ν
	0.284
	0.303
	0.301
	0.317
	0.325
	0.334



	Thermal conductivity K (W/m °C)
	32.0
	22.3
	23.6
	24.5
	25.6
	26.7



	Specific heat capacity Cp (J/kg °C)
	412
	573
	581
	586
	590
	596










 





Table 3. Design factors and levels for the optimization of patchwork blank parameters.
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Design Factors

	
Levels




	
−1

	
0

	
1






	
X1 (mm)

	
0.8

	
1.2

	
1.6




	
X2 (mm)

	
12

	
26

	
40




	
X3

	
4

	
12

	
20











 





Table 4. Experimental scheme and simulation results.






Table 4. Experimental scheme and simulation results.





	
Experiment Number

	
Design Factors

	
Thinning Rate

	
Welding Spot Force




	
X1 (mm)

	
X2 (mm)

	
X3

	
Y1 (%)

	
Y2 (N)






	
1

	
0.8

	
12

	
4

	
24.7

	
2553




	
2

	
1.6

	
12

	
4

	
31.2

	
2785




	
3

	
0.8

	
40

	
4

	
20.6

	
2453




	
4

	
1.6

	
40

	
4

	
22.8

	
2501




	
5

	
0.8

	
12

	
20

	
23.1

	
2245




	
6

	
1.6

	
12

	
20

	
30.4

	
2584




	
7

	
0.8

	
40

	
20

	
14.5

	
2177




	
8

	
1.6

	
40

	
20

	
15.4

	
2352




	
9

	
0.8

	
26

	
12

	
14.6

	
2232




	
10

	
1.6

	
26

	
12

	
17.7

	
2375




	
11

	
1.2

	
12

	
12

	
29.9

	
2476




	
12

	
1.2

	
40

	
12

	
15.0

	
2327




	
13

	
1.2

	
26

	
4

	
23.9

	
2552




	
14

	
1.2

	
26

	
20

	
19.3

	
2373




	
15

	
1.2

	
26

	
12

	
17.3

	
2253




	
16

	
1.2

	
26

	
12

	
17.3

	
2253




	
17

	
1.2

	
26

	
12

	
17.3

	
2253




	
18

	
1.2

	
26

	
12

	
17.3

	
2253




	
19

	
1.2

	
26

	
12

	
17.3

	
2253




	
20

	
1.2

	
26

	
12

	
17.3

	
2253











 





Table 5. Variance analysis of maximum thinning rate.
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	Source
	Quadratic Sum
	Degree of Freedom
	Average Variance
	F-Value
	p-Value





	Models
	521.08
	9
	57.9
	31.55
	<0.0001



	X1
	40
	1
	40
	21.8
	0.0009



	X2
	260.1
	1
	260.1
	141.74
	<0.0001



	X3
	42.02
	1
	42.02
	22.9
	0.0007



	X1X2
	14.31
	1
	14.31
	7.8
	0.019



	X1X3
	0.0313
	1
	0.0313
	0.017
	0.8988



	X2X3
	15.4
	1
	15.4
	8.39
	0.0159



	    X 1 2    
	12.77
	1
	12.77
	6.96
	0.0248



	    X 2 2    
	47.26
	1
	47.26
	25.75
	0.0005



	    X 3 2    
	29.87
	1
	29.87
	16.28
	0.0024










 





Table 6. Variance analysis of welding spot force.






Table 6. Variance analysis of welding spot force.





	Source
	Quadratic Sum
	Degree of Freedom
	Average Variance
	F-Value
	p-Value





	Models
	454,600
	9
	50,511.31
	24
	<0.0001



	X1
	87,796.9
	1
	87,796.9
	41.72
	<0.0001



	X2
	69,388.9
	1
	69,388.9
	32.97
	0.0002



	X3
	123,900
	1
	123,900
	58.86
	<0.0001



	X1X2
	15,138
	1
	15,138
	7.19
	0.023



	X1X3
	6844.5
	1
	6844.5
	3.25
	0.1015



	X2X3
	882
	1
	882
	0.4191
	0.532



	    X 1 2    
	1602.05
	1
	1602.05
	0.7612
	0.4034



	    X 2 2    
	15,003.55
	1
	15,003.55
	7.13
	0.0235



	    X 3 2    
	50,017.55
	1
	50,017.55
	23.76
	0.0006










 





Table 7. Accuracy analysis of maximum thinning rate and welding spot force response surface model.






Table 7. Accuracy analysis of maximum thinning rate and welding spot force response surface model.





	Model
	Correlation Coefficient R2
	Revised Correlation Coefficient Radj2





	Y1
	0.9660
	0.9354



	Y2
	0.9558
	0.9159
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