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Abstract

:

The Forming Limit Stress Diagram (FLSD) can accurately describe the forming process of high-strength steel. However, obtaining FLSD is relatively difficult. In order to predict fracture in advanced high-strength dual-phase (DP) steels, limit maximum and limit minimum principal strains of sheet were obtained through multiple sets of test and simulation. Two material parameters, strength coefficient K and hardening exponent n are introduced into the FLSD function which is established by the strain-stress transformation function. The function shows that the k-value determines the value of the maximum principal stress, while the n-value affects the curvature of the curve. Verification of correctness by testing and simulation to within 10% accuracy. This paper explores a new approach to FLSD research based on material properties, which can expand the application scope of FLSD.
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1. Introduction


As excellent automotive lightweight material, Advanced high-strength steels (AHSS), especially advanced high-strength dual-phase (DP) steels are widely used in body structures with high-strength requirements. Usually, as with other metallic materials, the formability of AHSS sheet is assessed by forming limit stress diagram (FLD). FLD is represented by a curve in the principal strain coordinate system, which divides the state space of the two principal strains (all stress states from uniaxial tension to biaxial tension) in the sheet into two regions: a safety zone and a fracture zone.



However, although widely used, the current FLD is unsatisfactory to describe AHSS forming. Due to the local plastic deformation of the edge, the property of the AHSS sheet processed by the shear process has changed significantly. Their uneven hardening phenomenon of the shear edge area is more prominent, which greatly improves the probability of edge cracking of the material in the subsequent forming process. Wang K et al. [1] found that when the pre-strain is larger than the the limit strain which can be obtained under linear path, the FLD will become very unstable due to the path influence. Another typical problem that occurs during stamping of AHSS is the shear fracture [2,3]. Fu Q T et al. [4] investigated the strength coefficient K, hardening index n, and stress triaxiality associated with this shear fracture.



In order to avoid the springback in the forming process and improve the size precision of forming, the smaller bending radius is employed in designing of the mold, meanwhile increase the blank holder force during the forming as much as possible without creating fractures. With the decrease of the bending angle of the mold, part of the material close to the bending angle of the mold is easy to produce a shear fracture. There is no significant necking and almost no thinning at the shear fracture. Both of these phenomena are hard to predict in FLD. Numerous studies have found that FLD has disadvantages of strain-path dependent, which makes this method become ineffective in the analysis of complex forming process [5]. This feature makes it impossible to apply FLD to guide production in many cases.



It is necessary to develop a stress-based forming limit criterion independent of path in AHSS forming analysis. Kleemola H J and Pelkkikangas MT [6] first found that the limit strain is only determined by the stress state, and the stress value of its instability point is independent of the strain path. Therefore, they drew a curve with limit stress as the forming criterion, and analyzed alloy steel and other materials through the established curve. Forming Limit Stress Curve (FLSC), also known as Forming Limit Stress Diagram (FLSD) is one of stress-based, strain-path independent limiting criteria which can replace the FLD [7]. Arrieux R [8] calculates the axial and non-axial FLD of anisotropic materials through different strain paths and converts it to FLSD through flow rules. Analysis shows that FLSD can more effectively predict the necking start time than the traditional FLD. It is worth noting that a study by Sojodi S et al. [9] demonstrated that the FLSD is also affected by loading paths when the pre-strain increases to the level of the equivalent plastic strain under plane strain state. At present, the mechanism of FLSD formation is not fully understood and needs to be studied. Vadavadagi B H et al. [10] determined FLD and FLSD of IF and DQ steel sheets and found that higher hardening index n and plastic strain ratio r increase forming limit strains and stress.



It is difficult to obtain FLSD directly through testing. In existing studies, FLSD can be obtained by converting strain into stress according to the function, alternatively, directly in numerical simulation analysis. Huang T et al. [11] used GTN damage model parameters obtained by finite element reverse calibration to build simulation models to plot FLD and FLSD which was in good agreement with the experimental results. Yuan S et al. [12] transformed the experimentally obtained limit strain into limit stress by Hill’48 yield criterion and plotted the FLSD of low temperature alloy sheet.



So far, research on FLSD parameters of various metal materials is insufficient, which makes FLSD difficult to be used in engineering. Most previous studies in the field of FLSD have focused on a single steel grade, lacking a holistic analysis of a series of steel grades. The establishment of FLSD for DP steel of different grades can improve its application scope, meanwhile, it is helpful to optimize the simulation accuracy of stamping simulation.



Nakazima dome test is a common method for determining FLD. In this paper, Nakazima tests are carried out on four kinds of DP steel, DP590, DP780, DP980 and DP1180. The forming process of four kinds of DP steel was simulated and analyzed by using the user material subprogram of Abaqus Explicit. The FLD of DP steel was obtained by processing the maximum and minimum principal strain data obtained from test and simulation. According to the stress-strain transformation equation, the FLSC functions of four DP steels are obtained. The relationship between material properties and FLSD was analyzed. Finally, the simulation results are compared with the test results to verify the accuracy of FLSD as the fracture criterion.




2. The Transformation Theory of Stress-Strain


2.1. M-K Theoretical Model


The M-K theory proposed by Marciniak Z and Kuczyński K [13] is the most widely used theoretical model for predicting the limit of sheet forming in engineering in recent years.



Hussein T et al. [14] confirmed that for DP steels, The M-K approach shows the better capability to predict the formability by various loading conditions. In this paper, M-K theory is selected to describe the fracture behavior caused by sheet thickness inhomogeneity. M-K theoretical model is shown in the Figure 1. The contents of M-K theory are as following:



The M-K theory considers the thickness of the sheet metal to be inhomogeneous and that this inhomogeneity is amplified during stretching until fracture. The theory uses a model of a sheet with a groove to carry out the study of a sheet subjected to biaxial stretching. Where zone A is the uniform deformation zone, zone B is the groove zone, and    σ 1   ,    σ 2    are the maximum and minimum principal stresses in Figure 1.



This theory was based on some assumptions:




	(1)

	
Plastic deformation of the sheet due to biaxial tensile stress, but the volume remains unchanged.











  d  ε 1  + d  ε 2  + d  ε 3  = 0  



(1)




where   d  ε 1   ,   d  ε 2   ,   d  ε 3    are the plastic strains of the sheet in three directions.



	(2)

	
The second principal strain increment in zone A and zone B are equal.









  d  ε   2 A    = d  ε   2 B    = d  ε 2   



(2)




where   d  ε   2 A     ,   d  ε   2 B      are second principal strain increment in zone A and zone B.



	(3)

	
The forces in zone A and zone B in the 1st principal direction are in balance









   σ  1 A    t A  =  σ  1 B    t B   



(3)




where    σ  1 A    ,    σ  1 B     are the first principal stresses of zone A and zone B;    t A   ,    t B    are the thickness of zone A and zone B.



	(4)

	
When simple loading is applied to Zone A, each principal stress and principal strain increase in proportion, and the ratio is constant:









   {        d  σ  1 A      σ  1 A     =   d  σ  2 A      σ  2 A     =   d  σ  3 A      σ  3 A     =   d  σ  t A      σ  t A             d  ε  1 A      ε  1 A     =   d  ε  2 A      ε  2 A     =   d  ε  3 A      ε  3 A     =   d  ε  t A      ε  t A            



(4)




where   d  σ x   ,   d  ε x    are the incremental principal stress and incremental principal stain,    σ x   ,    ε x    are the principal stress and principal stain.



Combining M-K theory with material constitutive model and corresponding yield criterion, the maximum and minimum limit principal strains    ε 1    and    ε 2    can be obtained by iterative calculation, and the sheet FLD can be obtained.




2.2. Obtaining Stress State


The limit stress value of metal sheet is difficult to measure in the production. Based on the relationship between stress and strain, the transition from FLD to FLSD can be realized. Panich [15] compared the FLSD of 980 steel calculated from different yield criteria and found that the FLSD data obtained differed significantly according to the different yield criteria. Although the FLSD derived from different theories is not unique, the established FLSD failure criterion will be close to the original FLD results, as long as the same plasticity theory and yield criteria as the FLD calculation model are used in the numerical simulation.



The stress-strain equations in this paper are in the plane-stress (   σ 3  = 0  ) conditions,    σ 1   ,    σ 2    are the maximum and minimum principal stresses.



According to the literature [16,17], the transformation relationship from strain state to stress state is shown in the Equations (5) and (6):


   σ 1  =    σ ¯   [   ε ¯   (   ε  1 i   ,  ε  2 i    )  +  ε ¯   (   ε  1 j   −  ε  1 i   ,  ε  2 j   −  ε  2 i    )   ]    ξ  {  α  [   (   ε  2 j   −  ε  2 i    )  /  (   ε  1 j   −  ε  1 i    )   ]   }     



(5)






   σ 2  = α  (     ε  2 j   −  ε  2 i      ε  1 j   −  ε  1 i      )   σ 1   



(6)




where    ε  1 i     and    ε  2 i     are the pre strains in two directions,    ε  1 j     and    ε  2 j     are the final strains in two directions, and    σ ¯   (   ε ¯   )    is the hardening function,    ε ¯  ( ε )   is effective strain function,   α  (     ε 2     ε 1     )    is the transformation function from      ε 2     ε 1      to      σ 2     σ 1     ,   ξ ( α )   is a function of material parameters.



In this paper, the Swift hardening law Equation (7) is used to fit the stress-strain curve of DP steel with uniform elongation.


  σ = K   (  ε 0  +    ε ¯   p  )  n   



(7)




where  σ  is stress, K is the strength coefficient, n is the hardening exponent,    ε 0    is prestrain,      ε ¯   p    is plastic strain.



Based on the non preload test conducted in this study, there is no pre strain. Equations (5) and (6) are transformed into Equations (8) and (9).


   σ 1  =    σ ¯   [   ε ¯   (   ε 1  ,    ε 2   )   ]    ξ  {  α  [   (   ε 2  /  ε 1   )   ]   }     



(8)






   σ 2  = α  (     ε 2     ε 1     )   σ 1   



(9)







By different yield criteria, the FLSD obtained is also different. In this paper, based on the Hill’48 yield criteria selected and the Material properties of the four kinds of sheets, the FLSD data are converted. The equivalent stress    σ ¯    is solved by the function of the stress    σ 1    and    σ 2   .


   σ ¯  =    σ 1 2  +  σ 2 2  −   2 r   1 + r    σ 1   σ 2     



(10)







The equivalent strain    ε ¯    is


   ε ¯  =   1 + r     1 + 2 r        ε 1 2  +  ε 2 2  +   2 r   1 + r    ε 1   ε 2     



(11)






   α =    σ 2     σ 1      ,   β =    ε 2     ε 1      



(12)







The proportionality coefficient of equivalent strain to maximum principal stress is


  ξ =   1 +  α 2  −   2 r   1 + r   α    



(13)







The relationship between  α  and  β  can be defined by


  α =    (  1 + r  )  β + r   1 + r + r β    



(14)







The plastic strain ratio r, is the ratio of the true width strain to the true thickness strain at a particular value of length strain.


  r =    ε b     ε t     



(15)




where    ε t    is the true thickness strain,    ε b    is the true width strain.



The r-value is provided by the cooperating company, as shown in Table 1.



The stress-strain transformation relationship can be solved by combining the above functions. The schematic diagram of the transformation process is shown in Figure 2.





3. Experimental Procedure


3.1. Experimental Design


The material used in this paper was DP590, DP780, DP980, and DP1180 sheets with a nominal thickness of 1 mm. The microstructure of DP steel mainly consists of two phases: ferrite and martensite. The composition of these four steels was provided by the producer, Shanghai Baosteel Group, and is shown in Table 2. The mechanical properties of the four steels were obtained after metal tensile test, as shown in Table 3, where E is the modulus of elasticity, ν is Poisson’s ratio, K is strength coefficient and n is the hardening exponent.



Plotting FLD requires obtaining the maximum and minimum principal strain data of the sheet, which can be obtained by Nakazima dome tests on specimens of different sizes [18]. In this paper, experiments are designed with reference to GB/T 15825.8-2008, Sheet metal formability and test methods—Part 8: Guidelines for the determination of forming-limit diagrams. The Nakazima test in this paper was carried out using a YZ32-160S hydraulic press by Zibo Aoheng Hydraulic Machinery Co. (Zibo, China). The Stamping test machine is mainly composed of blank, punch, die and blank holder. The structural principle is shown in Figure 3. During the Nakazima dome test, the blank holder moves downwards to provide sufficient pressure to secure the sheet, and then the punch moves upwards to cause deformation of the sheet until the sheet fractures.



In order to obtain FLD data of DP steel of different grades, three groups of specimens with full length of 200 mm and width varies were designed (Figure 4). The specific dimensions of specimens are shown in Table 4.



Before the Nakazima test, in order to measure the strain of specimens, an electronic marking machine was used to etch an array composed of 1 mm circular grids on each specimen through electrochemical methods (Figure 5). The maximum and minimum principal strains were calculated from the deformation variables of the grid before and after the test. Assume that the circular grid is elliptical after distortion, and the maximum axis is recorded as d1 and the minimum axis as d2, and the d1 and d2 are approximately regarded as two principal strain directions on a point in the surface of the specimen sheet. The diagram of grid circle distortion is shown in Figure 6. After the test, the process stress and strain data and the real stress and strain data are calculated according to Equations (16) and (17).


   {     e 1  =    d 1  −  d 0     d 0    × 100      e 2  =    d 2  −  d 0     d 0    × 100      



(16)






   {     ε 1  = ln    d 1     d 0    = ln ( 1 +  e 1  )      ε 2  = ln    d 2     d 0    = ln ( 1 +  e 2  )      



(17)








3.2. Experimental Results and Discussion


Specimens after the Nakazima test are shown in Figure 7. By observing the fracture specimens in Figure 7, it is found that the places where the fracture surfaces of specimens of different sizes occur are roughly the same. As the tensile and yield strengths of the steel increase, greater blank holder force is required to compress the sheets. The blank holder force increases from about 100 kN for DP590 to about 300 kN for DP1180, while reducing the forming depth and causing earlier failure. Therefore, steel sheet with high tensile strength and yield strength is difficult to be stamped and forming. The fracture surfaces of specimens of most sizes produce arc fracture tracks near the center of the specimen.



The grid distortion of failure critical area is measured and the data are processed to obtain the maximum and minimum principal strains of each grid. Limit strain data after processing is shown in Figure 8. It is found from the limit strain data of nakazima test that the value of the limit principal strain of sheet forming increases with the increase of the sheet strength, and the value range of the minimum principal strain also expands with the increase of the sheet strength. The trend of the FLC on the left and right sides of the four DP steel is the same, showing a decreasing trend in the left branch as a whole, and an increasing trend in the right branch.




3.3. FLD of DP Steel Sheets


Strain data of the FLD from the Nakazima test are not enough to draw an accurate FLC. In order to obtain more strain data, the finite element model of Nakazima test was established in Abaqus. The fracture failure maximum principal strain of some specimens is obtained through simulation to enrich the test data. The accuracy of the simulation model is verified by comparing with fracture results of the Nakazima test.



Similar to actual experiments, the simulation model is also composed of blank, punch, die and blank holder. The blank is a deformable shell, and other parts are set as rigids. The thickness of blank is set to 1 mm. After mesh size analysis, 2 mm size mesh can save the calculation time and ensure the accuracy of the calculation, the analysis result is shown in the Figure 9. The mesh size of the sheet is 2.0 × 2.0 mm and mass scaling factor was set to 20 so as to reduce the total simulation time. The element type of the blank is S4R.



The simulation uses a user subroutine of Abaqus, VUMAT. VUMAT is used to define the constitutive model of materials which is written in fortran. When the subroutine is called, it is provided with state at the start of the increment (stress, solution-dependent state variables) of blocks of material points. The simulation program applies the Hill (1948) orthotropic yield criterion and Swift hardening law Equation (7) for the calculation.



The Hill (1948) orthotropic yield condition reads


   σ ¯  =   F    (   σ  22   −  σ  33    )   2  + G    (   σ  33   −  σ  11    )   2  + H    (   σ  33   −  σ  11    )   2  + 2 L  σ  23  2  + 2 M  σ  31  2  + 2 N  σ  12  2     



(18)




where   σ ¯   is the Hill (1948) equivalent stress,    σ x    represents the component of the Cauchy stress tensor, the six constants, F, G, H, L, M, N are anisotropic parameters.



Anisotropy parameters of DP steel sheet in Hill’48 anisotropy yield criterion selected in this paper are calculated by the plastic strain ratio r in the previous paper, and their relationship is shown in Equation (19). L, M, and N are difficult to distinguish, and it is generally considered that L = M = N. Anisotropic parameters of these four steels is shown in Table 5.


  F =    r 0     r  90    (   r 0  + 1  )    ,           G =  1   r 0  + 1   ,           H =    r 0     r 0  + 1   ,           N =    (   r 0  +  r  90    )   (  1 + 2  r  45    )    2  r  90   ( 1 +  r 0  )    



(19)







Establishing contact and friction on the surfaces of the rigids and the deformable shell, and the friction coefficient of the whole model is set to 0.15. Limit all degrees of freedom of the die during the simulation. The first step compresses the blank downwards with the blank holder, and the second step deforms the blank with the punch upwards. The finite element model of the Nakazima test is illustrated in Figure 10.



The bulge fracture simulation was carried out for DP590, DP780, DP980 and DP1180 respectively, and the strain nephograms at the fracture time were obtained. The simulated strain nephograms of some sheets are shown in Figure 11. At the same time, the maximum and minimum limit principal strain data of the bulge specimens of different sizes are recorded and sorted out.



After obtaining the limit strain data and FLD0 points of each sheet, binary linear fitting is carried out. The expression after fitting is shown in Equation (20), and the goodness of fit is 0.968. Combine the test data points with the simulation data points to form FLD, as shown in Figure 12. The lowest point of the diagram is obtained based on Equation (20). Curves on both sides of the lowest point are fitted based on Equation (21).


  F L  D 0   = 1   . 656  ∗ n + 0.032 ∗ t − 0.025  



(20)




where n is the hardening exponent, t representing the thickness of the steel sheet (only steel sheets with thickness less than 3 mm are considered in this paper).


   ε 1  = F L  D 0  +  ε 2  ( n  d 1  ∗  ε 2  +  d 2  )  



(21)




where n is the hardening exponent, d1 and d2 are parameters to be fitted. Their fitted values are shown in Table 6.




3.4. Forming Limit Stress Diagram


The limit stress data of DP590, DP780, DP980 and DP1180 are determined by combining the conversion function with the performance parameters of the four kinds of sheets. To fit the FLSD formula, the FLSD fitting curves of DP590, DP780, DP980 and DP1180 are established, and the limit stress data points are processed. Observe the curves in the Figure 13, the trend is relatively gentle compared with FLD. The limit principal stress ranking between each type of DP steel is consistent with the strength ranking of the steel. The curves are obtained by multiple linear regression fitting in combination with the performance parameters of the sheets, the coefficient of the quadratic term of curves is related to the hardening exponent n. as shown in Equation (22). The expression established after fitting is as follows:


   σ 1  = ( 0.02  n 2  − 7 ×   10   − 4   n − 3.3 ×   10   − 4   )  σ 2 2  +  (  0.633 − 4.38 n  )   σ 2  + 0.72 K + 327  



(22)




where    σ 1   ,    σ 2    are the maximum and minimum limit principal stresses, K is the strength coefficient, and n is the hardening exponent.



Due to fluctuations in the stress data obtained through experiments, there are inevitable errors in the fitting formula. The RMSE (root mean squared error) is a standard for intuitively testing the accuracy of regression equations.


  R M S E =    1 N    ∑  i = 1  n      (   Y i  − f  (   x i   )   )   2       



(23)




where n is number of items,    Y i    is original or observed value,   f  (   x i   )    is value from fitting formula.



The RMSE calculated from the FLSD of DP590, DP780, DP980 and DP1180 are 6.64, 10.50, 11.70, 12.91. This means that the fitting formula in this study needs to consider the existence of small errors when applied.



According to the expression observation curve and the strain hardening function, when solving the equivalent stress    σ ¯   , its value is exponentially related to the strength coefficient K and hardening exponent n. Therefore, the limit stress value in the FLSD curve increases with the increase of K and n. The K and the strength of the sheet have the same trend of change in the performance, while the n decreases with the increase of the strength of the sheet. The function shows that the k-value determines the value of the maximum principal stress, while the n-value affects the curvature of the curve. It can be seen from the Figure 13 that the limit stress value of DP1180 sheet is greater than that of DP590, so the limit stress value in the sheet generally increases with the increase of sheet strength, and the influence of strength coefficient K on FLSD is greater than that of hardening exponent n.





4. Application


4.1. Nakazima Test Simulation


The FLSD fitting formulas obtained in the previous chapter can guide sheet metal forming by computer simulation. The settings of the simulation process are basically the same as above. FLSD can be conveniently applied to form a simulation as a fracture criterion by using VUMAT subprogram in Abaqus. The simulation model uses shell elements, which define two principal stresses in the plane direction and the principal stresses in the normal direction is zero. Call the two principal stresses of the shell element through the vumat subroutine, and divide the two principal stresses into the maximum principal stress and the minimum principal stress based on their magnitude relationship. Once the numerical relationship between the maximum principal stress and the minimum principal stress of a element exceeds the limit value determined by the FLSD function, the element will be deleted to simulate failure.



Taking the bulging test of specimens with a width of 60 as an example, Figure 14 shows the test results and Figure 15 shows the simulation results. The first diagram of each simulation test shows the maximum principal stress distribution at the moment before fracture, while the second shows the principal stress distribution at the moment of fracture. A comparison of test and simulation fracture depth is shown in the Table 7.



Using FLSD as the failure criterion for the simulation model of the Nakazima dome test, the calculation results are basically consistent with the FLD and also consistent with the experimental results, which proves the reliability of FLSD as a fracture criterion.




4.2. Box Forming Test


In order to verify the fitted forming limit curve, the box forming test was carried out by YZ32-160S hydraulic press. The test equipment was roughly the same as the bulging tests. Punch and blank holder are replaced with box die. In order to study the effect of different fillet on the forming effect, a box die with four sizes of fillet was experimentally designed. The size of box die with unequal fillet is shown in Figure 16. The rectangular sheet of DP590, DP780, DP980, and DP1180 were tested by the press with the size of 190 mm in length and 180 mm in width. A simulation model was designed based on the mold size the simulation model is shown in Figure 17. Simulating the forming process of the box forming experiment, and the limit stress value is obtained. FLSD damage data is imported into Abaqus, and the accuracy of FLSD data of each sheet is verified by outputting the maximum principal stress through damage evolution settings.



The test and simulation results of the box forming and the simulated principal stress values are shown in Figure 18. By observing the FLSD simulation results of the four types of sheet DP590, DP780, DP980 and DP1180, and comparing maximum and minimum principal stress values obtained from the stamping forming test and simulation of each type of sheet box, it is found that the maximum principal stress gap of the four types of sheet is large and the minimum principal stress gap is small. Maximum principal stress of DP590 is kept around 1000 MPa; the maximum principal stress simulation value of DP780 is about 1100 MPa; the maximum principal stress of DP980 fluctuates around at 1200 MPa; the maximum principal stress of DP1180 reaches 1300 MPa. The maximum principal stress and the minimum principal stress values of the four kinds of DP steel sheet show an increasing trend, but the growth range of the minimum principal stress is small with the increase of the sheet strength. The comparison of box forming test and simulated stamping depth is shown in the Table 8.



Through comparative test and simulation, the stamping depth value and test error of the simulation model are less than 10% when the blank holder force value is the same, which effectively shows that the FLSD values of sheets are consistent with the established FLSD data, and proves the accuracy of the established FLSD.





5. Conclusions


In this paper, the Nakazima test of DP590, DP780, DP980 and DP1180 is designed, and the required forming limit data points of four materials are obtained. The numerical simulation of Nakazima test is carried out to improve the accuracy of FLD fitting. Finally, the FLD and its unified expression of four kinds of dual phase steel sheets are established. Based on the stress-strain relationship of M-K theory, the conversion between FLD and FLSD is realized, and the FLSD of four kinds of dual phase steel sheets is established. By studying the correlation with the sheet property parameters, the unified FLSD expression of four kinds of dual phase steel sheets is established. The main conclusions of this research are:




	(1)

	
The limit stress data of the four kinds of DP steel (DP590, DP780, DP980, DP1180) were obtained and FLSD was plotted through the Nakazima dome test and simulation. The differences in limit stresses of the four steels and the effect of such differences on forming were compared. It was verified by numerical simulation that the FLSD obtained in this paper is within 10% error from experiment and can be used as a fracture criterion to accurately simulate the fracture of DP steel sheets.




	(2)

	
The influence strength coefficient K and hardening exponent n of DP steel of FLSD function is analyzed, and these parameters are introduced into the FLSD function. The K and the strength of the sheet have the same trend of change in the performance, while the n decreases with the increase of the strength of the sheet. The function shows that the k-value determines the value of the maximum principal stress, while the n-value affects the curvature of the curve. A high fitting FLSD calculation method is obtained. The FLSD function proposed in this paper can be extended to the fracture calculation of DP steel with other strength grade, reducing the difficulty of FLSD application.
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Figure 1. Model of the M-K theory. 
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Figure 2. The conversion process of FLSD. 
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Figure 3. Schematics of the Nakazima test. 
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Figure 4. Dimensional drawing of the specimen. 
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Figure 5. Multiple sizes of specimens. 
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Figure 6. Mesh distortion circle. 
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Figure 7. Fracture specimens of Nakazima test. (a) Specimens of different sizes; (b) Specimens of different materials. 
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Figure 8. Nakazima test data. 






Figure 8. Nakazima test data.



[image: Materials 16 04543 g008]







[image: Materials 16 04543 g009 550] 





Figure 9. Mesh size analysis results. 
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Figure 10. Nakazima test simulation model diagram. 
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Figure 11. Simulated strain nephogram of Nakazima test of some sheets. (a) W1 = 40 mm; (b) W1 = 60 mm; (c) W1 = 80 mm; (d) W1 = 100 mm. 
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Figure 12. Forming limit diagram after fitting. 
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Figure 13. FLSD of four dual-phase steel materials. 
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Figure 14. Nakazima test of specimens with a width of 60. 
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Figure 15. Comparison of FLSD and FLD simulation experiments, (a) FLD simulation test of DP590; (b) FLSD simulation test of DP590; (c) FLD simulation test of DP780; (d) FLSD simulation test of DP780; (e) FLD simulation test of DP980; (f) FLSD simulation test of DP980; (g) FLD simulation test of DP1180; (h) FLSD simulation test of DP1180. 
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Figure 16. Box mold size. 
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Figure 17. Box forming model. 
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Figure 18. Principal stress distribution at the moment of fracture (a) DP590; (b) DP780; (c) DP980; (d) DP1180. 
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Table 1. R-values for the four DP steels.
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	Steel
	r0
	r45
	r90
	    r ¯    





	DP590
	0.80
	0.87
	1.01
	0.89



	DP780
	0.79
	0.84
	0.79
	0.82



	DP980
	0.75
	0.80
	0.87
	0.83



	DP1180
	0.82
	0.95
	0.98
	0.93
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Table 2. Sheet element composition and mass fraction%.
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	Steel
	C%
	Si%
	Mn%
	P%
	S%
	Al%





	DP590
	0.08
	0.46
	1.75
	0.014
	0.004
	0.032



	DP780
	0.1
	0.16
	2.02
	0.008
	0.003
	0.039



	DP980
	0.179
	1.714
	2.25
	0.01
	0
	0.029



	DP1180
	0.118
	0.23
	2.48
	0.008
	0.001
	0.031
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Table 3. Material properties.
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	Steel
	E (MPa)
	ν
	K (MPa)
	n





	DP590
	201,000
	0.28
	980
	0.179



	DP780
	215,000
	0.29
	1000
	0.11



	DP980
	216,000
	0.29
	1180
	0.08



	DP1180
	218,000
	0.29
	1300
	0.06
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Table 4. Dimension of Nakazima test specimen.
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Length

	
Specimen




	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8

	
9






	
L

	
180

	
180

	
180

	
180

	
180

	
180

	
180

	
180

	
180




	
L1

	
40

	
40

	
40

	
40

	
40

	
-

	
-

	
-

	
-




	
L2

	
20

	
20

	
20

	
20

	
20

	
-

	
-

	
-

	
-




	
W1

	
40

	
60

	
80

	
100

	
120

	
120

	
120

	
160

	
180




	
W2

	
30

	
50

	
70

	
90

	
110

	
120

	
140

	
160

	
180




	
W3

	
20

	
40

	
60

	
80

	
100

	
120

	
140

	
160

	
180
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Table 5. Hill’s constants of steel sheets.
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	Steel
	F
	G
	H
	L
	M
	N





	DP590
	0.44
	0.56
	0.45
	1.36
	1.36
	1.36



	DP780
	0.56
	0.56
	0.44
	1.5
	1.5
	1.5



	DP980
	0.49
	0.57
	0.43
	1.38
	1.38
	1.38



	DP1180
	0.46
	0.55
	0.45
	1.46
	1.46
	1.46
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Table 6. FLD fitting expression parameters.






Table 6. FLD fitting expression parameters.





	
Steel

	
n

	
d1

	
d2

	
R2




	
Left Branch

	
Right Branch

	
Left Branch

	
Right Branch






	
DP590

	
0.179

	
4.0118

	
−6.9519

	
−1.3138

	
0.7920

	
0.960




	
DP780

	
0.11

	
−35.4332

	
−3.7913

	
−1.7413

	
0.6830

	
0.965




	
DP980

	
0.08

	
−51.1232

	
−6.5013

	
−2.0413

	
0.9198

	
0.986




	
DP1180

	
0.06

	
−45.2388

	
−23.2488

	
−1.4858

	
0.8418

	
0.968
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Table 7. Comparison of test and simulation fracture depth.
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	Steel
	FLSD (mm)
	FLD (mm)
	Test (mm)





	DP590
	27.8
	27.2
	26



	DP780
	22.5
	22.1
	21



	DP980
	16.4
	16.1
	15



	DP1180
	14.1
	13.6
	13
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Table 8. Comparison of box forming test and simulated stamping depth.






Table 8. Comparison of box forming test and simulated stamping depth.





	Steel
	FLSD (mm)
	Test (mm)
	Difference





	DP590
	27.6
	29
	5%



	DP780
	25.4
	26
	2.3%



	DP980
	21.2
	23
	7.8%



	DP1180
	19.4
	21
	7.6%
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
Q |






media/file39.jpg





media/file43.png
S, Max. In-Plane Principal

SNEG, (fraction=-1.0)

(Avg: 75%)
+1.061e+03
+9.097e+02
+7.583e+02
+6.068¢+02
+4.554e+02

- +3.040e+02
+1.525e+02
+1.062e+00
-1.504e+02
-3.018e+02
-4.533e+02
-6.047¢+02
-7.562e+02

(a)






media/file18.png
>200

u Stress (MPa) = Time (min)

160

120

80

40

Mesh size (mm)





media/file21.jpg
(b)





media/file44.png
S, Max. In-Plane Principal
SNEG, (fraction = -1.0)
(Avg: 75%)

+1.199¢+03

~
+1.946e+02
- +2.713e+01
-1.403e+02
-3.078e+02
-4.753e+02

-6.427e+02
-8.102¢+02

(b)

S, Max. In-Plane Principal
SNEG, (fraction=-1.0)
(Avg: 75%)

+1.358e+03
+0.556¢+02
+7.546e+02
+5.536¢+02

-2.506e+02
-4.517e+02

-1.055¢+03

(©)

S, Max. In-Plane Principal
SNEG, (fraction=-1.0)
(Avg: 75%)
+1.482e+03
+1.263¢+03
+1.045e+03
+8.265e+02
+6.080¢t+02
+3.895e+02
- +1.710e+02

4.747e+01
-2.659e+02
-4.844¢+02
-7.029e+02
- -9.214e+02
-1.140e+03

(d)






media/file26.png
Maximum Strain |

0.6 -

U1+

—m— DP590
—e— DP780
—A— DP980

—v—DP1180

-0. 4

I

=0.2

0.0
Minimum Strain

0.2

0.4





media/file35.png
S, Max. In-Plane Principal
SNEG, (fraction = -1.0)
(Avg: 75%)

+1.020e+03
+8.682e+02
+7.159e+02
+5.637e+02
+4.114e+02
+2.592e+02
+1.069e+02

-5.021e+02
-6.544e+02
-8.066e+02

S, Max. In-Plane Principal
SNEG, (fraction = -1.0)
(Avg: 75%)

+1.057e+03
+9.033e+02
+7.497e+02
+5.962e+02
+4.426e+02
+2.891e+02
+1.355e+02

-1.806e+01

-7.858e+02

()

S, Max. In-Plane Principal
SNEG, (fraction = -1.0)
(Avg: 75%)

+9.811e+02
+8.317e+02
+6.823e+02
+5.329e+02
+3.835e+02
+2.342e+02
+8.476e+01

-6.462e+01
-2.140e+02

-6.622e+02
-8.116e+02

S, Max. In-Plane Principal
SNEG, (fraction = -1.0)
(Avg: 75%)

+9.842e+02
+8.379e+02
+6.916e+02
+5.453e+02
+3.990e+02
+2.527e+02
+1.064e+02

-3.994e+01
-1.863e+02

-6.252e+02
-7.715e+02

S, Max. In-Plane Principal
SNEG, (fraction = -1.0)
(Avg: 75%)

+1.218e+03
+1.034e+03
+8.505e+02
+6.669e+02
+4.833e+02
+2.997e+02
+1.162e+02

-4.346e+02
-6.181e+02
-8.017e+02
-9.853e+02

S, Max. In-Plane Principal
SNEG, (fraction = -1.0)
(Avg: 75%)

+1.194e+03
+1.013e+03

-9.858e+02

(e)





media/file7.jpg





media/file28.png
A
1400
b vY
1300
/¥ g7 Summm— 7 |
1200 4 4~ A
& 11004 m  DP590 test
> L ) W'y, .. e DP780 test
— - @ _ - -
© 1000 4 e LR RS- Ten Fu A DPI80 test
v DPI1180 test
- - - . DP590 fitting
900 ~ _.._...DP780 fitting
_____ DP980 fitting
800 — DP1180 fitting
700 B T . T ! T , T g T ¥ >
0 200 400 600 800 1000 1200

6,(MPa)





media/file10.png





media/file11.jpg





media/file6.png
];31ank\ W//&% 777777 A,/J\W
RSN \\\\\

|
;Puh
|





media/file36.png
S, Max. In-Plane Principal
SNEG, (fraction = -1.0)
(Avg: 75%)

+1.225e+03

S, Max. In-Plane Principal
SNEG, (fraction = -1.0)

-9.618e+02

S, Max. In-Plane Principal
SNEG, (fraction = -1.0)
0y

o
»
N
N
o
+
o
~

m
D b+ +++++
S e e o N a rmot U
3 PwbonNn
O \DU'H-‘G\I-‘O\\DO
@ DOO—WANY
b & +mmmmmmm
p.S Stt+t++++
o mrOO00000O0
NNNNNNWW

.175e+03

S, Max. In-Plane Principal
SNEG, (fraction = -1.0)
0

-1.132e+03

S, Max. In-Plane Principal
SNEG, (fraction = -1.0)
()

-1.110e+03

S, Max. In-Plane Principal
SNEG, (fraction = -1.0)
(Avg: 75%)

+
@
~
~
O
']
+
o
~

-7.965e+02
-9.826e+02






media/file15.jpg
Maximum Strain

[ 0.554
4 0. 50
y ©

.‘ 0.454

A
0425 A
MAVE B A‘
] a v | = DPs90
e DNS 4 © DP780
0.1 1 & 4 DP980
s v DP1180
0.054
T T T T T T
0.3 -0.2 -01 00 01 02 03

Minimum Strain





nav.xhtml


  materials-16-04543


  
    		
      materials-16-04543
    


  




  





media/file2.png
01






media/file24.png
LE, Max. In-Plane Principal
SNEG, (fraction = -1.0)
(Avg: 75%)
a—— 70e-

+4++++++++ o+
w H
N H
e ?

.
~
)
BN
Al
b
o
N

LE, Min. In-Plane Principal
SNEG, (fraction = -1.0)
(Avg: 75%)
o +1.116e-02
-1.484e-02

-4.085e-02

-3.009e-

LE, Max. In-Plane Principal
SNEG, (fraction = -1.0)

+++
HNO
noH
NON
~O o
%%

- -4.344e-03
-2.913e-02

LE, Min. In-Plane Principal
SNEG, (fraction = -1.0)
(Avg: 75%

g +6.020e-0

+

-

H
oaANT

?

o

NN

*
117

A—¥

ERssguEadW






media/file29.jpg
/96000000
00000000

DP 980






media/file1.jpg
02

01

02

o1

02





media/file12.png





media/file9.jpg





media/file22.jpg





media/file38.png





media/file17.jpg
160

120

80

40

=200

124.5

m Stress (MPa) = Time (min)

120

0.5

122 124
60
26 18
1 2

3

Mesh size (mm)

112

10





media/file30.png
DP 980






media/file27.jpg
m DP590 test
o DP780test
A DP9SO test
v DPIISO test
- - - .DP590 fitting
- DP780 fitting
— DPSO fitting
— DPLISO fitting

200 400 600 800
6,(MPa)

T >
1000 1200






media/file3.jpg
Ba






media/file42.jpg
oy

Dris






media/file19.jpg





media/file23.png
LE, Max. In-Plane Principal
SNEG, (fraction = -1.0)
(Avg: 75%)
mm- +4.082e-

-+
-

= +

i

RS
WWOHUANOOWN
wm
o
b

w
o
?

+
-2.910e-02

LE, Min. In-Plane Principal
SNEG, (fraction = -1.0)
(Avg: 75%)

mm- +7.138e-02

B +4,107e-02

- +1.076e-02

LE, Max. In-Plane Principal
SNEG, (fraction = -1.0)

5

LE, Min. In-Plane Principal
SNEG, (fraction = -1.0)
(Avg: 75%)
+5.117e-02
B 210302
-

'

o]

-

-

H

™
[






media/file40.png
\ %ﬁ






media/file33.jpg





media/file14.png





media/file41.jpg
.o i Plane Prinipal
n=-10)






media/file32.jpg





media/file37.jpg





media/file16.png
Maximum Strain .

o 0. 55
: 050
T
g¥ 0.45- | m .
O
® 9 .0*0_ Eg ®
- . .
: :)‘30— - °8 4
Ple1 ® A
YV 4 | % A
¢0] a v | ® DP590
v 1. vy ® DP780
0. 15 - I A DP980
G0 v DP1180
0. 05 -
I v I ' I ! 1 I ' 1
0.3 -0.2 0.1 0.0 01 0.2 0.3

Minimum Strain





media/file20.png





media/file5.jpg
%\/

Blank-holder






media/file31.jpg





media/file25.jpg
Maximum Strain

0.6

—A—DP980

—v—DP1180

-0.4

-0.2

0.0
Minimum Strain

0.2

0.4





media/file0.png





media/file8.png
L
—a | L2
\I.—" j [}
\!/—R%SXS‘j 1
_________ _l,."”_ -§.___§.
[ ! "
7 ' N\






media/file34.png
S, Max. Principal
SNEG, (fraction = -1.0)
(Avg: 75%)

+1.022e+03
+9.368e+02
+8.516e+02
+7.665e+02
+6.813e+02
+5.961e+02
+5.110e+02
+4.258e+02

+8.516e+01
+0.000e+00

S, Max. Principal
SNEG, (fraction = -1.0)
(Avg: 75%)

+1.057e+03
+9.688e+02
+8.807e+02
+7.926e+02
+7.045e+02
+6.165e+02
+5.284e+02

+8.807e+01
+0.000e+00

S, Max. Principal
SNEG, (fraction = -1.0)
(Ava: 75%)

+9.811e+02
+8.993e+02
+8.176e+02
+7.358e+02
+6.541e+02
+5.723e+02
+4.905e+02
+4.088e+02

S, Max. Principal
SNEG, (fraction = -1.0)
(Avg: 75%)

+1.067e+03
+9.782e+02
+8.892e+02
+8.003e+02
+7.114e+02
+6.225e+02
+5.335e+02
+4.446e+02






