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Abstract

:

The springback in the sheet metal forming process refers to the change of shape after the load removal. It is usually undesirable, causing problems in the subsequent forming operations, in the assembly and negatively affects the quality of the final product. Numerical prediction of the springback with the use of the numerical simulation is crucial for the reduction of forming tool try-outs, reducing manufacturing costs and increasing the accuracy of the stamped part. In this work, numerical simulation was used for the springback prediction of the hat-shaped part made of advanced high-strength dual-phase steel HCT600X+Z. These numerical predictions were performed with the use of various combinations of material models to try to improve the prediction results. Furthermore, this work includes the proposed springback reduction measure. The reduction of the springback was achieved by the tool design which includes a counterpunch. The springback analysis was carried out in the side view of the formed part; the springback prediction results were compared with the experimental values.
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1. Introduction


High-strength steels have been used in the automotive industry for over three decades. The use of these steels can reduce the weight of the car as well as increase passive safety. Reducing the car’s weight improves fuel economy, resulting in lower CO2 emissions. The main disadvantages of the high-strength steels compared to conventional drawing steels are worse formability and greater springback effect. The most common measure against the springback of the stamped parts is to design the forming tool in such a way that its geometry compensates for the springback.



The springback phenomenon involves small strains, similar in magnitude to other elastic deformation of metallic materials. As such, it was formerly considered a simple phenomenon relative to the large-strain deformation required for most of the forming operations. Nowadays, high precision is needed for the large strain plastic response that directly affects the stresses in the stamping body before the removal of external load. The unloading, while nominally linear elastic for most cases, departs from an ideal linear law [1,2,3].



Springback compensation by modifying tool geometry is difficult even for experienced tool makers. In practice, this springback compensation with the use of the “trial and error” method is still sometimes performed. It is possible to replace this method with finite element analysis (FEA), a numerical simulation that predicts the springback more accurately [4,5,6]. The finite element method (FEM) is a well-known tool for the prediction and analysis of sheet metal deformation [7,8]. The achieved results from forming simulations can be used to modify the geometry of the forming tool. Other solutions, regarding the springback reduction of the final stamped part, can include the design process to increase the rigidity of the stamping (reinforcing stampings with ribs) also suppressing, minimizing the springback effect, which can be achieved when drawing with a counter-pressure pad or using a variable blank holder force [5].



Therefore, research is mainly focused on the improvement of the springback prediction accuracy in the simulation software. There are four main categories of parameters which are crucial for the springback prediction in the numerical simulation. These categories include process, geometry, material and numerical parameters. The effects of material, process, geometry and numerical parameters on the springback prediction used in the numerical simulation are analyzed by numerous researchers.



Naofal et al. [9] studied the effects of hardening model and variation of elastic modulus on the springback prediction in roll forming. They observed a more accurate prediction of springback when the Yoshida–Uemori hardening model was used in the numerical simulation compared to isotropic hardening. Baara et al. [10] worked on the new constitutive hardening material model which can achieve more accurate springback predictions. The main objective of their work was to extend the Chord model to be able to reproduce the strain recovery point with non-zero residual stress, enabling a more accurate determination of springback. Tomáš et al. [11] conducted a numerical simulation of forming a box-shaped product to verify the experimental process results. They used Hill48, Hill90 yield functions in combination with Krupkowski and Hollomon hardening models. They found out that numerical simulation with Hill48 yield function in combination with Krupkowski hardening model showed minimal deviation from the experimental thickness results. Seo et al.’s [12] work was focused on the evaluation of the effects of constitutive equations on the springback prediction accuracy. They used two yield functions, Hill48 and Yld2000, in combination with the Yoshida–Uemori hardening model in the FEM simulation to predict the springback effect on the U-bend part and drawn T-shape part. Both parts were made of TRIP steel. They found out that it is essential to choose the right yield function to get an accurate prediction of springback. Mulidran et al.’s work was focused on the springback prediction of aluminum alloy car body stamping. The springback predictions were conducted with six yield functions (Barlat89, Barlat2000, Vegter-Lite, Hill90, Hill48 isotropic, and Hill48 orthotropic) combined with the Voce hardening model in numerical simulation. Springback analysis was carried out in three sections, and the numerical results were compared with the experimental values [13]. Thus, input material parameters are important for accurate forming and springback predictions.



The effect of the number of used integration elements in the sheet thickness on the springback prediction which is part of numerical parameters was studied by numerous authors. Li et al. [14] and Wagoner et al. [15] recommend using 25 to 51 elements to achieve 99% accuracy of the springback prediction compared to the actual state. Some authors, for example, Xu et al. [16] and Yao et al. [17], recommend seven to nine points. The type of integration scheme also impacts springback prediction results. Yetna et al.’s [18] work was focused on the explicit and implicit springback simulation with the use of fully coupled ductile damage and distortional hardening model. They found that the springback results achieved with the use of the explicit integration scheme were more accurate than the results achieved with the implicit integration scheme. From the above-mentioned evidence, it can be stated that numerical parameters also play a significant role in numerical predictions of springback.



Lawanwong et al. [19] proposed a novel technology called “double-action bending” to eliminate springback of the stamped part made of advanced high-strength steel. They used FE analysis to determine process and tool parameters before the experiment try-out. Slota et al. [20] performed a numerical and experimental study in which the impact of the process parameters on the springback was studied. They found that higher values of blankholder force in combination with greater friction coefficient decrease the amount of springback of the hat-shaped part. Cui et al. [21] proposed a new stamping method for forming the L-shaped part. They call this method an electromagnetic-assisted stamping (EMAS). They used a magnetic force to control the springback phenomenon. The results showed that as discharge voltage increases, the bent angle after springback decreases. Therefore, research related to the springback phenomenon which is oriented on process parameters can significantly help with the reduction or elimination of the springback which appears after the forming process.



In this research work, a FEM was used to predict the springback of the hat-shaped part made of dual-phase steel HCT600X+Z. Numerous structural parts used in car bodies made of high-strength steels have a hat-shaped profile. This type of profile is also very often used in the research of the springback phenomenon. The finite element analysis was conducted to investigate the impact of used yield functions and hardening models on the springback prediction accuracy in numerical predictions. In this work, two types of tool designs were used and their impact on the springback was evaluated. The novelty of this work is the detailed analysis of the influence of the tool with a counterpunch on the springback values.




2. Materials and Methods


2.1. Material


In the presented work, hot-dipped galvanized dual-phase steel HCT600X+Z with a thickness of 0.80 mm was used as the blank. This dual-phase steel is a versatile material for the automotive industry due to its improved formability, capacity to absorb crash energy, and ability to resist fatigue. It is well known, that microstructure has a significant impact on the mechanical properties and elasto-plastic behavior of materials [22]. The microstructure of the material also impacts hardening behavior. The microstructure of dual-phase steel is different from the common types of steels, e.g., low carbon mild steels. Every material has its own, specific elasto-plastic behavior [23] therefore the results from other studies cannot be applied for other types of materials. The chemical composition of the experimental material is shown in Table 1. Material properties were measured by the uniaxial tensile test. Mechanical properties and formability parameters are shown in Table 2. To obtain the required data for the FEM model, the specimens for the uniaxial tensile test were cut in three different orientations (0°, 45° and 90° to the rolling direction). Specimens for the uniaxial tensile test were produced according to the standard STN EN ISO 6892-1:2016 (Figure 1b). Properties of the material were measured according to the following standards: mechanical properties by STN EN ISO 6892-1:2016, the normal anisotropy ratio by STN EN ISO 10113:2006, and the strain hardening exponent by STN EN ISO 10275:2007. Tests were performed using the VEB TIW TIRAtest 2300 testing machine (TIRA Maschinenbau GmbH, Rauenstein, Germany) controlled by PC (Figure 1a).



Four specimens were measured and tested at 0°, 45° and 90° to the rolling direction to obtain the values of mechanical properties. The elongation was measured by the length extensometer (TIRA Maschinenbau GmbH, Rauenstein, Germany) and the width of the tested specimen was measured by width extensometer (TIRA Maschinenbau GmbH, Rauenstein, Germany). The precision level of both extensometers was ±0.001 mm. The strain hardening exponent was evaluated within an engineering strain of 5% to 15%. The plastic strain ratio was evaluated at the engineering strain of 15%.



The average values and planar anisotropy of the plastic strain ratio and the strain hardening exponent were calculated with the use of the following equations:
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2.2. Experimental Setup


To investigate possible process/design solutions for the reduction of the springback of the hat-shaped part forming tool was designed. The main innovative part of this tool is the counterpunch which is opposite to the punch. The experimental tool was designed in such a way that it could be used in the TIRAtest 2300 testing machine. Figure 2a shows a forming tool without the counterpunch in the open position, the tool with the counterpunch is showed in Figure 2b.



The dimensions of the experimental forming tool [mm] are depicted in Figure 3. The punch corner radius rp and die corner radius rd was the same and equal to 3 mm. Die clearance cd was 1 mm. The forming speed vf was set to 20 mm/min. Stamping depth s was determined to 17 mm. The maximum value of blankholder force Fbh at the end of stamping stroke was 5.8 kN and this force was applied by four springs. Two springs for each blankholder. The initial blankholder force value Fbh applied to the blank was 0.9 kN. When counterpunch was used in the forming process its maximum force value Fcp was 1.4 kN at the end of the stamping stroke. Force was applied by one spring situated in the bottom center of the counterpunch, 7 mm before the end of the stamping stroke. All of the experiments were performed under dry conditions without lubrication. The springback was investigated on the hat-shaped part. The work-piece, the blank was a rectangular shape with dimensions of 40 × 150 mm. To examine the final shape of the sheet metal part springback angles α [°] and β [°] defined in Figure 4a were measured. Where angle α was measured with the use of tangent line between points a (5 mm from the plane) and b (10 mm from the plane). Springback angles were measured on 8 samples for each type of forming process. One arm of the stamped part was clamped to the precision steel block with the magnet. Taken photographic record was then imported into AutoCAD software (AutoDesk Inc., San Francisco, CA, USA) and springback angles α and β were measured with the use of the software sketching tools. The ideal geometry and dimensions of this part [mm] are shown in Figure 4b.




2.3. Numerical Simulation


Numerical springback predictions were conducted in the AutoForm software, version R3 (AutoForm Engineering GmbH, Wilen, Switzerland). This software uses a special implicit method and adaptive meshing algorithms. The tool geometry is an important factor in the sheet metal forming. Therefore, it is also important to correctly model forming tools that are then used in the numerical simulations. The CAD (Computer Aided Design) models of the experimental tools were used in numerical simulations, as shown in Figure 5. After importing CAD models into the CAE (Computer Aided Engineering) environment, the tool surfaces needed for the simulation were meshed with triangular shell elements. The blank shape and dimensions were the same as in physical experiments. The steel sheet rolling direction (0°) was positioned in the longitudinal axis of the hat-shaped part and centered.



The accuracy of the numerical simulation was set to fine. With this setting, the software automatically generates mesh parameters for tool surfaces. Blank and tool surfaces consisted of triangular elements. The size of the blank shell element was user defined and set to 0.8 mm. Radius penetration was set to 0.16 and the number of integration points in the sheet metal thickness was set to 11, both of these parameters were set by the software. The maximum time step was set to 1.6 s and friction coefficient value was set to 0.30 by the user. The value of the friction coefficient is an important input parameter for the numerical simulation of deformation processes [24]. Its value is not only important in the forming processes, but it can be used for the energy absorption simulations of different types of structures [25,26].



Process parameters were the same as in the experiments. The forming speed vf was set to 20 mm/min and stamping stroke s was 17 mm according to experimental values. The blankholder force Fbh started at the 0.9 kN value (initial contact of blank with blank holder) and raised to 5.8 kN at the end of sheet metal forming simulation. When counterpunch was used in the forming simulation its maximum force value Fcp was 1.4 kN at the end of the stamping simulation. Counterpunch force was applied 7 mm before the end of the stamping stroke in simulation, same as in the physical experiment. All of the above mentioned process parameters were user defined.



The springback values α [°] and β [°] were measured directly in the AutoForm software. This software uses a special tool for springback investigation, which includes springback angle measurement. It compares deformed mesh before and after the springback computation.



2.3.1. Yield Surface


One of the most important criteria in the sheet metal forming simulation is yield surface, also known as yield locus [10]. The yield surface describes the material transition from the elastic state to the plastic state. The relationship between stress components at the moment of yielding due to the multiaxial stress state during sheet metal forming is also expressed by yield surface. Therefore, the yield point obtained from the uniaxial tensile test is not sufficient to describe the yield surface [27]. In this work two yield criteria, Hill yield criterion and Barlat yield criterion were used to study the impact of yield surface model on the springback prediction (Figure 6). The anisotropy parameters for both yield criteria used in the simulation are defined in Table 3. The exponent value related to the crystallographic structure M = 6 was user defined based on the BCC (body-centered cubic) crystal system of the material.



Hill yield criterion was introduced in 1948 [28,29]. Hill proposed an anisotropic yield criterion which includes three orthogonal symmetry planes, which is described by the following quadratic function:
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where σxx, σyy, and σzz are stresses in the RD (x), TD (y), and thickness (z) directions, respectively; σxy, σyz, and σzx are the shear stresses in xy, yz, and zx directions. Parameters F, G, H, and N are material parameters that describe the anisotropy of the material. If F = G = H = 1 and N = 3, the Hill48 function is reduced to the von Mises criterion, or as it is called in FEM code, the Hill48 isotropic criterion. A more common description is based on normal anisotropy in the 0°, 45°, and 90° directions to the rolling direction. Then the material parameters F, G, H, and N can be described by:


  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   )     
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The second yield criterion used in numerical simulations was Barlat yield criterion. The Barlat89 model needs three parameters for its complete formulation by which it is possible to describe the plane stress behavior. The formulation is the following [30]:


  f = a    |   k 1  +  k 2   |   M  + a    |   k 1  −  k 2   |   M  +  (  2 − a  )     |  2  k 2   |   M  = 2  σ e M   
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where M is the exponent related to the crystallographic structure of the material σe is the initial yield stress, k1 and k2 can be described as:


   k 1  =    σ x  + h  σ y   2  ,    k 2  =    [   (     σ x  − h  σ y   2   )  +  p 2   τ  x y  2   ]    1 / 2    
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where a, h, and p are the material model parameters identified by:
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where τs1 and τs2 are yield stresses for two different types of shear tests: σ12 = τs1 for σ11 = σ22 = 0 and σ12 = 0 for σ22 = −σ11 = τs2. The identification procedure based on the coefficients r0 and r90 can be also used for the identification of parameters a and h:


  a = 2 − 2      r 0    1 +  r 0    ·    r  90     1 +  r  90       ,   h =      r 0    1 +  r 0    ·   1 +  r  90      r  90        



(10)







The coefficient p has to be calculated by a numerical procedure, by solving the non-linear equation or by using Equation (9) instead. In our case, the coefficient p was achieved by solving the non-linear equation.




2.3.2. Material Hardening Model


To fully define material behavior during deformation, the hardening model is required. There are three main types of material hardening rules [31]. Isotropic hardening is where the yield surface remains the same shape, but expands with increasing stress. The second type, kinematic hardening, is where the yield surface remains the same shape and size, but translates in stress space. The last type of hardening behavior is combined hardening, also known as isotropic–kinematic hardening. This type of hardening is usually more complex and describes material behavior during deformation more accurately [19].



In this work, two isotropic hardening rules and two combined hardening rules were tested in numerical simulations. Isotropic hardening rules are defined as:
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where σ is the true stress, K is the strength coefficient, n is the strain hardening exponent, φ0 is the pre-strain and φpl is the plastic strain. Material model constants used in both hardening rules are shown in Table 4. True stress–strain curves are shown in Figure 7.



The combined isotropic–kinematic hardening models used in the numerical simulations are based on the isotropic hardening models mentioned above. These isotropic models were extended by the kinematic hardening model. Therefore, a combined hardening model was made. The kinematic hardening was defined by using the Kinematic module in Material generator by the simulation software.



This kinematic module consists of pre-defined parameters for different types of steels and aluminum alloys. The parameters, for this kinematic module, can be also manually defined based on the tensile-compression test. In this work, pre-defined parameters by the software for dual-phase steel were chosen. Kinematic hardening is described by four parameters in the software. The main idea of the AutoForm’s kinematic model is to use equations to describe the early re-plastification (early yielding), degradation of elastic modulus and the transient softening.



With this model, a smooth stress function for the entire loading–reverse loading cycle is obtained. AutoForm’s kinematic model is based on the work of Kubli et al. [32]. Material constants used in springback simulations with combined isotropic–kinematic hardening models are shown in Table 5. This model uses two main functions to describe behavior during kinematic hardening [33]:


   E l  =  E 0   [  1 − γ  (  1 −  e  κ φ    )   ]   



(13)




where El is the initial tangent modulus, E0 is the initial tangent modulus at zero plastic strain (i.e., Young’s modulus), γ is a material parameter describing the reduction of the initial tangent modulus, φ is equivalent plastic strain and κ is the so-called saturation constant.


   ε r  =    ε  r l   +  ε  r n   =    σ r     E l   ( φ )    + K · a r c t a n  h 2     (     σ r    2  σ h   ( φ )     )   2   
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where εr is the total reverse strain, εrl is a linear reverse strain, εrn is a non-linear reverse strain, σr is reverse stress, σh is isotropic stress and K is a material parameter describing transient softening.






3. Results


The results obtained from numerical prediction were compared with experimental ones. Experimentally measured springback angles α [°] and β [°] were compared with angles achieved in numerical simulations. Additionally, the influence of the proposed tool design on springback values was evaluated. Deviations of predicted springback angles α and β from the experimental springback values for the conventional and forming tool with a counterpunch are also present.



3.1. Analysis of Experimental Springback Results


To investigate the impact of tool design on the springback phenomenon, two types of tool designs were experimentally tested. The conventional forming tool consisted of punch, die and blank holder. The proposed tool with counterpunch consisted of the same parts as a conventional forming tool, but with the addition of counterpunch. The shape comparison of two stampings made with the mentioned tool designs is shown in Figure 8. The force data measured during the forming of hat-shaped parts with the use of both tools are shown in Figure 9. Measured values of the springback angles α and β are shown in Table 6.



Based on the profile comparison of the hat-shaped stampings, made with different types of tools, it can be stated, that the tool with counterpunch shows less springback of the part in comparison with a part made with the conventional tool. Springback angle α was reduced by 49% and springback angle β was reduced by 38% when stamping was made with the tool with the counterpunch. The increase in Forming force FF is caused by the introduction of counterpunch force Fcp.




3.2. Analysis of Springback Prediction Results


To study the effects of material models on springback predictions numerical simulations were performed. In these simulations, eight different combinations of material models were investigated (Table 7).



Predicted values of springback angles α and β with the use of different combinations of yield locus and hardening law for the tool with the counterpunch are shown in Figure 10 and Figure 11. Predicted values of springback angles α and β with the use of different combinations of yield locus and hardening law for the conventional tool are shown in Figure 12 and Figure 13.



Material models with combined hardening showed more accurate springback prediction results based on the numerical results of springback angle α when a tool with counterpunch was used in the simulation. The best correlation with experimental results was achieved using Barlat yield criterion in combination with the combined isotropic–kinematic hardening model based on the Ludwik hardening model.



Predicted springback angle β for the stamping made with the tool with the counterpunch showed the best correlation with experimentally obtained value β when material yield criterion Barlat in combination with isotropic–kinematic (combined) hardening law was used, which is consistent with the springback angle α results. Springback prediction results obtained in numerical simulations, when a conventional tool was used, showed less accuracy in comparison with the springback results when the tool with counterpunch was adopted. In addition, the forming force FF was globally underestimated for the tool with the counterpunch.



The predicted values of α and β with the least error, when a conventional tool was used, were achieved using the Hill yield criterion in combination with isotropic–kinematic hardening (based on the Ludwik hardening law). The numerical simulations conducted with this tool globally overestimated the maximum forming force FF.



Deviations of predicted springback angles α and β from the experimental springback values are shown in Table 8 and Table 9. Deviations were calculated according to the formula:


  D e v   X =    X  s i m   −  X  e x p      X  e x p     · 100  [ % ]   



(15)




where Dev X is a deviation of predicted springback angle value from the experimental angle value, Xsim is the springback angle value and Xexp is the experimental springback angle value.



To investigate the impact of the tool with the counterpunch on the springback, a strain path comparison for both tool designs was performed. The HLK and BLK material model were chosen for the strain path comparison. Three elements and points were selected in the area of highest deformation values as shown in Figure 14a. The obtained results are shown in Figure 14. When comparing the element in the middle of the wall width—red point—there is no change in the strain path. It is the plane strain state with the same value as the major strain. A change was found on the edge of the specimen—in the area of the lower wall radius (purple point) and in the middle of the wall (green point). In both cases, for the HLK material model, the major and minor strain increased to about 20% and 10% to 24%, respectively. The major and minor strain of the purple and green element with the presence of the counterpunch, for the BLK material model, increased up to 22% and 5% to 10%, respectively. The increase of the major and minor strain with the presence of the counterpunch is also observed for other regions, for both material models. The bright green points in the Forming Limit Diagram (FLD) are deformed elements that undergo thinning of more than 2% (in our case, it is the area of the part radiuses). The grey points represent deformed elements with less than 2% thinning.





4. Discussion


Previously published research work on the springback prediction of stamped parts mainly focused on the investigation of material and process parameters and their impact on the springback prediction in numerical simulations [11,13,15]. Prediction and reduction of hat-shaped part springback made of dual-phase steel was the subject of the presented work. The research was focused on the numerical prediction of springback and the possible springback reduction measures achieved with the proposed tool design with the counterpunch. Other works [18,20] were also aimed at springback reduction with the use of an innovative tool or process design. The work of Lawanwong et al. [19] involved double-action bending tool design which helped with springback reduction of the hat-shaped part.



The experimental results showed the importance of counter pressure for the reduction of the springback of the hat-shaped part. Measured angles α and β were significantly reduced compared to the angles measured on the part made in the conventional tool, as shown in Table 6. This reduction of the springback has a positive impact on the joinability of the stamped parts. The springback of the experimentally made hat-shaped part was measured and compared with numerical prediction results. Moreover, deviations of predicted springback angles α and β from the experimental springback values for the innovative and conventional forming tools were calculated. The hardening model has a significant effect on the results of the simulation of sheet metal forming, as well as on springback prediction. The hardening model directly influences and describes the development of the plasticity surface during deformation/forming (change of size, shape, or its displacement). Our numerical results indicate that the Ludwik hardening law correlates better with the experimental results. A comparison of the Ludwik and Swift hardening laws is shown in Figure 7, which shows that at actual deformations up to 0.03 (corresponding to the major strain in bending for a given geometry and friction), the Ludwik hardening law more accurately describes the experimentally measured data from the tensile test.



It was found that combined isotropic–kinematic hardening models showed the best correlation of springback values with the experimentally measured ones. By using a combined istropic–kinematic hardening model, more accurate springback prediction results were obtained. The reason is that such a model includes the influence of the Bauschinger effect, which is present when changing the type of stress (change from tension to compression), e.g., in the deformation of the material on the tool radius (reduced yield in compression, work hardening stagnation, strain hardening and permanent softening), while this phenomenon is neglected in the isotropic hardening model. The achieved results can be applied for dry forming (process without lubrication) with a predominant plane strain (U-bending, V-bending, hemming, flanging). The smallest deviations of predicted springback values from the experimental ones, for the stamping made in the tool with the counterpunch, were achieved when Barlat yield criterion in combination with Ludwik hardening law and the kinematic module was used. The deviation of the angle α was −1.6% and deviation of the angle β was −4.4%. This measurement is supported by similar findings reported by Baara [10]. Their findings show that a combined (isotropic–kinematic) hardening model showed more accurate springback prediction. These results also comply with the works of Jin [8] and Naofal [9].



Additionally, the influence of yield locus on springback predictions was studied. Barlat and Hill yield criteria were tested in combination with isotropic and combined hardening models. When comparing the yield surfaces (Figure 6), it is clear that the yield stress for Hill48 is higher in the borderline cases of plane strain and shear, while for biaxial stress the yield stress is larger for Barlat function. For uniaxial tension, both yield surfaces have the same values. When forming a material with a predominant bend deformation, due to the width of the part, the plane strain is dominant. The increased value of the yield strength for the plane strain of the Hill48 function will also be reflected in the greater springback of the stamped part compared to Barlat, which coincides with the results for the conventional tool concept. In the case of a tool with counter-punch, there is a change in the stress–strain state, where additional compressive stresses are created in the material by the counterpunch in the late stages of the forming operation. This may be the reason why Barlat was more suitable for a given type of tool design, which is in line with the comparison of Hill48 and Barlat for plane strain (Figure 6).



The predicted forming force FF was, in most cases, underestimated for the tool without counterpunch, although the simulations when tool with counterpunch was used overestimated forming force values in general. Possible reasons for this phenomenon include the constant value of the friction coefficient in numerical simulations which in real forming processes changes. Additionally, the combination of yield criterion and hardening law impacts the predicted values of the forming force FF as shown in Figure 10, Figure 11, Figure 12 and Figure 13.



The combined isotropic–kinematic hardening model based on Ludwik hardening law showed the smallest deviations of predicted springback values from the experimental values, for both tool designs as shown in Table 8 and Table 9. The reason for this might be higher predicted elastic deformation compared to Swift’s hardening law. The deviation of the angle α for the BLK model was −1.6%, deviation for BSK was −4.0% for the stamping produced in the tool with counterpunch. This measurement is supported by similar findings by Šiser [34]. The importance of a mathematical model for yield locus and hardening law is addressed by numerous authors [18,20,35,36].



The reason for the lower springback values of the tool with the counterpunch can be explained by comparing strain paths of a deformed blank for both tool designs which are shown in Figure 14. When forming was conducted in the tool with the counterpunch, the maximum value of minor strain for the HLK and BLK material model has increased by 24% and 10%, respectively. The reason for it is the introduction of additional compressive stress. Additionally, most of the elements were under higher stress, thus increasing the minor and major strain values of these elements, for both material models (Figure 14). The overall strain has increased, resulting in a reduction in the effect of the elastic strain. Thus, reducing the springback of the hat-shaped part.




5. Conclusions


Springback prediction accuracy is one of the most challenging problems in numerical simulation of forming processes. In the presented article, the influence of yield function and hardening laws on the accuracy of springback prediction of the hat-shaped part made of dual-phase HCT600X+Z steel with the use of FEA was investigated. Additionally, tool design with the counterpunch for the reduction of springback was proposed. Based on the experimental and numerical results, the following outputs can be stated:




	
Significant springback reduction, reduction in values of springback angles α (reduction of 49%) and β (reduction of 38%) was achieved with the use of the tool design which includes counterpunch. This tool design can be adopted for stamping hat-shaped parts in industrial practice.



	
The use of isotropic–kinematic combined hardening models showed more accurate springback prediction results compared to isotropic hardening models.



	
Barlat yield criterion in combination with isotropic–kinematic hardening model based on Ludwik hardening law showed the best correlation in terms of springback prediction when a tool with counterpunch was used.



	
Hill yield criterion in combination with isotropic–kinematic hardening model based on Ludwik hardening law achieved the most accurate springback prediction for the hat-shaped part made in the conventional tool.



	
The springback prediction of the hat-shaped part made in the conventional tool was less accurate than the predictions of part made in the tool with a counterpunch.
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Figure 1. The uniaxial tensile test: TIRAtest 2300 testing machine (a); Specimen dimensions for the tensile test [mm] (b). 
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Figure 2. The experimental forming tool: Tool without counterpunch in the open position (a); Tool with counterpunch in the closed position (b). 
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Figure 3. The experimental forming tool with the counterpunch. 
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Figure 4. The experimental hat-shaped part: Measured springback angles α [°] and β [°] (a); Ideal dimensions of the hat-shaped part (b). 
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Figure 5. The tool models used in the numerical simulation: Forming tool with blank holder (a); Forming tool with blank holder and counterpunch (b). 
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Figure 6. Hill yield locus and Barlat yield locus used in FE analysis. 
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Figure 7. The True Stress–strain curves. 
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Figure 8. The shape comparison of stampings made with conventional (red) and counterpunch (blue) forming tool. 
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Figure 9. The Force–Stroke diagram obtained from experimental testing. 
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Figure 10. The predicted values of the springback angle α for the tool with the counterpunch. 
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Figure 11. The predicted values of the springback angle β for the tool with the counterpunch. 
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Figure 12. The predicted values of the springback angle α for the conventional tool. 
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Figure 13. The predicted values of the springback angle β for the conventional tool. 
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Figure 14. The comparison of strain paths: point selection for strain path evaluation (a); strain paths for the tool with the counterpunch (HLK model) (b); strain paths for the tool without the counterpunch (HLK model) (c); strain paths for the tool with the counterpunch (BLK model) (d); strain paths for the tool without the counterpunch (BLK model) (e). 
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Table 1. The chemical composition of the HCT600X+Z steel.
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	C

[%]
	Mn

[%]
	Si

[%]
	P

[%]
	S

[%]
	Al

[%]
	Nb

[%]
	Ti

[%]
	V

[%]
	Mo

[%]
	Cr

[%]





	0.090
	1.890
	0.260
	0.014
	0.001
	0.026
	0.001
	0.003
	0.002
	0.002
	0.010
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Table 2. The mechanical properties and formability parameters of the HCT600X+Z steel.
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	Dir.

[°]
	E

[GPa]
	Rp0.2

[MPa]
	Rm

[MPa]
	A80

[%]
	r

[-]
	rm

[-]
	Δr

[-]
	n

[-]
	nm

[-]
	Δn

[-]





	0
	
	405
	656
	24.4
	0.745
	
	
	0.197
	
	



	45
	199
	423
	661
	22.3
	0.883
	0.862
	−0.044
	0.186
	0.188
	0.005



	90
	
	430
	670
	25.5
	0.934
	
	
	0.183
	
	







where: E–Young’s modulus, Rp0.2–Yield stress, Rm–Ultimate tensile strength, A80–Total elongation, r–plastic strain ratio, n–strain hardening exponent, nm–average value of strain hardening exponent, rm–average value of plastic strain ratio Δr–planar anisotropy of plastic strain ratio, Δn–planar anisotropy of strain hardening exponent.
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Table 3. The anisotropy parameters used for the description of yield criteria.
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	Yield Criterion
	r0 [-]
	r45 [-]
	r90 [-]
	σ0

[MPa]
	σ45

[MPa]
	σ90

[MPa]
	σbiax

[-]
	M

[-]





	Hill48
	0.745
	0.883
	0.926
	405.2
	410.6
	430.0
	1
	-



	Barlat89
	0.745
	0.883
	0.926
	405.2
	413.1
	430.0
	1.03
	6
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Table 4. Ludwik and Swift material model constants.
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	Model
	K [MPa]
	n

[-]
	φ0 [-]





	Ludwik
	1 100
	0.197
	-



	Swift
	1 070
	0.183
	0.00496
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Table 5. The material constants used in isotropic–kinematic hardening model.
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	Model
	K

[-]
	γ

[-]
	ξ

[-]
	κ

[-]





	Combined

(isotropic–kinematic)
	0.005
	0.1
	0.5
	40
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Table 6. The values of measured springback angles α/β and forming force FF.
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	Tool
	α

[°]
	β

[°]
	FF

[kN]





	Conventional
	24.5 ± 0.6
	28.5 ± 0.26
	14.4 ± 0.11



	With counterpunch
	12.4 ± 1.03
	17.6 ± 0.48
	15.8 ± 0.20
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Table 7. The combinations of the used material models in the numerical simulation.
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	Abbreviation
	Yield Locus
	Hardening Law
	Isotropic–Kinematic Hardening





	HL
	Hill48
	Ludwik
	no



	HLK
	Hill48
	Ludwik
	yes



	BL
	Barlat89
	Ludwik
	no



	BLK
	Barlat89
	Ludwik
	yes



	HS
	Hill48
	Swift
	no



	HSK
	Hill48
	Swift
	yes



	BS
	Barlat89
	Swift
	no



	BSK
	Barlat89
	Swift
	yes
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Table 8. The deviations of predicted springback angles α and β from the experimental springback values for the conventional forming tool.
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	Evaluated Parameters
	HL
	HLK
	BL
	BLK
	HS
	HSK
	BS
	BSK
	Experiment





	α [°]
	8.2
	14.4
	7.0
	11.1
	8.2
	12.0
	7.6
	12.1
	24.5



	Dev α [%]
	−66.5
	−41.2
	−71.4
	−54.7
	−66.5
	−51.0
	−69.0
	−50.6
	-



	β [°]
	14.0
	18.9
	11.8
	16.4
	14.0
	17.5
	12.9
	16.6
	28.6



	Dev β [%]
	−51.0
	−33.9
	−58.7
	−42.7
	−51.0
	−38.8
	−54.9
	−42.0
	-
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Table 9. The deviations of predicted springback angles α and β from the experimental springback values for the forming tool with counterpunch.






Table 9. The deviations of predicted springback angles α and β from the experimental springback values for the forming tool with counterpunch.





	Evaluated Parameters
	HL
	HLK
	BL
	BLK
	HS
	HSK
	BS
	BSK
	Experiment





	α [°]
	7.9
	13.7
	9.5
	12.2
	11.2
	11.7
	8.3
	11.9
	12.4



	Dev α [%]
	−36.3
	10.5
	−23.4
	−1.6
	−9.7
	−5.6
	−33.1
	−4.0
	-



	β [°]
	17.4
	20
	14.9
	17.5
	15.6
	18.7
	15.1
	18.7
	18.3



	Dev β [%]
	−4.9
	9.3
	−18.6
	−4.4
	−14.8
	2.2
	−17.5
	2.2
	-











© 2020 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 (http://creativecommons.org/licenses/by/4.0/).
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