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            Abstract
          
        

        
          In the multi-pass shape drawing process used for metal forming, the drawing force is typically applied unevenly to the material, thus causing errors in the dimensions of the material. In addition, the process is time consuming and costly. To overcome these problems, the roll die drawing process replaces the fixed drawing dies with non-driven roll dies that can undergo rotational movements to reduce friction forces at the die-material contact point. In this study, we propose a free-surface profile prediction model using the response surface method for the roll gap of a multi-pass drawing process using a roll die to fabricate square drawing material. We first derived geometrical parameters to apply to the response surface method. Then, using four process parameters that influence the deformation behavior of the material, a Box-Behnken design for response surface analysis was proposed, and a second-order regression model was derived through finite element analyses. In addition, finite element analysis was performed to validate the free-surface profile prediction model. Our verification results confirmed that the free-surface profiles predicted by the theoretical model agreed with those obtained via finite element analysis. Hence, our proposed free-surface profile prediction model based on response surface analysis can be used to design rectangular-shaped roll die drawing processes.
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      1. Introduction
      Drawing is a typical metal forming process for fabricating long products with the required cross-sectional shape by passing tubes and rods through dies with relatively small cross sections. The multi-pass shape drawing process involves drawing a round bar, the initial material, several times to produce a final product with an arbitrary cross-sectional shape. In the case of general multi-pass shape drawing, the drawing force is applied unevenly to the material, so there may be local concentrations of die wear and stress, which could lead to errors in product dimensions. In addition, to obtain a high reduction ratio, an intermediate heat treatment process is required, which is costly and time consuming. To address the above problems, a multi-pass shape drawing process using roll dies, as shown in Figure 1, has recently attracted attention. Roll die drawing replaces fixed drawing dies with non-driven roll dies that can undergo rotational movement to reduce friction forces at the die-material contact point. This results in a lower drawing load and higher reduction in area than the process using conventional drawing dies.

      
        
        

        Figure 1: 
				
        

        
          Illustration of multi-pass shape roll die drawing process
        
        

        

      

      Thus far, several researchers have investigated the applicability of roll die drawing. Pilarczyk et al. [1] investigated changes in characteristics such as microstructure, residual stress, surface roughness, and mechanical properties by applying roll dies to high-carbon steel wire fabrication. Bayoumi [2] proposed a theoretical model for roll die drawing and rolling loads of circular and rectangular shapes and found that the drawing load could be reduced by approximately 40% with the roll die drawing process. Lambiase et al. [3] used finite element simulation to examine the effects of key process parameters such as initial wire diameter, roll die diameter, and height reduction rate on residual stress, contact pressure distribution, and drawing load in the flat roll die drawing process. Durante et al. [4] presented theoretical models for the maximum spread and drawing load of wires in the flat roll drawing process. For this purpose, the model of Shinokura and Takai [5], which is the maximum spread model of the rolling process, was applied to the roll die drawing process. In addition, a series of finite element analyses were performed to derive a linear regression model for the drawing load. Kim et al. [6] designed a multi-roll die drawing process using the back-pull effect for the production of automobile components and presented a drawing load prediction model applicable to the roll die drawing process. Kim et al. [7] designed a tandem drawing process using 4-roll dies and a multidie drawing process for circular-to-square shape fabrication and then evaluated the drawing loads in the two processes using the forming load prediction model. Amine et al. [8] performed drawing experiments with drawing dies in two sets of three rolls and conventional drawing dies for low-carbon steel and high-carbon steel wires, thereby comparatively analyzing the drawing loads, wire temperatures, and mechanical properties. Their experimental results showed that the surface quality was better for roll die drawing, but the drawing load and wire temperature slightly increased compared to those of the existing drawing dies. Cheon et al. [9] proposed a design method for intermediate roll die shape in the tandem drawing process, which consists of 4-roll dies and a conventional die, on the basis of the virtual die method and the die offset for the corner filling method to reduce the unfilled area at the corners of the rectangular bar. In that study, finite element analysis was used to investigate the deformation behavior of materials depending on the intermediate roll die shapes and to verify the effectiveness of the proposed design method.

      Most previous studies have been limited to the process of creating axisymmetric shapes or flat rolls, leading to limitations in their application to the shape drawing process. In addition, no study has focused on the deformation behavior of materials during roll drawing, apart from the study of Durante et al. [4]. Existing studies, such as the Shinokura and Takai model, are based on rolling spread prediction models [5]. However, there is a significant difference among the four roll die shape drawings in the deformation behavior from the rolling process because of the axial tensile force acting on the material at the die outlet. Thus, unlike the rolling process, the width decreases similarly to the existing shape drawing process rather than being spread in the rolling process [9].

      In this study, we propose a free-surface profile prediction model for the roll gap during the shape roll die drawing process via the response surface method for the production of square drawing material. First, the multi-pass shape roll drawing process was designed using the average reduction in area and electric field analysis, which are the existing design principles of the shape drawing process. From the design process, geometric parameters to be applied to the response surface analysis were derived. In addition, the main process parameters influencing the deformation behavior of the material during rolling and roll die drawing processes were identified. A total of four factors—local offset ratio, aspect ratio, reduction ratio, and friction coefficients—were determined as the independent variables. Using these process parameters, a Box-Behnken design for response surface analysis was proposed, and a second-order regression model was derived through a series of finite element analyses. Finally, the finite element analysis was performed to additionally evaluate the validity of the free-surface profile prediction model.

    

    

  
    
      2. Design of multi-pass shape roll die drawing process
      
        2.1 Design of pass schedule
        In general, a shape drawing process consists of 2−3 passes of a multi-pass drawing process. Therefore, in this study, the pass schedule was designed based on the average reduction in area under the assumption of applying roll die drawing to the intermediate pass of the multi-pass shape drawing process. The number of passes in the multi-pass shape drawing process can be set by the average reduction in area equation expressed using Equation (1).

        
          
            
              	
                
                  
                    
                      
                        r
                      
                      
                        a
                        v
                        g
                      
                    
                    =
                    
                      
                        1
                        -
                        
                          
                            
                              
                                1
                                -
                                
                                  
                                    r
                                  
                                  
                                    t
                                    o
                                    t
                                    a
                                    l
                                  
                                
                                /
                                100
                              
                            
                          
                          
                            
                              
                                1
                              
                              
                                n
                              
                            
                          
                        
                      
                    
                    ×
                    100
                  
                
              
              	
                (1) 
				
              
            

          

        

        where ravg is the average reduction in area, rtotal is the total reduction in area, and n is the number of passes. In general, the multi-pass shape drawing process limits the reduction in area to less than 30% per pass. Figure 2 shows the cross-sectional shape and dimensions of the rectangular product used in this study. The initial shape diameter should be larger than the minimum circumscribed circle of the product's shape so that an under-cut is not generated during shape drawing. The minimum circumscribed circle diameter of the final product cross section is 38.3 mm, and by using Equation (1), the number of passes was set so that the average reduction in area is 30% or less. At the same time, the initial material diameter has an overall offset of 2 mm for each pass from the minimum circumscribed circle diameter of the product shape, considering the filling rate of each pass. Therefore, the total number of passes and initial material diameter were set to 2 and 42.3 mm, respectively, and the total reduction in area was 45.6%.

        
          
          

          Figure 2: 
				
          

          
            Shapes and dimensions of initial bar and final product
          
          

          

        

      

      
        2.2 Design of intermediate roll die shape
        Most shape drawing products are fabricated through 2 to 3 passes of the multi-pass drawing process, so the shape design needs to have the appropriate intermediate pass dies to reduce the formation of load and local stress concentrations and improve the dimensional precision of the final product. In this study, we first referred to the electric field analysis method proposed by Lee et al. [10] for the design of intermediate die shapes.

        The design method of intermediate die shape using electric field analysis (EFA) is as follows. First, different voltages are applied to two objects with the centers coinciding. This creates a finite equivalent potential line that does not overlap between the two objects. According to a previous study [11], the equivalent potential line showed a tendency which is similar to the minimum work path between two conductors. Based on this tendency, the shape with the area corresponding to the reduction in area of the pass schedule is extracted from the many equivalent potential lines, and it is used as the intermediate die shape for each pass. In the present study, a pass schedule based on equal reduction in area was applied. Two-dimensional electric field analysis was performed using ANSYS 2019 r2 to design intermediate die shapes. Figure 3 shows the equipotential lines formed by applying 1 V and 0 V to the initial shape and the final shape, respectively, and the intermediate die shape by equal reduction in area pass schedule.

        
          
          

          Figure 3: 
				
          

          
            Intermediate die shape by EFA
          
          

          

        

        However, the intermediate shape design method using electric field analysis is generally applied to conventional shape drawing dies and cannot be directly applied to the roll groove design. In roll die drawing, there is a roll gap that results in a free-surface that does not come into contact with the die. Free-surface parts that do not undergo deformation by contact with the roll die will cause a strain inhomogeneity in the conventional drawing die pass, which will reduce the dimensional accuracy. Therefore, overall consideration of the free-surface part is required in the intermediate shape design. In addition, it is necessary to define the relevant parameters applicable to the process design method and the free-surface profile prediction model of this study for rectangular shapes with various aspect ratios. Therefore, the intermediate roll die shape for the multi-pass shape drawing process was determined by the following procedure as shown in Figure 4, referring to the electric field analysis results and the roll die groove design method proposed by Kim et al. [6].

        
          
          

          Figure 4: 
				
          

          
            Design of intermediate roll die shape
          
          

          

        

        First, considering the dimensional precision in the second pass of drawing, the final product shape is overall offset with the shape factor so that the deformation is uniform throughout the product shape. At this time, the under-cut area between the enlarged final product and the initial shape is excluded from the intermediate shape. The shape factor (S.F) is defined using Equation (2) below and is calculated by the square root of the area ratio between the intermediate shape area and the drawn product shape according to the pass schedule [12]. However, the intermediate shape determined in the first step produces high strain deviations in roll die drawing. Therefore, in the second step, the intermediate shape is partially offset locally based on the intermediate shape from the electric field analysis to reduce such strain deviations. Here, the ratio of the local offset amount to the overall offset amount is defined as the local offset ratio (LR) as shown in Equation (3), and the ratio of the horizontal and vertical length of overall offset shape is defined as a process variable called the aspect ratio (AR), as shown in Equation (4). These values are used as the design variables for the subsequent experimental design method. Based on the designed intermediate shape information, that is, the process parameters, the free-surface profile of the intermediate shape is predicted, and the design suitability is determined by considering the presence of overfilled or underfilled defects in the next pass.
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        where Ai is the area of the intermediate shape for pass i in the schedule, Af is the area of the final drawn product and r is the percent reduction in area.

        
          
            
              	
                
                  
                    L
                    R
                    =
                    
                      
                        
                          
                            L
                          
                          
                            l
                          
                        
                      
                      
                        
                          
                            L
                          
                          
                            o
                          
                        
                      
                    
                  
                
              
              	
                (3) 
				
              
            

          

        

        where Ll is the length of the local offset and Lo is the length of the overall offset.
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        where Lh and Lv are the horizontal and vertical length of the overall offset shape. The process parameters explained above are shown in Figure 4.

      

    

    

  
    
      3. Free-surface profile prediction model
      
        3.1 Box-Behnken design
        The response surface method is a statistical analysis method for response surfaces that represent the change in responses when complex actions of several variables have an impact on response variables. The main purpose of using the response surface method is to estimate the functional relationship between the design variables and response variables from a given experimental dataset by linear or quadratic regression and to select a combination of design variables (or experimental factors) to obtain an optimal response. Box-Behnken design is a representative experimental design method used for response surface analysis. It has a smaller number of experimental points compared to the 3k factorial design when the number of factors is k, and it is easier to make orthogonal blocks and to obtain a quadratic regression equation. A quadratic regression model with k design variables can be expressed in terms of linear, squared, and interaction terms, as shown in Equation (5).
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        Here, Y is the response value of Wv and Ws (see Figure 5), A is the local offset ratio, B is the aspect ratio, C is the reduction in area, D is the friction coefficient, and β is the regression coefficient.

        
          
          

          Figure 5: 
				
          

          
            Description of free-surface profile prediction
          
          

          

        

        In this study, we propose a quadratic regression model to predict the free surfaces in the roll gap in four shape roll dies drawing process based on the Box-Behnken design. For this purpose, as key process parameters affected the material deformation behaviors, along with the local offset ratio and aspect ratio which are the geometric parameters defined in the intermediate shape design process, friction coefficient and reduction in area were also selected by referring to previous studies [4][13][14]. The response variables were set as the reduced width of contact area after the roll drawing in the contact area between the initial material and the vertical and side rolls, respectively. Based on the measured response variable, the predicted shape of the free surface part was determined as follows. First, it is assumed that the intermediate point (PI) of the free surface part of the initial material moves in the direction of the center of the shape, and the distance of PI is proportional to the square root of the reduction rate. Here, the square root of the reduction rate is defined as the reduction factor (RF), and is calculated as in Equation (6).
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        Thereafter, when the point of PI moves in the horizontal and vertical directions independently by the length of the measured response variable multiplied by the reduction factor, the corresponding positions are defined as PV and PS, respectively. The point of PI will be simultaneously affected by the reduction in the width and height directions. Thus, a triangle connecting the two points (PV, PS) and the free surface midpoint (PI) is created. In order to apply the initial assumption, the final position (PC) of the midpoint of the free surface shape after drawing can be determined as the point where the movement path of the intermediate point (PI) toward the center direction intersects with the hypotenuse of the triangle. Finally, the arc shape connecting the boundary point of the contact area between the vertical roll and the side roll and the point (PC) of the hypotenuse determined previously is illustrated. Figure 5 demonstrates the procedure explained above. The values of design variables at each level are given in Table 1.

        
          Table 1: 
				
          

          
            Values of design variables at each level
          
          

        

        
          
            
              	Variables
              	Level 1
              	Level 2
              	Level 3
            

          
          
            	Local offset ratio (LR) [%]
            	30
            	50
            	70
          

          
            	Aspect ratio (AR)
            	0.81
            	0.9
            	1
          

          
            	Reduction in area (RA) [%]
            	26
            	30
            	34
          

          
            	Friction coefficient (μ)
            	0.09
            	0.12
            	0.15
          

        

        

      

      
        3.2 Finite element analysis
        Rigid-plastic finite element analysis was performed for each combination of design variables according to the Box-Behnken design using DEFORM-3D, a commercial forming analysis software. High purity stainless steel 316L was considered as the material in the analysis. The flow stress equation obtained from the uniaxial tensile test is shown in Equation (7).
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        A quarter model of the overall shape was applied considering the analysis time and the symmetry of the product shape. The length and diameter of the initial material were 120 mm and 42.3 mm, respectively, and a total of 105,369 tetrahedral elements were used. Considering the equipment specifications used in the field, the drawing speed was 10 mm/s, and the friction coefficient between the workpiece and the die was set to 0.12 based on previous studies [6][7]. The above finite element analysis model is shown in Figure 6.

        
          
          

          Figure 6: 
				
          

          
            3D finite element analysis model
          
          

          

        

      

      
        3.3 Regression model
        Table 2 shows the results for a total of 27 finite element analyses. Based on the values of Wv and Ws measured from FE analysis, the coefficients of the regression model for Wv and Ws derived from the results are shown in Table 3 and Table 4, respectively.

        
          Table 2: 
				
          

          
            Finite element analysis results by Box-Behnken design
          
          

        

        
          
            
              	Case
              	LR
              	AR
              	RA
              	μ
              	Wv
              	Ws
            

          
          
            	1
            	50
            	0.90
            	26
            	0.09
            	1.67
            	1.24
          

          
            	2
            	30
            	0.90
            	30
            	0.09
            	1.99
            	1.70
          

          
            	3
            	70
            	0.81
            	30
            	0.12
            	1.69
            	1.04
          

          
            	4
            	50
            	1.00
            	30
            	0.09
            	1.78
            	1.77
          

          
            	5
            	50
            	1.00
            	26
            	0.12
            	1.43
            	1.45
          

          
            	6
            	50
            	0.90
            	30
            	0.12
            	1.80
            	1.53
          

          
            	7
            	70
            	1.00
            	30
            	0.12
            	1.58
            	1.52
          

          
            	8
            	70
            	0.90
            	30
            	0.15
            	1.84
            	1.61
          

          
            	9
            	50
            	1.00
            	34
            	0.12
            	2.01
            	2.08
          

          
            	10
            	50
            	0.81
            	30
            	0.09
            	1.82
            	1.29
          

          
            	11
            	30
            	0.90
            	34
            	0.12
            	2.27
            	2.05
          

          
            	12
            	70
            	0.90
            	34
            	0.12
            	2.00
            	1.82
          

          
            	13
            	30
            	1.00
            	30
            	0.12
            	1.83
            	1.87
          

          
            	14
            	70
            	0.90
            	26
            	0.12
            	1.58
            	1.20
          

          
            	15
            	50
            	0.81
            	30
            	0.15
            	1.75
            	1.38
          

          
            	16
            	30
            	0.81
            	30
            	0.12
            	1.81
            	1.35
          

          
            	17
            	70
            	0.90
            	30
            	0.09
            	1.79
            	1.42
          

          
            	18
            	50
            	0.90
            	34
            	0.09
            	2.15
            	2.03
          

          
            	19
            	50
            	1.00
            	30
            	0.15
            	1.49
            	1.48
          

          
            	20
            	50
            	0.81
            	26
            	0.12
            	1.57
            	0.64
          

          
            	21
            	50
            	0.81
            	34
            	0.12
            	1.90
            	1.67
          

          
            	22
            	50
            	0.90
            	26
            	0.15
            	1.60
            	1.18
          

          
            	23
            	30
            	0.90
            	26
            	0.12
            	1.72
            	1.35
          

          
            	24
            	50
            	0.90
            	34
            	0.15
            	2.02
            	1.82
          

          
            	25
            	50
            	0.90
            	30
            	0.12
            	1.80
            	1.53
          

          
            	26
            	30
            	0.90
            	30
            	0.15
            	1.69
            	1.51
          

          
            	27
            	50
            	0.90
            	30
            	0.12
            	1.80
            	1.53
          

        

        

        
          Table 3: 
				
          

          
            Estimated regression coefficients for Wv
          
          

        

        
          
            
              	Coefficients
              	Value
              	Coefficients
              	Value
            

          
          
            	
              β
              0
            
            	-4.48318 
            	
              β
              8
            
            	8.79630
          

          
            	
              β
              1
            
            	-0.00152 
            	
              β
              9
            
            	-0.01711
          

          
            	
              β
              2
            
            	19.59510 
            	
              β
              1
              0
            
            	-0.00041
          

          
            	
              β
              3
            
            	-0.24000 
            	
              β
              1
              1
            
            	0.14583
          

          
            	
              β
              4
            
            	9.56213 
            	
              β
              1
              2
            
            	0.16447
          

          
            	
              β
              5
            
            	0.00008 
            	
              β
              1
              3
            
            	-19.29820
          

          
            	
              β
              6
            
            	-12.00370 
            	
              β
              1
              4
            
            	-0.12500
          

          
            	
              β
              7
            
            	0.00307
            	R2
            	96.4
          

        

        

        
          Table 4: 
				
          

          
            Estimated regression coefficients for Ws
          
          

        

        
          
            
              	Coefficients
              	Value
              	Coefficients
              	Value
            

          
          
            	
              β
              0
            
            	-20.73220 
            	
              β
              8
            
            	21.29630
          

          
            	
              β
              1
            
            	-0.01692 
            	
              β
              9
            
            	-0.00526
          

          
            	
              β
              2
            
            	33.08170 
            	
              β
              1
              0
            
            	-0.00025
          

          
            	
              β
              3
            
            	0.26128 
            	
              β
              1
              1
            
            	0.15833
          

          
            	
              β
              4
            
            	25.20830 
            	
              β
              1
              2
            
            	-0.26316
          

          
            	
              β
              5
            
            	0.00005 
            	
              β
              1
              3
            
            	-33.33330
          

          
            	
              β
              6
            
            	-10.20310 
            	
              β
              1
              4
            
            	-0.31250
          

          
            	
              β
              7
            
            	0.00198
            	R2
            	95.9
          

        

        

        In addition, the significance of the design variables for each response value was evaluated through analysis of variance (ANOVA). DF is the degree of freedom of design variables, SS is the sum of squares, MS is the mean square of SS divided by DF, F is the test statistics, and P is the significance probability.

        Table 5 and Table 6 provide the results of the ANOVA calculations. It can be seen that the regression equation composed of the design variables selected in this study can have significant effects on the value of Wv because the P values of all regression terms relating to Wv were less than 0.05. In addition, in the case of Ws, the p-value of the square and the interaction term is slightly larger than 0.05, but since it is close to the significance level, it was included in the regression equation without pooling them into the error term.

        
          Table 5: 
				
          

          
            Analysis of variance for Wv
          
          

        

        
          
            
              	Source
              	DF
              	SS
              	MS
              	F
              	P
            

          
          
            	
              Regression
            
            	14
            	0.9605
            	0.0686
            	22.91
            	0.000
          

          
            	Linear
            	4
            	0.7708
            	0.1927
            	64.34
            	0.000
          

          
            	Square
            	4
            	0.1219
            	0.0305
            	10.18
            	0.001
          

          
            	Interaction
            	6
            	0.0677
            	0.0113
            	3.77
            	0.024
          

          
            	
              Residual error
            
            	12
            	0.0359
            	0.0030 
            	
            	
          

          
            	Total
            	26
            	0.9964 
            	
            	
            	
          

        

        

        
          Table 6: 
				
          

          
            Analysis of variance for Ws
          
          

        

        
          
            
              	Source
              	DF
              	SS
              	MS
              	F
              	P
            

          
          
            	
              Regression
            
            	14
            	2.6178
            	0.1870
            	19.83
            	0.000
          

          
            	Linear
            	4
            	2.4165
            	0.6041
            	64.06
            	0.000
          

          
            	Square
            	4
            	0.0816
            	0.0204
            	2.16
            	0.135
          

          
            	Interaction
            	6
            	0.1198
            	0.0200
            	2.12
            	0.127
          

          
            	
              Residual error
            
            	12
            	0.1132
            	0.0094 
            	
            	
          

          
            	Total
            	26
            	2.73099 
            	
            	
            	
          

        

        

        To evaluate the accuracy of the regression equation, the coefficient of determination (R2), which represents the ratio of the variation explained by the regression equation to the total variation, was calculated using Equation (8).
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        Here, the total variance (SST) is divided into a regression sum of squares (SSR) and a residual sum of squares (SSE), which are respectively expressed as follows.
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        where y is the actual response, y¯ is the mean of the actual responses, and y^ is the response estimated by the regression model.

        The coefficient of determination has a value between 0 and 1, and the closer it is to 1, the better the approximation. The coefficients of determination for Wv and Ws were 96.4% and 95.9%, respectively, which shows that the regression model explains well the relationship between design variables and response values.

      

    

    

  
    
      4. Verification of regression model
      To verify the free-surface prediction model of roll die drawing, finite element analysis was performed in addition to the previous analysis cases using the Box-Behnken design. Additional analysis conditions were determined within the set range of independent variables, and the comparison between the responses predicted by the regression model and the finite element analysis results is presented in Figure 7 and Table 7. As shown in Figure 7, despite small differences due to the free surface being assumed to be arc shaped, the reduced width of contact area between the roll die and the initial material is very accurately predicted. In addition, Table 7 shows that the maximum error between the predicted amount of the quadratic regression model and the analysis result was 5.65%, and the error rate was mostly within the 5% range. This demonstrates that the free-surface profile prediction model based on the response surface method is valid.

      
        
        

        Figure 7: 
				
        

        
          Comparison between regression model and finite element analysis
        
        

        

      

      
        Table 7: 
				
        

        
          Verification analysis results
        
        

      

      
        
          
            	Case
            	LR
            	AR
            	RA
            	μ
            	Analysis
            	Regression
            	Error
          

          
            	
            	[%]
            	
            	[%]
            	
            	Wv
            	Ws
            	Wv
            	Ws
            	[mm]
            	[%]
          

        
        
          	1
          	40
          	0.85
          	28
          	0.1
          	1.87
          	1.25
          	1.78
          	1.22
          	0.09
          	0.03
          	5.34
          	2.08
        

        
          	2
          	40
          	0.95
          	28
          	0.1
          	1.70
          	1.60
          	1.77
          	1.60
          	0.07
          	0.01
          	4.13
          	0.30
        

        
          	3
          	40
          	0.95
          	32
          	0.13
          	1.89
          	1.86
          	1.91
          	1.80
          	0.02
          	0.06
          	1.22
          	3.15
        

        
          	4
          	60
          	0.85
          	28
          	0.13
          	1.60
          	1.11
          	1.70
          	1.15
          	0.10
          	0.04
          	5.65
          	3.56
        

        
          	5
          	60
          	0.95
          	32
          	0.1
          	1.87
          	1.69
          	1.90
          	1.78
          	0.03
          	0.09
          	1.66
          	5.07
        

      

      

      To confirm the width reduction phenomenon assumed in this study, the radial velocity distribution of the free-surface portion was investigated from the finite element analysis results. Figure 8 shows the radial velocity distribution of a workpiece during roll die drawing. The negative value means the metal flow is in the direction toward the center of the material. As in the previous assumptions, within the deformation zone, material flow in the center direction occurs across the cross section, and in particular, also in the free-surface. The causes for this phenomenon can be explained as follows. First, as mentioned previously, the deformation occurs in the direction in which the cross-sectional area of the material decreases due to the tensile force acting at the die outlet during the drawing process. The difference in radial velocity distribution of the material due to the non-uniform deformation across the cross-sectional area can also be considered [12]. That is, in the contact region between the material and the roll dies, a high radial velocity distribution is exhibited due to the high local reduction ratio. Since the material is a continuum, the free-surface portion, which was not initially deformed, is affected by the deformation in the surrounding contact region, so that the material flow in the free-surface portion has a radial velocity component. This can be deduced from the fact that the radial velocity distribution in the free-surface increases as the position on the free-surface moves toward the deformation region as shown in Figure 8. Therefore, it was confirmed that the assumptions made in this study were valid based on the results of these finite element analysis.

      
        
        

        Figure 8: 
				
        

        
          Radial velocity distribution during roll die drawing
        
        

        

      

    

    

  
    
      5. Conclusion
      In this study, we proposed a free-surface profile prediction model for roll die drawing using the response surface method in a multi-pass drawing process using four shape roll dies for the production of highly clean stainless-steel square rods. The conclusions from the investigation are summarized as follows:

      
        	(1) The pass schedule and intermediate shape of the roll die drawing process were designed. For this purpose, the number of passes was set based on the average reduction in area and final product shape information. In addition, two-dimensional electric field analysis was performed for the intermediate shape design of the multi-pass drawing, and the design variables to apply to the response surface method were derived from the roll groove design process.


        	(2) In addition to the geometric parameters obtained from the roll groove design process, reduction in area and friction coefficients were selected as process parameters from previous studies on the rolling and roll die drawing processes, and the Box-Behnken design was performed based on the selected parameters. A total of 27 finite element analyses were performed, and from the results of the analyses, the width reductions in the vertical and horizontal rolls were measured to derive a second-order regression model between the process parameters and response values.


        	(3) Additional finite element analysis was performed to verify the free-surface regression model derived from the response surface method. The verification analysis results showed that the free-surface profiles predicted by the theoretical model and those obtained by the finite element analysis agree well. It was also demonstrated that the assumption of the width reduction phenomenon was reasonable based on the analysis results. Therefore, the free-surface profile prediction model based on the response surface analysis presented in this study may have useful application for the design of various rectangular-shaped roll die drawing processes.
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