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Abstract: Metal bars with a rectangular cross-section are typically produced via a multi-stage drawing process involving only con-

verging dies. Recently, a new tandem drawing process, in which an intermediate roll-die and a converging die are arranged in tandem, 

has gained attention owing to its lower production costs when compared to those of the conventional process. In this study, an opti-

mized shape of intermediate roll-dies for the tandem drawing process is proposed to produce rectangular cross-section stainless steel 

bars with high precision. To decrease the unfilled space at the corners of the bars during the final converging die drawing process, the 

shapes of the intermediate roll-dies were designed on the basis of the virtual die method and the die offset for the corner filling meth-

od. Their corner filling performances and deformation behavior were compared using finite element analysis. The results show that a 

reverse local offset along the flat part of the intermediate roll-die facilitates better corner filling, more uniform plastic deformation, 

and lesser damage susceptibility during the final converging die drawing process. 

Keywords: Tandem Drawing Process, Intermediate Roll-die Profile, Cross-sectional Shape, Virtual Die Method, Die Offset for Cor-

ner Filling Method 

1. Introduction
In general, rectangular cross-section stainless steel bars are manufac-

tured through multi-staged drawing processes. These processes include 

several drawing steps to produce the final product with the required shape 

and annealing between the drawing steps to recover the ductility of the 

workpiece for greater reduction in area. The annealing process is highly 

energy- and time-consuming; therefore, extensive efforts have been made 

to eliminate annealing during drawing processes. 

A new tandem drawing process has recently been introduced as an an-

nealing-free drawing process for the production of metal bars with rectan-

gular cross-sections [1][2]. The process involves a non-driven roll die and 

a tandemly arranged converging die, as shown in Figure 1. To begin with, 

the initially round bar passes through the die consisting of four non-driven 

rolls, which gives rise to a bar with a roughly rectangular cross-section. At 

this stage, and due to the lower force exerted by the non-driven roll-die, 

bars with lower cross-section reduction ratio can be achieved compared 

with those obtained by the converging die drawing process [1]. In addi-

tion, the back tension caused by the roll-die reduces the pressure and 

friction between the die and the workpiece during the second converging 

die drawing process. These effects of the drawing force reduction make it 

possible to omit annealing, which is indispensable for conventional multi-

stage drawing processes. 

Figure 1: Schematic of the new tandem drawing process 

Extensive scientific research has been performed to design a cost-

effective and highly accurate multi-staged drawing process. For a rectan-

gular-shape drawing process, Kim et al. [3] designed an intermediate die 
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profile using the virtual die method connecting the shapes of the initial 

material and the final product. Ji et al. [4] applied the electric field analysis 

method to the multi-pass drawing of wire with the asymmetric trapezoid 

profiles and proposed a design method to reduce the local strain concen-

tration by modifying the intermediate die profile. To prevent generation of 

unfilled defects after a shape drawing process, Park et al. [5] proposed the 

die offset for corner filling (DOCF) method for the design of the interme-

diate drawing-die shape, whereby the radial velocity distribution is con-

trolled during the final drawing. 

Although new tandem drawing process have been reported in the sci-

entific literature, previous research focuses on the prediction of the draw-

ing force. Kim et al. [1] compared the drawing forces of their new anneal-

ing-free tandem drawing process and a conventional multi-converging die 

drawing process using the modified A. Geleji’s equation [6][7] and the 

finite element (FE) method. The results thereof show that lower drawing 

forces can be achieved via the roll-die drawing process. Consequently, the 

new process guarantees a higher cross-section area reduction when com-

pared with the conventional process. Cho [8] suggested a shape function 

of the upper bound analysis of a non-driven roll-die shape drawing pro-

cess and verified its effectiveness to predict the drawing force using the FE 

method. To the best of the authors’ knowledge, research studies focused 

on the design of dies from shape accuracy of the final product standpoint 

are not available in the scientific literature. 

This study focuses on the design methodology of the shape of the in-

termediate die used in the roll-die of the new tandem drawing process to 

improve the shape accuracy of the final product after the whole drawing 

process. Two types of the roll-die profiles were modeled via the virtual die 

and DOCF methods. Deformation, performance, and shape accuracy of 

the final bar were evaluated using FE analysis. 

2. Materials and Design Methodology

2.1 Initial material and final product shape and dimensions 
The shape and dimensions of the initial material and the final 

product used in this study are shown in Figure 2.  

Figure 2: Shapes and dimensions of initial material and final 

product 

The required final product was a bar with rectangular cross-

section of 29.3 × 26.1 mm. The initial material used was a 42.3 

mm diameter bar, which was determined by offsetting 3 mm 

from the circumscribed circle by the final product to prevent 

unfilled corners. The total initial-area-to-final-area ratio (reduc-

tion ratio) was 45.6% and the reduction ratio by each roll-die 

and converging die pass were equal to 26.2%. 

2.2 Design of intermediate roll-die profile 

2.2.1 Procedure of design method 

Our proposed method for the design of the intermediate die 

profile mainly involves two phases; the construction of a pre-

form using the virtual die method and the application of a local 

offset to the preform on the basis of DOCF method. The follow-

ing steps were involved: 

 Step 1. The shape of the final product was enlarged using a

scale factor to induce uniform deformation of the material.

Then, the center of the enlarged final and the initial shapes

were aligned, and the overlapped region was determined as

the preform.

 Step 2. The shape of the preform was modified by applying

a local offset to its flat parts to minimize the difference of

the radial flow velocity and the plastic strain between the

corners and at the flat parts of the workpiece.

 Step 3. Finally, the transformed shape was magnified using

the scale factor to have an equal cross-section reduction ra-

tio.

2.2.2 Preform construction and application of the local offset 

In general, the intermediate die shape should be similar to the 

final shape to make the local reduction ratio uniform and result 

in a decrease of the drawing force during the final drawing and 

an increase of the dimensional accuracy of the final product. In 

this study, the preform, whose shape was as similar to that of 

the final product as possible, was constructed as a basis of the 

intermediate die shape via the virtual die method, as shown in 

Figure 3 (a). 

First, the enlarged shape of the final product was considered 

using a scale factor. The scale factor was a function of the areas 

of the initial material, and the final product calculated based on 

the schedule-pass of equal reduction area, as shown in Equa-

tion (1). 
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𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐹𝐹𝑆𝑆𝑆𝑆𝐹𝐹𝐹𝐹𝐹𝐹 (𝑆𝑆.𝐹𝐹)  =  �𝐴𝐴 𝑖𝑖−1
𝐴𝐴 𝑖𝑖

=  � 1
1−𝛾𝛾 

(1) 

where, Ai is the area of i-th pass, and γ is the reduction ratio of the 

pass. Then, the center of the enlarged final shape by S.F. was 

aligned with that of the initial shape. Finally, the overlapped re-

gion was determined as the preform for the intermediate die shape 

of our process. 

It was necessary to control the material flow to prevent unfilled 

regions at the corners of the rectangular cross-section of the final 

product, in particular, it was crucial to control the flow along the 

radial direction of the workpiece (i.e., the flow from the edge to 

the center) during the final drawing process. When the workpiece 

was in contact with the die, the direction of the material flow 

within the workpiece was determined by the deformation distance 

between the initial and the final points of the workpiece-die. 

Since the workpiece was a continuum, the flow velocity increased 

with increasing deformation distance. As a result, the likelihood 

of unfilled defects in the region where the smallest deformation 

distance occurs increased. In this study, unfilled defect was most 

likely to occur at the corner of the rectangular cross-section of the 

final product. 

To improve the corner filling of the product, the preform needs 

to be modified by introducing a local offset so that more material 

can be involved to fill the corners during the 1st and 2nd drawing 

passes. Based on this idea, Park et al. [5] applied the DOCF 

method to design the shape of the intermediate die for a shape 

drawing process by expanding the corners of the workpiece. 

Since the corners of the workpiece remain a free surface dur-

ing the tandem roll-die drawing process, it is impossible to ap-

ply a local offset expanding the corner like the original DOCF 

method. Therefore, a modified method applying a local offset to 

the flat parts of the preform instead of the corners was intro-

duced, leading to higher plastic deformation values at the cor-

ners during the 2nd converging die drawing. This design meth-

od was called as the local offset method (LOM). 

By using the LOM, the flat parts of the preform were trans-

formed into concavely curved parts, as shown in Figure 3 (b). 

The amount of local offset was 50% of the width between the flat 

parts of the preform and the final shape. Since the area of the 

transformed shape varies according to the amount of the local 

offset applied using the LOM, the reduction ratio varies from that 

of the initial preform. Therefore, the transformed shape was final-

ly magnified using the scale factor to achieve the desired area 

reduction ratio. 

Although the LOM was expected to reduce the difference in 

the radial-direction of metal flow between the flat parts and the 

corners of the workpiece during the converging die drawing, it 

can increase the free surface during the roll-die drawing process 

affecting shape accuracy by discontinuous deformation. There-

fore, another intermediate shape was designed to minimize the 

free surface area and to increase uniform deformation during the 

roll-die drawing process. As shown in Figure 3 (c), the flat parts 

of the preform become convex-shaped once the local offset was 

set in the opposite direction to that of LOM method. This process 

was called the reverse local offset method (RLOM). 

(a) Preform design 

(b) Local offset method (LOM) 

(c) Reverse local offset method (RLOM) 
Figure 3: Design method of intermediate roll-die profile 

Preform

Magnification by S.F

Final drawn shape
Initial workpiece

[ Step 1 ]
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3. Validation of the intermediate roll-die profile

design method 

3.1 Conditions of the FE analysis 
Three-dimensional (3D) FE analysis was performed to assess 

the effectiveness of the proposed intermediate die shape design 

methods for the new tandem drawing process using the com-

mercial FE analysis software DEFORM-3D [9]-[11]. High-

purity 316L stainless steel was considered as the workpiece in 

the FE analysis. The workpiece was manufactured through a 

two-step vacuum induction melting and vacuum arc re-melting 

process [12]. The flow stress-strain curves of the workpiece 

were obtained from a tensile test and were expressed by Equa-

tion (2). 

𝜎𝜎� =  1433.18 𝜀𝜀  ̅ 0.4906    [MPa] (2) 

Figure 4 shows the 3D model used for the FE analysis of the 

new tandem drawing process. Only one-quarter of the entire 

structure was modeled due to the symmetry of the shape of the 

final product. The total number of the elements used in the 

analysis was 182,344. The workpiece was placed to pass 

through the roll-die, and the converging die continuously, and 

the length of the initial workpiece was 250 mm. Friction coeffi-

cients of 0.12 and 0.057 were applied to the roll-die and con-

verging die, respectively [13]. The half-angle of the converging 

die was 9°, and the drawing speed was set to 10 mm/s. 

Figure 4: Three-dimensional finite element model of the new 

tandem drawing process 

3.2 Results of the FE analysis 

3.2.1 Metal flow along the radial direction 

Figure 5 shows the distribution of the radial flow velocities 

on the cross-section of the workpiece during the 2nd converging 

die drawing process. Figure 6 shows the measured radial flow 

velocities along the outer surface. The unfilled corners after the 

2nd converging die drawing were closely related to the metal 

flow along the radial direction, which is the direction from the 

center to the outer surface [5]. 

(a) LOM (b) RLOM 

Figure 5: Distribution of radial flow velocity during 2nd con-

verging drawing processes designed via (a) local offset method 

(LOM) and (b) reverse local offset method (RLOM) 

Figure 6: Radial flow velocity along the surface during 2nd 

converging drawing process 

If the radial flow velocity at a specific position of the outer 

surface is higher than in other positions, a material sink is likely 

to be formed at that point. In the process designed via the LOM, 

the difference between the minimum and maximum radial flow 

velocities was 0.52 mm/s, which indicated as expected that the 

radial velocity distribution observed by the LOM was more 

uniform than the one observed for the RLOM (0.64 mm/s). 

However, the radial flow velocity of the corners of the work-

piece in the process designed via the LOM was approximately 

45% higher (~ -0.85 mm/s) than that of the RLOM (~ -1.24 

mm/s). 

These results can be attributed to the difference of free sur-

face area between the two processes during the 1st roll-die 

drawing. Since the region near the free surface is relatively soft 

due to little work-hardening during the roll-die drawing, the 

region has a relatively high radial flow velocity, and easily ex-

Velocity-R (mm/s)
-0.60

-0.77

-0.94

-1.11

-1.29

-1.46

-1.63

-1.80

-1.24mm/s -0.85mm/s
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tends by the axial drawing force and the back tension. There-

fore, the process designed via the LOM, where larger free sur-

face area forms during the roll-die drawing, leads to higher 

radial flow velocity along the corner. 

3.2.2 Effective strain distribution 

Before the two designed processes were compared in terms 

of corner filling, the behavior of plastic deformation was ana-

lyzed. Figure 7 shows the effective strain distributions during 

the processes designed via the two methods. The process de-

signed via the RLOM showed a more uniform strain distribu-

tion than the LOM after the 1st roll-die drawing. The process 

designed via the LOM caused significant deformation at the flat 

parts. The effective strain distributions after 2nd converging die 

drawing showed a similar tendency compared to those after the 

1st roll-die drawing. The process designed via the LOM led to 

higher plastic deformation at the flat parts than the one designed 

via the RLOM. 

(a) LOM                            (b) RLOM 

Figure 7: Effective strain distributions for the processes de-

signed via (a) local offset method (LOM) and (b) reverse local 

offset method (RLOM 

The standard deviations of plastic strain (SDP) were calculat-

ed using Equation (3) for the quantitative evaluation of the 

strain uniformity after the 2nd converging die drawing [4]. 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = �� (𝜀𝜀𝑖𝑖,𝑆𝑆
𝑁𝑁
𝑖𝑖=1 − 𝜀𝜀𝑎𝑎𝑎𝑎𝑎𝑎,𝑆𝑆)2/ 𝑁𝑁 

Where,  𝜀𝜀𝑎𝑎𝑎𝑎𝑎𝑎,𝑆𝑆  =  � 𝜀𝜀𝑖𝑖,𝑆𝑆
𝑁𝑁
𝑖𝑖=1  / 𝑁𝑁,       (3) 

𝜀𝜀𝑖𝑖,𝑆𝑆 is the effective strain at node i in the FE analysis, 𝜀𝜀𝑎𝑎𝑎𝑎𝑎𝑎,𝑆𝑆 

is the average effective strain of section S, and i and N are the 

node number and the total number of nodes in section S, respec-

tively. In this study, the cross-section of the FE model was di-

vided into nine sections (S= 1~9) and the average effective 

strain was calculated by extracting the strains of 50 nodes (i= 

1~50, N= 50) after the final pass (Figure 8). As a result of the 

SDP analysis for the two processes, it was confirmed that the 

process designed via the RLOM resulted in a more homogene-

ous effective strain distribution within the final product, and the 

corner region (S3) for the process designed via the LOM had 

the highest SDP. 

Figure 8: Sections for standard deviations of plastic strain cal-

culation 

Figure 9: Standard deviation of plastic strain at each section in 

final product 

3.2.3 Cross-sectional shape 

Figure 10 shows the changes of the cross-sectional shape of 

the workpiece during the two new tandem drawing process de-

signed via the LOM and RLOM. The concave offset of the LOM 

increased the size of the free surface during the roll-die drawing 

because the transformed shape was magnified after applying the 

offset (Figure 3 (b)). On the other hand, the convex offset of the 

RLOM led to a smaller size of the free surface because the shape 

was reduced (Figure 3 (c)). Therefore, the free surface area of for 

the process designed via the LOM was larger than the one de-

signed via the RLOM during the roll-die drawing. 

after roll-die drawing

after converging-die drawing

Max 0.61 Max 0.55

Max 1.16 Max 1.03

Effective strain
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1.06
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0.34

0.20
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After the final converging die drawing, the size of the unfilled region 

at the corner, i.e., the diagonal distance between the drawn shape, and 

the die shape at the corner, was 1.40 mm for the process designed via 

the LOM and 1.05 mm for the process designed via the RLOM. 

(a) LOM (b) RLOM 

Figure 10: Cross-sectional shapes for the processes designed 

via (a) local offset method (LOM) and (b) reverse local offset 

method (RLOM) 

These results clearly show that the size of the free surface 

during roll-die drawing, which was determined by the design 

method (LOM/RLOM), plays an important role in the corner 

filling during converging die drawing in the new tandem draw-

ing process. Smaller free surface area during roll-die drawing 

for the RLOM led to smaller unfilled areas. Larger free surface 

area during the roll-die drawing led to relatively easy plastic 

deformation, caused by less work-hardening and higher radial 

flow velocity toward the center at the corner during the con-

verging die drawing. Consequently, a larger unfilled area in the 

final product was observed. Additionally, the uniformity of the 

plastic strain, as well as of the radial velocity, is thought to in-

fluence the characteristics of the corner filling. 

3.2.4 Damage factor 

As an indicator of the reliability of the proposed processes, 

the damage factor was calculated on the basis of the normalized 

Cockroft–Latham model. As shown in Figure 11, the bar 

through the process designed via the LOM showed higher dam-

age factor at the corner than the one designed via the RLOM, 

after both the intermediate roll-die drawing and the final con-

verging die drawing. This is because the intermediate die shape 

by LOM gave rise to a wider free surface near the corner than 

the one designed via the RLOM. Since the free surface has no 

contact with the die, tensile stress dominantly exists near the 

free surface region during the process. Tensile stress plays a key 

role in the propagation of internal cracks of the material, and 

therefore the damage factor. Consequently, it is thought that the 

accumulated damage near the corner region within the free 

surface during the roll die drawing results in higher damage 

factor at the corner after the final drawing. 

(a) LOM     (b) RLOM 

Figure 11: Damage factor distributions for the processes de-

signed via (a) local offset method (LOM) and (b) reverse local 

offset method (RLOM) 

4. Conclusion
Design methods to optimize the intermediate roll-die shape 

were investigated to produce rectangular cross-section metal 

bars with highly accurate dimensions by a new tandem drawing 

process. The following conclusions were drawn from the results 

of this work. 

(1) The LOM and RLOM were devised by the construction of a 

preform using the virtual die method and the application of 

a local offset to the flat parts of the preform based on the 

DOCF method. 

(2) The process designed via the LOM, where larger free sur-

face area forms during the roll-die drawing, led to higher 

radial flow velocity at the corner than the one designed via 

the RLOM. The process designed via the RLOM resulted in 

a more homogeneous effective strain distribution within the 

final product, while the corner area of the process designed 

Max 0.35 Max 0.27
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Damage
0.55

0.47

0.39

0.31

0.24

0.16

0.08

0.00

Damage
0.55

0.47

0.39

0.31

0.24

0.16

0.08

0.00

after roll-die drawing

after converging-die drawing



Im-Jeong Cheonㆍ Seong-Cheol Parkㆍ Hyun Parkㆍ Sung-Kyu Hongㆍ Kyung-Hun Lee 

Journal of Advanced Marine Engineering and Technology, Vol. 44, No. 3, 2020. 6     229 

via the LOM showed the highest standard deviation of plas-

tic deformation. 

(3) The process designed via the RLOM shoed higher corner 

filling performance than the designed via the LOM. This is 

because the RLOM led to a more uniform effective strain 

and lower radial flow velocity at the corner than the LOM. 

These differences in the corner filling performance and de-

formation behavior between the two methods can be at-

tributed to the difference in free surface size during the roll-

die drawing. 
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