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Abstract

An optimized numerical model is proposed, accompanied by an in-depth investigation of the
characteristics of rod and tube drawing processes and a critical review of previous studies on
tube drawing from the perspectives of practicality and accuracy. An automatic simulation
framework, specifically a dual-step simulation scheme incorporating a specialized remeshing
function, is presented to enhance the applicability and accuracy of simulations for rod and
tube drawing processes. The effectiveness of the proposed finite element (FE) analysis model
is evaluated by comparing FE-predicted results with those reported in the literature. Using
typical examples of various multi-pass drawing processes, including both unidirectional and
alternately driven cases, the importance of the proposed FE model and its automatic analysis
capability in improving engineering productivity is demonstrated.

Keywords: implicit elastoplastic FEM; drawing; optimized analysis model; dual-step simulation;
flow lines; unidirectional drawing; alternate drawing; horizontal virtual metal flow lines

1. Introduction

A bar, rod, or tube is the basic form of material for industrial products. Tubes and wires,
produced in small or large quantities of various types, are widely used in general machinery,
power generation, aerospace, medical care, the electronics industry, and semiconductor
manufacturing. Drawn rods are widely used as materials for cold forging, particularly in
automated, multistage processes. Since rods and tubes often play a direct role in supporting
tensile loads, which can be highly detrimental to fracture, it is crucial to accurately understand
the manufacturing process and the mechanical condition of the product. However, the
application of finite element (FE) simulation technology in the drawing process is not as active
as in other fields, including forging and sheet metal forming. The cause is mainly due to the
characteristics of the drawing process, such as the material’s large aspect ratio and the need
for artificial factors, such as the gripper, to apply the tensile load.

A variety of works on rod or tube drawing has been made, focusing on dimensional
accuracy [1-9], strain uniformity [10-13], defect or failure [14-22], thickness uniformity
or eccentricity [3,5-7], surface quality, wear, or lubrication [21,23-25], drawing load or
stress [1-5,11,16,26-33], and residual stresses [3,34—45]. They are all key factors to consider
when designing the drawing process. Many studies on the drawing process have used the
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finite element method (FEM), and the combined FEM and optimization technique has been
used to address major engineering issues that are complicatedly coupled [17,21,44,46,47].
During multi-pass drawing [48], the material may experience severe plastic deformation,
which can enhance the texture formation, microstructure, and dislocation density [6,13,46—49].

The drawing process is mechanically and metallurgically complicated, even though
its geometry is simple. Non-homogeneous residual stresses incurred during tube drawing
and in service [38,43,50] may deteriorate the structural strength and local metallurgical
properties. They may induce buckling of cylindrical tubes [51] and increase the post-work
cost to enhance the material’s formability and the fracture resistance of the drawn product.

Although a few experimental studies on residual stresses during drawing [39] have
been conducted, they have distinct limitations. FE prediction of residual stresses during
drawing is thus one of the primary targets of FE analysis of drawing processes. Roy
et al. [1] attempted to optimize a multi-pass wire drawing process for total deformation
energy using an adaptive micro-genetic algorithm. They also applied this scheme to other
processes with different optimal process design criteria. Akiyama et al. (2002) [34] studied
the effect of a plug during tube drawing on residual stress. He et al. (2003) [35] predicted
residual stress during steel wire drawing using FEM, accounting for the material’s plastic
anisotropy, and experimentally verified the results. Ruiz et al. (2003) [36] experimentally
and numerically studied the residual stresses in drawn steel wires. Pirling et al. (2008) [50]
measured the residual strain of a cold-drawn copper tube using neutron diffraction to
resolve the interconnection between the geometrical changes in the tubes caused by de-
formation non-homogeneity and the resulting residual stresses. Kuboki et al. (2008) [37]
experimentally and numerically showed the existence of a specific minimum bare thickness
reduction beyond which the intensity of the residual stress is significantly reduced. Pirling
et al. (2011) [38] numerically studied the effects of wall thickness, eccentricity, ovality, and
residual stress in tube drawing on tube qualities. Foadian et al. (2016) [3] experimentally
and numerically demonstrated that a tilted die improves product quality by reducing resid-
ual stresses. Dmitriy (2019) [41] predicted the residual stresses of drawn wires fabricated
under various working conditions to reveal the relationships among the reduction in area,
cone angle, and residual stresses.

Gattmah et al. (2020) [52] developed a technique for measuring residual stress in
drawn tubes; a comparison of FE predictions and X-ray diffraction results validated the
approach. Nishida et al. (2021) [43] demonstrated that the residual stress problem of drawn
wire can be significantly mitigated after straightening. Baumann (2021) [42] studied the
method of reducing residual stresses in wire by modifying the die geometry. Selbmann et al.
(2024) [44] presented an approach for tailoring the residual stress distribution by adjusting
the forming process, including die geometry, drawing velocity, and wire temperature, to
mitigate the near-surface tensile residual stresses induced by the drawing process.

Few researchers have studied the drawing processes, focusing on deformation or
strain uniformity. Moon et al. (2005) [10] presented an analytical model of a multi-pass tube
drawing process for optimal process design based on the criterion of strain homogeneity.
Sheu et al. (2014) [11] optimized the profiles of the drawing die orifice and the plug to
minimize drawing force and strain non-homogeneity, using the Taguchi method with FEM.
Jietal. (2015) [12] determined the cross-sectional profile of intermediate dies to improve
plastic strain homogeneity using the conventional electric-field analysis method.

A few researchers have contributed directly or indirectly to the development of draw-
ing process simulation technology. Nevertheless, the application of this technology is less
developed in drawing industries than in forging and sheet forming, particularly in multi-
pass processes. Although some academic research [10,15,19,20,27,47] has been conducted
on multi-pass processes, applied research in this field is insufficient, considering that most
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drawn products are manufactured using multi-pass processes. The cause is primarily due
to the characteristics of the drawing process. To make professional research results valuable
in these industries, it is essential to develop practical analytical models and application
technologies that account for the characteristics of the drawing process.

The characteristics of the drawing process are summarized as follows: A tensile force
is applied to the end of the material that has passed through the drawing die orifice using a
grip, causing unidirectional deformation of the material and local, yet continuous, contact
with a specific part or area of the drawing die. Additionally, it involves multiple passes,
and due to the material’s length, significant frictional heat is generated in some areas of the
drawing die during the drawing process, which negatively affects lubrication [21]. Because
forming is achieved by applying a tensile force to the material’s tip, the soundness of the
process and product quality are sensitive to the material’s flow behavior. Additionally,
when the material’s cross-sectional area is small, satisfying the initial drawing conditions
is also crucial. From a numerical analysis perspective, the characteristic of the drawing
process is that a portion of the material exerts force on itself, causing plastic deformation.

The drawing process is geometrically simple. However, it belongs to the very ex-
treme end of problems in terms of mechanics and metallurgy. From a numerical analysis
perspective, it is also considered an extreme process, so the applicability of numerical
approaches is significantly limited compared to other metal-forming processes. Although
numerous numerical studies have been conducted, they have not yet overcome the barriers
to applicability. In this study, we present an optimized analysis model that accounts for
drawing process characteristics and numerical aspects, along with a dual-step simulation
scheme with a specialized remeshing function to improve accuracy and automate simu-
lation of unidirectional and alternating drawing processes. Their usefulness in terms of
practicability and accuracy is demonstrated through typical application examples focusing
on residual stresses and metal flow lines in the multi-pass drawing processes, unidirectional
or alternate. The elastoplastic finite element analysis function of AFDEX V24R02, an APA
(Siemens/ Altair, Advanced Partner Alliance (APA)) software, was used.

2. Optimized FE Analysis Model for Multi-Pass Drawing Processes
2.1. Definition of a Process Focusing on the FE Mesh System

Kuboki et al. [37] conducted experimental and numerical investigations of a tube-
drawing process, as illustrated in Figure 1, which shows the process parameters and the
initial FE mesh. Table 1 summarizes the material properties and process parameters used for
the elastoplastic FE analysis. The numerical analysis was performed under the assumption
of axisymmetry. The initial mesh consists of nearly square elements; however, because the
analyzed material was approximately 22 times the tube thickness, a significantly larger
number of elements was required in the longitudinal direction. When the mesh density is
increased uniformly in both the thickness and longitudinal directions, the total number of
finite elements increases rapidly, leading to a high computational cost. This is one of the
characteristic challenges encountered in drawing-process simulation.

In general, computational efficiency problems arise in FE analyses of tube drawing
processes because the materials are often very long, and large-aspect-ratio meshes are typi-
cally avoided when elements are densely distributed in the radial direction. Consequently,
previous FE analyses of axisymmetric drawing processes have commonly employed quadri-
lateral meshes with element aspect ratios close to unity, divided into an average of 8 equal
radial intervals (up to 40).
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(a) Process design
(b) FE analysis model
Figure 1. Definition and FE analysis model of the Kuboki et al.’s tube drawing process.
Table 1. Process information about the Kuboki et al.’s tube drawing process.
Parameters Units Values
Material for the tube
Young’s modulus E GPa 206
Poisson’s ratio v 03
Flow function MPa T =407(1+ gota9e)
Tube dimension
Initial outer diameter D; mm 33
Thickness t; mm 4
Die
Semi-cone angle o Deg. (°) 7
Hole diameter Dy mm 30
Bearing length B mm 9
Plug
Diameter D), mm 22
Others
Friction coefficient — 0.03

In the study by Kuboki et al., the material was divided into 5 equal radial intervals,
resulting in an initial element aspect ratio of unity, and into 110 longitudinal intervals. In
the present study, Kuboki et al.’s tube-drawing process was simulated using both the same
FE mesh shown in Figure 2a and a denser quadrilateral mesh divided into 50 equal radial
intervals and 400 longitudinal intervals, as shown in Figure 2b. The average forward step
size of the material per solution step was set to 0.1 mm. Springback analysis was always
performed as the material exited the die.
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(a) Coarse (Kuboki et al.) (b) Fine

Figure 2. FE mesh systems employed to compare the FE predictions by the coarse and fine FE meshes [37].

Figure 3a shows that the predicted effective strain, which varies smoothly along the
radial coordinate, is not significantly affected by the FE mesh density. In contrast, the axial
residual stress component is highly sensitive to the FE mesh system, as shown in Figure 3b.
When the same coarse FE mesh used by Kuboki et al. is adopted, the present predictions are
practically identical to theirs. However, the gradients of axial residual stress with respect to
radius exhibit discontinuities near the surface, because the coarse mesh shown in Figure 2a
cannot adequately capture the sharp stress variations concentrated in the skin region. This
observation indicates that uniform and coarse FE models, including that of Kuboki et al.,
are not suitable for accurate residual stress analysis in tube drawing processes. Although
this limitation can be mitigated by employing the dense mesh shown in Figure 2b, such
an approach is generally not computationally economical. Therefore, optimized FE mesh
strategies are essential for efficient analyses of multi-pass drawing processes, automatic
process optimization, and three-dimensional drawing simulations.
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(a) Effective strain (b) Axial residual stress

Figure 3. Comparison of FE-predicted effective strain and axial residual stress between coarse
(Kuboki et al.) and fine (present) FE mesh systems.
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Meanwhile, as shown in the axial, radial, and circumferential residual stress compo-
nents of the drawn material in Figure 4, obtained using the fine-mesh system in Figure 2a,
their changes along the z-axis are not significant. The maximum and minimum axial
residual stresses occurring at the inner and outer surfaces in the major deforming region
were 888.5 and 872.7 MPa, and 594.1 and 555.2 MPa, respectively. The differences due to
oscillations in state variables can be smoothed by taking their mean values, which is neces-
sary because of the periodic and numerical changes in the area defined by the nodes at the
two ends. The oscillation amplitude can thus be reduced by using a finer FE mesh system
in the z-direction. Unless an analysis considers lubrication problems, coupled analysis,
or elastic deformation of the die, an FE mesh that adequately captures contact conditions
may not be problematic in the longitudinal direction from an engineering standpoint. This
fact suggests that rectangular quadrilateral elements that are longer in the longitudinal
direction are useful in two-dimensional cases.

—873 Unit: MPa —3.14 Unit: MPa —603 Unit: MPa
\ 700 \ 0 \ 400
300 10 125
~100 -20 150
400 -30 —425
900 \ 40 ~700
594 1.53 354

(a) Axial (b) Radial (c) Circumferential

Figure 4. FE-predicted axial, radial, and circumferential residual stresses at the final stroke.

As shown in Figure 5, from the axial residual stress distribution, FE-predicted by a square
FE mesh system equally divided in the radial direction into 10, 30, and 50 equal vertical
intervals, it can be seen that the change in axial residual stresses FE-predicted occurs when
the square FE mesh system has over 30 equal vertical intervals. It is not significant. However,
given the very long drawing length and the three-dimensional drawing process, it is desirable
to reduce the number of divisions in the radial direction as much as possible. For this purpose,
in the case of tubes, a relatively coarse FE mesh is used near the thickness center where the
effective strain and residual stress, which are the main FE predictions, change gently and
almost linearly. However, a dense FE mesh is used near the contact surface of the material with
a drawing die or plug. This fact emphasizes the need for an optimal non-uniform structural
FE mesh system that accounts for the characteristics of the drawing process, which involves
long material and rapidly changing FE predictions near the skin.
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Figure 5. Effect of mesh density on the axial residual stress.
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Based on the FE predictions predicted by various FE meshes and the fact that reliable
FE solutions were obtained by the FE mesh system with over 30 equal vertical intervals, as
indicated in Figure 5, the method of densifying the elements near the skin in the r-direction
(width = 0.5 mm) and coarsening the elements in the longitudinal direction, as shown in
Figure 6, is effective in terms of both solution accuracy and computational efficiency.

)

Sl e

. |

(a) Initial (b) Intermediate

Figure 6. Optimized FE mesh system for the Kuboki et al.’s tube drawing process.

Since the longitudinal length of the quadrilateral element determines the number of
contact nodes at the contact interface, as shown in Figure 6b, a rectangular quadrilateral
FE mesh system with a constant length in the z-direction (19 unequal intervals in the
r-direction and 100 equal intervals in the z-direction) was used to keep about 10 nodes at
the contact interface.

Figure 7 compares the FE predictions obtained using the FE mesh systems in
Figures 2b and 6. Although the number of FEs in the FE mesh system in Figure 6 is much
less than half of that in Figure 2b, there is no significant difference in axial residual stress
between the FE predictions obtained by the two FE mesh systems.

1,200

—=e— Uniform FE mesh
- - -- Non-uniform FE mesh

800 [

400

-400

Axial residual stress [MPa]
S

—800

71’200 L L L L L 1 L
11 12 13 14 15
7 [mm]

Figure 7. Comparison of axial residual stresses obtained using the uniform and globally fine
(Figure 2b) and non-uniform and locally fine (Figure 6) FE mesh systems.
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2.2. Special Remeshing Scheme for Accurate and Automatic Simulation of Drawing Processes

Drawing is based on a multi-pass process. During the analysis of a multi-pass drawing
process, the material length increases as the area decreases. Although this increase in
length during a pass does not significantly affect the analysis of the current pass, it has a
detrimental effect on consecutive passes. The FE’s aspect ratio increases with an increase in
the overall length of the drawn material. In addition, the contact length between the die
and material is generally shortened due to the reduced drawing die size. The resulting FE
mesh system for the drawn material may unacceptably represent the contact interface in
the subsequent passes.

In simulating axisymmetric drawing processes using structural FE meshes, remeshing
due to FE distortion is usually unnecessary throughout the simulation. This fact may also
be true of most three-dimensional drawing cases. However, when the pass is changed,
remeshing is fundamentally necessary to resolve the aforementioned problem and the com-
putational efficiency problem resulting from the increased material length and shortened
material-die contact length in subsequent passes. For this purpose, it is desirable to cut the
material to maintain the length-to-radius ratio below a specified level, while accounting
for computational efficiency and end effects. On the contrary, it is advisable to prefer the
function [3] specialized for that purpose to the usage of the long material for analyzing
temperature changes in materials and dies.

The key point in remeshing the axisymmetric material during the drawing process simu-
lation is to maintain the structural FE mesh in optimal condition while accurately describing
the outer geometry. This optimized FE mesh system should be maintained from beginning
to end by keeping the material’s initial length-to-radius ratio constant, and the number of
vertical and horizontal divisions, along with their ratios, constant at each pass. That is, at the
beginning of each drawing pass, the two mechanically meaningless ends should be removed,
the length of the initial material should be maintained at an appropriate ratio to the diameter,
and the connectivity of the initial FE mesh system should be maintained.

Of course, using an optimal mapping method, the new FE mesh system must maintain
the geometric and mechanical quantities of the previous FE mesh. The elemental values
of state variables were first formulated by linearly interpolating their optimized nodal
values, thereby minimizing the least-squares difference between them. From the continuous
functions of state variables, new state variables at the necessary points are calculated. The
nodes on the outline of the new FE mesh system are strictly located on the outline of the
old FE mesh system. When the coordinates of the outermost node move, the related inner
nodes also move by a corresponding amount based on an interpolation principle, thereby
minimizing damage to the optimal FE mesh. The principle is to treat the internal nodes as
points on the line segment connecting the two outermost points on the same z-coordinate
line (the nodes with the maximum and minimum r-coordinates among those with the same
z-coordinate). The given ratios of the related FE intervals in the r-direction determine the
r-coordinates of the new internal points.

With the above-mentioned concept and method, immediately after completing the
FE simulation of the drawing process in Figure 1, remeshing was performed using the
method dedicated to the drawing process. Figure 8 shows the FE mesh, horizontal virtual
metal flow lines (HVMFL, that is, the deformation history of the line segments initially
perpendicular to the drawing direction), and residual stresses before and after remeshing.
To check whether their peripheral coordinates changed due to remeshing, the minimum
and maximum r-coordinates of the surface were compared, showing differences of 0.009%
and 0.007%, respectively, relative to the previous FE mesh. In addition, the minimum and
maximum residual stresses of the two FE mesh systems recorded differences of 0.026%
and 0.215%, respectively. The difference in residual stress is very small compared to the
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r=10.99

Pass 1

general case when non-structural or non-optimized structural FE mesh systems are used.
This is because the r-coordinates of the nodes constituting the FE mesh systems before and
after remeshing are almost identical. Hence, the two FE mesh systems are compatible with
respect to the mapping of state variables for remeshing.

Pass 2

10.99

Unit: MPa
Il 14.99 ] 853 569 600
o n//// \\\\ //// 225
it —150
—525
B T —900
_—*—*—
14.99 | —853 568

(a)

(b) (©)

Figure 8. Comparison of FE mesh system, metal flow lines, and axial residual stress between before
(upper) and after (lower) remeshings. (a) FE mesh system; (b) Metal flow lines; (c) Axial residual stress.

3. Dual-Step Simulation Scheme of Drawing Processes

As shown in Figure 6, the initial FE mesh for FE analysis of an axisymmetric or two-
dimensional drawing process is optimized and composed of non-uniform rectangular initial
FEs. In all passes of a continuous process, the number of FEs and the element connectivity
information are the same. At the beginning of each pass, unless there is a special request,
the initial FE mesh is generated or remeshed. During the FE mesh generation or remeshing,
chamfering may be applied to the grip region of the material for better initiation of drawing
or prevention of severe FE mesh distortion at the frontal edge, and the flow stress of the
material near the grip may be artificially strengthened, considering the grip’s function.

When analyzing a multi-pass drawing process in automatic analysis mode, the position
of the remeshed material is automatically determined at the end of the current pass, taking
the drawing direction into account. Once preparation for analysis is completed, analysis
for the next pass automatically continues without any user intervention.

Figure 9a shows a dual-step strategy for simulating the tube drawing process after
the virtual tube extrusion for grip creation, considering the drawing process simulation
characteristics described above. The process analysis is structured so that the virtual
extrusion process for grip forming precedes the drawing process. The dual-step simulation
scheme is fundamentally based on a drawing die, plug, material, and two velocity boundary
condition boxes.

The material’s motion is primarily driven by the velocity imposed via two velocity
boundary condition boxes. As shown in Figure 9b,c, the virtual extrusion velocity boundary
condition box on the inlet side is first activated, and the drawing process simulation begins
when the material activates the drawing velocity boundary condition box on the exit side.
The arrow in Figure 9b,c means that the velocity boundary condition was imposed in the
z-direction, and it is unrelated to the magnitude or sign of the imposed actual velocity.
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Extrusion
control
box

0.5 mm

Drawing
control
box

(b)

(0

Figure 9. Dual-step simulation scheme. (Virtual extrusion velocity: 1 mm/s, Reduction in area
per pass: 10%). Colored arrows were placed at the velocity-prescribed nodes (a) Process definition
focusing on virtual extrusion and drawing control boxes. (b) Virtual extrusion to form the grip.
(c) Actual drawing.
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4. Typical Examples

4.1. Subsection Definition of Unidirectional and Alternate Drawing Processes and Their
FE Simulations

Two virtual 20-pass solid-rod drawing processes, one for unidirectional drawing
and the other for alternate drawing, were analyzed using an automated drawing process
analysis technique. Information about the two processes is summarized in Table 2.

Table 2. Summary of the process parameters of the test examples.

Parameters Units Values
Material for the rod
Young’s modulus E GPa 200
Poisson’s ratio v — 0.3
Rod dimension
Diameter D; mm 5
Die
Semi-cone angle « Deg. (°) 7
Bearing length B mm 40% of D f
Others
Friction coefficient — 0.03
Reduction in area (each pass) % 10

Figure 10 shows the initial shape, the deformed shape after each pass, and the
HVMEFLs. There is some difficulty in comparing the actual sizes in Figure 10a because of the
significantly large total reduction in area. The material and HVMFLs were thus uniformly
expanded so that the radii at the outermost nodes matched the radius of the initial material,
and the change in normalized HVMFLs was visualized, as shown in Figure 10b.

Initial

==

=

Pass 10

il

(a) Real scale (Left: Unidirectional; Right: Alternate)

Tl

AR

MmO

L

i

R

R

=

Unidirectional ~Alternate
\ 4

il
Il
DN

[ : [ : [ : || : |
5 mm 4.5 mm 2.95 mm 1.74 mm 1.03 mm T 06lmm

Initial Pass 1 Pass 5 Pass 10 Pass 15 Pass 20

(b) Normalized scale (Left: Unidirectional; Right: Alternate)

Figure 10. Comparison of HVMFLs between the unidirectional (Left) and alternate (Right) drawings.
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Pass 5

Pass 10

Pass 15

Pass 20

Figure 11 shows the change in the actual metal flow lines with the same initial
r-coordinates. The actual metal flow lines formed during the manufacturing process can be
visualized by etching the polished specimen. On the contrary, the horizontal metal flow
lines in Figure 10 are virtual metal flow lines and do not exist. In other words, Figure 10
is HVMEFL for confirming and comparing the FE predictions, and it cannot be visualized
by etching. Of course, HVMFL may affect the quality of the drawn material and can be a
process design target.

Figure 11. Comparison of detailed vertical metal flow lines between the unidirectional (Left) and
alternate (Right) drawings. The chain line indicates the line of symmetry.

As shown in Figure 10, the HVMFL shows a significant change, while the longitudinal
metal flow lines in Figure 11 are the same as the result of uniform shrinkage. The change in
HVMEFL appears to accelerate as the strain increases because the strain is superimposed
as the pass increases. Notably, the extreme deformation of HVMFL occurring during the
drawing process can be imagined from the shape of the grown central fracture defect, as
can be observed in the cross-section of a drawn copper wire in Ref. [53]. The HVMFLs may
be important for product quality, including strength and lifespan.

In the case of unidirectional drawing, extreme deformation of the HVMFL occurs, as
shown in Figure 10, whereas relatively mild deformation of the HVMFL occurs in the case
of alternate drawing.

As shown in Figure 12 for the effective strain and in Figure 13 for the axial residual
stress component, the influence of the history-dependent variable is not significant in
either the unidirectional or the alternate drawing processes. In addition, the minimum
and maximum effective strains of the final drawing product are 4.58 and 5.47, respectively,
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with a relatively small difference between them. On the other hand, the axial residual
stress component has a minimum value at the inner diameter and a maximum value at the
outer diameter of —1180 and 646 MPa, respectively, of which the absolute values certainly
are very large. This excessive difference in residual stress can cause the drawn wire to
bend, twist, or fracture even during post-processing, such as heat treatment, or during
small disturbances in service. As mentioned above, multi-pass wire-drawing products
exhibit distinct mechanical characteristics. This suggests that an optimal unidirectional and
alternating combination process exists for wire stiffness, quality, and life.
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Figure 12. Comparison of effective strain between the unidirectional (Left) and alternate (Right) drawings.
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Figure 13. Comparison of axial residual stresses between the unidirectional (Left) and alternate
(Right) drawings.

4.2. Effects of Major Parameters on HVMFL and Axial Residual Stress
4.2.1. Effect of Friction

To investigate the effect of friction on the drawing process, FE analysis was performed
with friction coefficients of 0.0, 0.03, 0.06, 0.09, and 0.12, while holding all other conditions
constant. HVMFLs are compared in Figure 14a. It can be seen that the HVMEFL of the
unidirectional drawing process on the left is much denser than that of the alternate drawing
process on the right. The number of HVMFLs that meet the same horizontal line according
to the change in the friction coefficient for the two methods is compared in Figure 14b.
This number increases continuously in the unidirectional case as the friction coefficient
increases, whereas it changes little with the friction coefficient in the alternate drawing case.
The change in axial residual stress due to friction is shown in Figure 15. As shown in this
figure, in both unidirectional and alternating drawings, the greater the friction, the greater
the increase in axial residual stress, but the quantitative effect remains minimal.
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Figure 14. Effect of friction on HVMFL.
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Figure 15. Effect of friction coefficient on axial residual stress.
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4.2.2. Effect of Semi-Cone Angle

To analyze the effect of the semi-cone angle on the drawing process, FE analyses were
conducted for semi-cone angles of 5°, 6°, 7°, 8°, and 9° under the same conditions, except
for the semi-cone angle. Figure 16a compares the FE predictions of HVMFL according to
the semi-cone angle. It can be seen that the HVMFL of the unidirectional drawing process
on the left is much denser than that of the alternate drawing process on the right. The
number of HVMFLs that meet the same horizontal line as a function of the semi-cone angle
change for the two drawing methods is compared in Figure 16b. As the semi-cone angle
increases, this number continuously increases in the unidirectional case. In contrast, the
change in this number according to the semi-cone angle is relatively small in the alternate

il

o o o o o

6 7 8 9

drawing case.

Unidirectional Alternate

\ /

(a) Semi-cone angles and HVMFLs

30

|| —®— Unidirectional
—@— Alternate

15

10

Number of metal flow lines

Semi-cone angle [°]
(b) Number of HVMFLs passing a horizontal line

Figure 16. Effect of semi-cone angle on HVMFL.

Unlike friction, the effect of the semi-cone angle on the axial residual stress is apparent,
as shown in Figure 17. The smaller the semi-cone angle, the smaller the maximum value
of the axial residual stress. This phenomenon occurs in both the unidirectional and the
alternate drawings.
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Figure 17. Effect of semi-cone angle on axial residual stress.

4.2.3. Effect of Reduction in Area

To determine the effect of the reduction in area, FE analyses of 10-pass and 20-pass
drawing processes were performed under the same initial material radius, final product
radius (0.4 mm), and semi-cone angle. The reference process follows the pass design in
Section 4.1, and the comparison process is a 10-pass process with a reduction in area of
16.7% per pass (8.8% for the 20-pass process). Other conditions are summarized in Table 1.
Figure 18 compares FE predictions of HVMFL as a function of area reduction. In the case of the
unidirectional drawing, the HVMFL of the 20-pass drawing process on the left is somewhat
denser than that of the 10-pass drawing process on the right in Figure 18a. However, in
the case of the alternate drawing in Figure 18b, the difference in deformation between the
two HVMEFLS is not significant. That is, as the number of passes decreased, the number of
HVMFLs on the same horizontal line decreased from 18 to 11 in the unidirectional drawing
process while increasing from 4 to 5 in the alternate drawing process.

Pass 20 Pass 10

| \ /

|

(a) Unidirectional (b) Alternate

Figure 18. Comparison of HVMFLs according to the reduction in area.

As shown in Figure 19, the axial residual stress in both unidirectional and alternate
drawings is sensitively affected by the decrease in the number of passes, i.e., the area
reduction ratio. In the case of the unidirectional 20-pass drawing, the FE-predicted axial
residual stresses at the surface and center were 771 and —1300 MPa, while they were
489 and —843 MPa in the case of the 10-pass drawing, respectively.
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Figure 19. Comparison of axial residual stress according to the reduction in area.

Figure 20 shows the distribution of effective strain as a function of reduction in area. It
is shown that a decrease in the number of passes, that is, an increase in the reduction in
area of each drawing pass, improves the strain homogeneity, which leads to a decrease in
the axial residual stress in Figure 21.

Pass 20 Pass 10
\ /

(a) Unidirectional (b) Alternate

Figure 20. Comparison of effective strain according to the reduction in area.
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Figure 21. Stress—strain curves and SEM images of the fracture surface of each drawn wire
(Reduction ratio = 99.77%).

4.3. Discussions
In Figure 10, the metal flow lines predicted by the unidirectional (Left) and alternate
(Right) drawings differ significantly. However, under the assumption of isotropic hardening,
the comparison of strains and residual stresses in Figures 12 and 13 shows little difference.
Meanwhile, according to the research by Yoshida and Doi [48], tensile tests on thinned
wire after a 27-pass drawing process using unidirectional (Left) and alternate (Right)
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drawing methods show a clear difference between the two methods, as shown in Figure 14.
Unidirectional drawing has a strength approximately 14% higher than alternate drawing,
but its elongation is only half that of the latter. Therefore, the toughness of the former is
about 57% of that of the latter. This clearly contrasts the two drawing methods.

During continuous drawing, steel undergoes repeated plastic deformation, leading to
grain elongation along the drawing direction, the development of a distinct grain struc-
ture, and, consequently, anisotropy. Embury and Fisher [54] investigated pearlitic steel
wire and reported that the lamellar structure aligned parallel to the drawing direction
increased strength but significantly reduced ductility. This phenomenon was closely related
to the increased dislocation density and grain fiberization during drawing. It was demon-
strated [55] that continuously increasing the drawing strain in high-strength pearlitic wire
increased the tensile strength in the drawing direction but significantly reduced the ductility
in the transverse direction, promoting brittle fracture behavior. These studies consistently
demonstrate that grain alignment and structural changes are the primary factors governing
anisotropy in drawn steels. Considering this, it is expected that grain orientation will be
less pronounced in alternate drawing compared to unidirectional drawing.

The FE analysis in this study used a phenomenological plasticity model that cannot
account for crystal-structure evolution, limiting its ability to reflect the degree of anisotropy
developed during the drawing process.

According to the research by Yoshida and Doi, the generation of additional shearing
strain was suppressed during alternate drawing, as shown in Figure 10, and the ductility of
the alternately drawn wire was improved. Based on their study and considering practical
difficulties in challenging the practicability of reflecting these differences in analyses, this
research assumes that in alternate drawing, the strain rates in the longitudinal and radial
directions continuously maintain positive and negative signs, respectively. In contrast, the
shear strain rate component alternates between positive and negative values. As seen in
Figure 22, for €,, and ¢, the results are similar if inverted, but ¢,, shows a different trend.

€2z ‘ &y
0.03 115 0.6
-0.13 ] 0.86 0.3
-0.29 I 0.56 0.0
~0.44 0.27 0.3
~0.60 :. -0.03 0.6
|
\\\ .
N N

Figure 22. Comparison of strain rate distribution in unidirectional (Left) and alternate (Right) drawings.

For these reasons, the effective strain rate was approximately obtained from the
following equation:

o[

where 7 is the proportion reflecting the shear strain rate, empirically determined, and its
value ranges from 0.0 to 1.0. Note that the mathematical modelling of the actual effective
strain rate is too complicated owing to the effect of the Bauschinger effect or the material’s
anisotropy. Thus, Equation (1) gives a simple and practical method to alleviate strain
hardening in alternate drawing by reflecting only a portion of the shear strain on the
cumulative effective strain.
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Figure 23 shows the distribution of effective strain, residual stress, and metal flow
lines according to 7. The results of effective strain when X is 0.1 and 0.5 show a distinct
difference from the results when 7 is 1.0 at the surface of the wire. This can also be observed
in the effective residual stress. Of course, the contrast in results is more noticeable when 7 is
0.1. This can also be seen in the results of Yoshida and Doi. Although there are differences
in the metal flow lines with #, they are not significant.

5.5
3.9
2.3

4.2 4.3 4.6

N N N

0.0

4.4 4.7 5.5
n=0.1 n=05
(a) Effective strain
Unit: MPa
800
—1060 —-1070 —-1100

\ 4 \ 32
—150
—625
-1100

733 755 803

0.1 0.5 1.0

(b) Axial residual stress

Il ,"lr I
| ,fjl |

0.1 0.5 1.0

(c) Metal flow lines

Figure 23. Comparison of major analysis results according to #.

5. Concluding Remarks

The features of the drawing process were investigated from the perspective of accurate,
practical simulation. They involve the presence of grips and their importance in analysis,
the necessity of a structural FE mesh, the gradual increase in the length of the material in
the multi-pass process, meshing and remeshing in harmony with the geometrical features
of the process, the importance of automatic simulation, alternate drawing, and the radical
change in the residual stress distribution. Based on this investigation, an optimal analysis
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model and an automatic simulation technique for the multi-pass drawing process were
established based on a dual-step simulation scheme. The FE predictions of residual stresses
were verified numerically. The excessive deformation of HVMFL observed during the
multi-pass drawing process was qualitatively verified using cases reported in the literature.

The HVMFLs and residual stresses obtained from FE analyses of the virtual unidirec-
tional and alternate multi-pass drawing processes, conducted under the same conditions,
were compared. It was confirmed that the actual metal flow lines parallel to the longitudi-
nal direction shrink uniformly in the radial direction. At the same time, the deformation
of HVMFLs accelerates with increasing passes, especially during unidirectional drawing.
Although this HVMFL can significantly reduce its deformation through alternate drawing,
the deformation of the HVMFL cannot be extremely reduced when the same reduction in
area is applied in alternate drawing. However, there was no significant difference between
the unidirectional and alternate drawing processes in the magnitude of the FE-predicted
residual stress. Meanwhile, reflecting the results of the pioneering work by Yoshida and
Doi [48], which experimentally clarified the differences between unidirectional and alter-
nate drawing, a practical scheme was proposed to account for the effects of changes in
the direction of shear plastic deformation in alternate drawing. Based on these numerical
study results, the optimal changes in HVMFL, residual stress, and strength can be achieved
through an appropriate pass schedule design in an alternate drawing process that considers
the quality of the drawn product.
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