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Abstract: A semi-dieless drawing technology has the advantages of producing a large deformation
in a single pass and achieving high-precision dimensions of the finished products. However,
instabilities can easily occur in a technique with a large amount of deformation, resulting in its failure.
Herein, the deformation behavior of a wire during semi-dieless drawing is studied by finite element
simulations. The instability mechanism of the semi-dieless drawing is proposed and validated by
experiments. The experiments are conducted under the following conditions: a heating temperature
of 950 °C; a distance between the die and heating coil of 20 mm; a feeding speed of 0.25 mm/s;
a drawing speed range of 0.38-0.53 mm/s, and a die diameter range of 1.8-2.4 mm. The results
show that by increasing the drawing speed or decreasing die diameter, the diameter fluctuation of
the dieless drawn wire increases, and the semi-dieless drawing process easily becomes unstable.
The diameter of the entering wire shows a fluctuating increasing trend owing to the variation in the
drawing speed, which results in the instability during the semi-dieless drawing. The validity of the
finite element model is verified by comparing the numerically predicted value and experimentally
measured value of the drawn wire diameter.

Keywords: Ti-6Al-4V alloy wire; semi-dieless drawing; stability

1. Introduction

Ti-6Al-4V titanium alloy has good corrosion resistance, high-temperature mechanical properties,
and biocompatibility; it has been widely used in aerospace, petrochemical, biomedicine, and other
fields [1]. Ti-6Al-4V titanium alloy has poor deformation ability at room temperature because of its
hexagonal close-packed structure [2]. Traditional die drawing is the main method to prepare Ti-6Al-4V
titanium alloy wires [3]. However, this method has the disadvantages of a large drawing force, severe
drawing die wear, high consumption of lubricant, and so on [4,5].

Dieless drawing is a flexible forming technology that does not use the conventional drawing die
to achieve drawing deformation of a metal workpiece [6]. In the deformation process, an axial tensile
force is imposed on a metal workpiece, which is locally heated to an elevated temperature to initiate
plastic deformation in a high-temperature zone. Subsequently, the deformed workpiece is cooled to
prevent further deformation to achieve products with constant or different cross-sections [7]. Tiernan
et al. [8] concluded that dieless drawing has many advantages such as large area reduction in a single
pass, small drawing force, and no requirement of a lubricant and drawing die.

Compared with traditional die drawing, the deformation zone in dieless drawing is in an
unrestrained state, and its deformation stability is poor, which leads to size fluctuations and even
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breaking of the finished products [9]. Many researchers have investigated deformation stability in
dieless drawing.

Wright et al. [10] believed that the deformation state of a workpiece in dieless drawing was similar
to that in a uniaxial tensile test, and the deformation instability in dieless drawing could be explained
by the necking theory of uniaxial tension. In a uniaxial tensile process, when the load reaches the
maximum value, i.e., dF = 0, plastic instability occurs, and a metal material experiences necking [11].
This is the well-known Considere instability criterion, which is expressed as

do

E =0, (1)

where o is the true stress and ¢ is the true strain.
The constitutive equation of the material is 0 = o(¢, ¢, T), so that the instability criterion in dieless
drawing as derived from the necking theory can be expressed as

do Jo dJdo . ,d¢ do.,dT
Fr (z) + (5)(5) +(8_T)(x)’ )

where o is the true stress, ¢ is the true strain, ¢ is the true strain rate, and T is the heating temperature.

Fortunier et al. [12] considered the constant drawing force acting on a wire as the stability criterion,

ie., ‘él; = 0, and established the condition of stable dieless drawing as
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where 57, 2%, a 7+ represent the parameters related to strain hardening, strain rate sensitivity index,

and temperature coeff1c1ents respectively, and 0 =7 L and dT
distribution, respectively.

Li [13] proposed that when the drawing force remains constant along the axial direction, i.e.,
% = 0, and the transversal area of the deformation zone does not increase along the axial direction,

ie., % <0, the dieless drawing deformation is stable. Thus, the conditions for stable dieless drawing

; represent the stress and temperature

are obtained as dinT
yHmt B —21, 4)

where y is the strain hardening coefficient, m is the strain rate sensitivity index, § is the temperature
coefficient, and A is the cross-sectional area of the deformation zone.

From Equations (2)—(4), it can be seen that the deformation stability in dieless drawing is closely
related to the parameters of the material itself (strain rate sensitivity index m, work hardening coefficient
y, or work hardening index 1) and process parameters (heating temperature T and strain rate ¢).
Furushima et al. [14] showed that a large strain rate sensitivity index m implies good stability in dieless
drawing. Milenin [15] showed that a large strain hardening index # is beneficial to stable deformation
of dieless drawing. When the heating temperature is low, the wire deformation resistance is high.
When the heating temperature is high, a wire will undergo dynamic recrystallization and the grains will
grow rapidly, leading to poor plasticity [16]. The temperature gradient in the deformation zone also
has a significant impact on the deformation stability in dieless drawing. Furushima and Manabe [17]
reported that a large temperature gradient corresponds to good stability in dieless drawing. Hwang
and Kuo [18] reported that a high drawing speed leads to low deformation stability in dieless drawing.

The above studies reveal the reason for the size fluctuation in dieless drawing, thereby contributing
toward improving the size accuracy of the finished products; nevertheless, it is still difficult to
fundamentally eliminate size fluctuation. Kawaguchi et al. [19] performed dieless drawing followed
by die drawing, which eliminated the size fluctuation of the metal wire being drawn. However,
this drawing technology failed to completely utilize the residual heat in dieless drawing; consequently,
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the efficiency of energy usage was low. In addition, this method is complex. Pre-processing treatments
such as pointing and reassembling are required, which complicate the process, and thus, increase the
production cost.

Liu et al. [20] proposed a semi-dieless drawing technology, which combined the cooler in dieless
drawing with a drawing die and made full use of residual heat in dieless drawing. This new drawing
technology achieved a large area reduction by performing dieless drawing and warm die drawing
simultaneously, which could improve the diameter accuracy and surface quality of the finished
products. Li et al. [21] prepared titanium alloy wires with 33% area reduction by semi-dieless drawing.
However, there is a lack of in-depth research on semi-dieless drawing, and the process is prone to
instability during large deformations, leading to its failure.

Dieless drawing and die drawing have a mutual influence during semi-dieless drawing, so the
instability mechanism of semi-dielss drawing is different form single dieless drawing. In this study,
a Ti-6Al-4V titanium alloy wire was used as the raw material to study the deformation behaviour in
semi-dieless drawing by finite element (FE) simulations, following which the instability mechanism of
the semi-dieless drawing was proposed.

2. Finite Element Simulations

To investigate the semi-dieless drawing process, a rigid—plastic FE analysis was performed using
DEFORM-3D. For Ti-6Al-4V titanium alloy, the flow stresses at different temperatures in the database
of DEFORM-3D were adopted. Semi-dieless drawing is a kind of hot forming technology, so Ti-6Al-4V
titanium alloy was assumed to be a rigid—plastic material. The workpiece was 200 mm in length and
3 mm in diameter. The Ti-6Al-4V alloy wire model was meshed by tetrahedral elements and divided
into 200,000 elements. The drawing die material was YG6 cemented carbide, which is a rigid material.
The diameter of the die was 2 mm and the semi-die angle « was 12°. There was heat conduction
between the wire and die; therefore, the die needed to be meshed. The drawing die model was meshed
by tetrahedral elements and divided into 20,000 elements. The friction coefficient between the die
and wire was 0.2. The initial temperature of the wire, die, and environment was 20 °C. The heat
capacity and thermal conductivity of the workpiece are 611 J-kg™!-K~! and 6.8 W-m~!-K~!, respectively.
The heat transfer coefficient between the workpiece and drawing die and between the workpiece and
air was 11 and 20 W-m~2-K~!, respectively.

The semi-dieless drawing process was divided into two stages, which is shown in Figure 1.
The first stage was dieless drawing, which was called the initial stage. According to the volume
constant law,

v;D? = v,D3, (5)

by setting drawing speed v, and feeding speed v;, diameter of the deformed wire D, is made smaller
than diameter of the die Dy;,. During the second stage, the drawing die was inserted. According to the
volume constant law,

v;D? = v,'DZ, (6)

when reducing drawing speed to v,’, dieless drawn wire diameter D, becomes larger than die diameter
D, and the wire deformation changes from dieless drawing to semi-dieless drawing. For instance,
the initial wire diameter was 3 mm, the die diameter was 2.4 mm, the feeding speed was 0.25 mm/s,
the drawing speed was 0.42 mm/s, and according to Equation (5), the dieless drawn wire diameter
D, was 2.32 mm, which is smaller than the die diameter. Then the drawing speed was reduced to
0.38 mm/s, and according to Equation (6), the dieless drawn wire diameter D, was 2.43 mm, which is
larger than the die diameter.
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Figure 1. Finite element model of the semi-dieless drawing: (a) initial stage, (b) semi-dieless drawing
stage; v,—feeding speed, v,—drawing speed of the dieless drawing, D;—diameter of the raw wire,
D,—dieless drawn wire diameter, v,/ —drawing speed of the semi-dieless drawing (simply drawing
speed for short), D;;—hole diameter of the die, D.—diameter of the entry wire, v,—drawing speed of
the dieless drawing section, which is also the entering speed of the die drawing section.

Semi-dieless drawing involves dieless drawing and die drawing. During the drawing, the wire
diameter changes from D; to D, by dieless drawing, and then to Dy;, by die drawing. The deformation
amounts in dieless drawing and die drawing are:

D? - D?
Pdieless = T/ (7)
1
D?-D?
die
Pdie =~ 8
D?

In this study, we examined the influence of the drawing speed v,” and die diameter D, on the
deformation behaviour in a semi-dieless drawing for a constant feeding speed v;. If the diameter of the
die varies, the deformation amount in die drawing will vary when the dieless drawn wire enters the
die. Substituting Equation (6) into Equation (8), we get

2
vo,DdiE (9)
viDl.Z ’

Paie = 1 -

Using Equation (9), the diameter of the die corresponding to different deformation amounts in die
drawing can be calculated, as given in Table 1.
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Table 1. Diameter of the die corresponding to different deformation amounts in die drawing (mm).

Drawing Speed (mm/s) Die Drawing Deformation Amount

5% 10% 15% 20%
0.38 24 23 2.25 22
0.45 22 2.1 2.05 2.0
0.53 2.0 1.95 1.9 1.8

The FE simulations were performed using a heating temperature of 950 °C, distance between the
drawing die and heating coil of 20 mm, feeding speed of 0.25 mm/s, drawing speed of 0.38-0.53 mm/s,
and die diameter of 1.8-2.4 mm.

3. Results and Discussion

3.1. Stability of Semi-Dieless Drawing

Owing to the unconstrained state of the dieless drawing deformation zone, the diameter of the
dieless drawn wire fluctuates. The fluctuation can then be removed by the subsequent die drawing,
as shown in Figure 1b. The drawing speed of the dieless drawing section v, is also the entering
speed of the die drawing section. Dieless drawing and die drawing have a mutual influence during
semi-dieless drawing.

In the initial stage, the wire only undergoes dieless drawing, and the diameter of the dieless
drawn wire is smaller than the diameter of the die. There is no contact between the die and dieless
drawn wire, so that the die has no influence on the wire diameter. The wire diameter was measured
from the entrance of the drawing die to the raw wire, as shown in Figure 1la. The wire diameter at
drawing time ¢t = 105 s is shown in Figure 2. As can be seen from the figure, with increasing drawing
speed, the wire diameter decreases, whereas the diameter fluctuation increases. This is owing to the
fact that the diameter of the dieless drawn wire decreases with increasing speed ratio. For a large
speed ratio, the stability in dieless drawing is poor and the diameter fluctuation is large. Tiernan and
Hillery [22] studied the variation law of a wire diameter during dieless drawing deformation and
obtained the same conclusion.
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Figure 2. Wire diameter at drawing time t = 105 s.

During semi-dieless drawing deformation, the dieless drawn wire enters the die and undergoes
die drawing. At this time, the die influences the diameter of the dieless drawn wire. The wire diameter
was measured from the entrance of the drawing die to the raw wire, as shown in Figure 1a. The wire
diameter variation at drawing time t = 145 s is shown in Figure 3. Figure 3a shows the wire diameter
for a feeding speed of 0.25 mm/s, drawing speed of 0.38 mm/s, and die diameter of 2.4, 2.3, 2.25,
and 2.2 mm, respectively. When the diameter of the die was 2.4 mm, the peak and valley of the
wire diameter were 2.44 mm and 2.41 mm, respectively. The wire diameter fluctuation was 0.03 mm,
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which is small. When the diameter of the die was 2.3 mm, the peak and valley of the wire diameter
were 2.63 mm and 2.56 mm, respectively, and the wire diameter fluctuation was 0.07 mm. When the
diameter of the die was 2.25 mm, the peak and valley of the wire diameter were 2.68 mm and 2.59 mm,
respectively, and the wire diameter fluctuation was 0.09 mm. When the diameter of the die was 2.2 mm,
the peak and valley of the wire diameter were 2.77 mm and 2.67 mm, respectively. The wire diameter
fluctuation was 0.1 mm, which is large. Therefore, with decreasing die diameter, i.e., increasing the die
drawing deformation amount, the wire diameter and its fluctuation increase.
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Figure 3. Wire diameter variation at drawing time t = 145 s under the condition of feeding speed
0.25 mm/s and drawing speed: (a) 0.38 mm/s, (b) 0.45 mm/s, (c) 0.53 mm/s.

Figure 3b shows the wire diameter for a feeding speed of 0.25 mm/s, drawing speed of 0.45 mm/s,
and die diameter of 2.2, 2.1, 2.05, and 2.0 mm, respectively. When the diameter of the die decreased
from 2.2 to 2.0 mm, the diameter of the wire increased, and its fluctuation increased from 0.13 to
0.51 mm.

Figure 3c shows the wire diameter for a feeding speed of 0.25 mm/s, drawing speed of 0.53 mm/s,
and die diameter of 2.0, 1.95, 1.9, and 1.8 mm, respectively. When the diameter of the die decreased
from 2.0 to 1.9 mm, the diameter of the wire increased and its fluctuation increased from 0.4 to 0.71 mm.
When the diameter of the die was 1.85 mm, the wire breaks at the die exited as soon as the dieless
drawn wire entered the drawing die. Subsequently, the dieless drawing stopped, and the wire diameter
fluctuation was 0.39 mm.

Figure 4 shows the profile of the wire at drawing time t = 145 s. It can be seen from the figure
that when the drawing speed was 0.38 mm/s, the wire size fluctuation was small and the semi-dieless
drawing occurred smoothly. When the drawing speed increased to 0.45 and 0.53 mm/s, the wire
diameter fluctuation increased, and the wire underwent necking at the die exit. It can also be seen from
the figure that when the diameter of the die was large, i.e., the deformation amount in the die drawing
was small, the wire diameter fluctuation was small and the semi-dieless drawing occurred smoothly.
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When the diameter of the die was small, i.e., the deformation amount of the die drawing was large,
the wire diameter fluctuated significantly, and the wire appeared to undergo necking at the die exit.

Heating zone

Die diameter 2.4mm p
o | ... |
Die diameter 2.3mm po g
5. 5 | |
Die diameter 2.25mm o
g 2 | S |
Die diameter 2.2mm P
| A, | 5
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. o
Die diameter 2.05mm g e
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Die diameter 2.0mmpy d
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(b)
Die diameter 2.0mm g Heating zone
o | S |
Die diameter 1.95mm =
5 A
Die diameter 1.9mm g |
. | A |
Die diameter 1.85mm J
|
()

Figure 4. Profile of the wire at drawing time ¢ = 145 s under the condition of feeding speed 0.25 mm/s
and drawing speed: (a) 0.38 mm/s, (b) 0.45 mm/s, (c) 0.53 mm/s.

Therefore, during semi-dieless drawing, when the diameter of the die is large, i.e., the deformation
amount in the die drawing process is small, the wire diameter and its fluctuation are small, and the
semi-dieless drawing process is stable. With decreasing die diameter, i.e., increasing die drawing
deformation amount, the wire diameter and its fluctuation increase. Consequently, the stability in the
semi-dieless drawing process deteriorates, and the wire is prone to necking or even breaking at the
die exit, leading to the failure of semi-dieless drawing. Similarly, when the drawing speed increases,
the wire diameter fluctuation also increases, and the deformation stability in the semi-dieless drawing
process becomes worse.

3.2. Instability Mechanism of Semi-Dieless Drawing

3.2.1. Instability Evolution in Semi-Dieless Drawing

Figure 5 shows the instability evolution during semi-dieless drawing with a feeding speed of
0.25 mm/s, drawing speed of 0.53 mm/s, diameter of the die 2.0 mm, and heating temperature of
950 °C. As can be seen from the figure, when the simulation time was 135 s, there were two fluctuation
segments between the dieless and die drawing deformation regions, and the wire diameter at the
wave peak was nearly the same, as shown in Figure 5a. When the simulation time was 145 s, the first
fluctuation section eliminates the size fluctuation through the die drawing, the second fluctuation
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section continues to move forward, and the third fluctuation section occurs during dieless drawing,
as shown in Figure 5b. When the simulation time was 165 s, the second fluctuation section deformed in
the drawing die, the third fluctuation section continued to move forward, and the wire diameter at the
third wave peak was larger than that at the second wave peak, as shown in Figure 5c. As deformation
progresses, new fluctuation segments will be generated continuously during die drawing of the
previous fluctuation segments, and the wire diameter at the wave peak will continue to increase,
as shown in Figure 5d—f. When the simulation time was 210 s, the fourth fluctuation section continues
to deform in the drawing die. At this point, the drawing stress of the wire at the die exit is larger than
the yield strength of the wire, and the wire experiences necking shrinkage at the die exit, as shown
in Figure 5g. When the simulation time was 215 s, the necking of the wire continued to increase,
the fourth fluctuation section no longer deformed in the drawing die, and semi-dieless drawing
stopped, as shown in Figure 5h.
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Figure 5. Instability evolution in the semi-dieless drawing process: (a)t =135s, (b) t =145s,(c)t = 165 s,
(d)t=175s,(e)t =185s, (f) t =205s, (g) t = 210s, (h) t = 215 5; 1-5 represent the wave peaks of the wire.
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The values of wire diameter at entrance of the drawing die are shown in Figure 6. We can see
from the figure that the wire diameter shows a fluctuating increasing trend.

3.0

— 2.54 /
g /
2 /
5
2 /
: \//\)
=
& 20 /\
L5+ T T T 1
125 150 175 200 225
Time (S)

Figure 6. Wire diameter evolution at entrance of the drawing die.

It can be seen that the diameter fluctuation of the dieless drawn wire is small, and it is eliminated
by the subsequent die drawing at the beginning of the semi-dieless drawing process. As this process
proceeds, the wire diameter shows a fluctuating increasing trend. When the diameter of the wire peak
increases to a certain extent, i.e., it exceeds the limit range of the die drawing, the wire experiences
necking or even breaking at the die exit, leading to the failure of the semi-dieless drawing process.
He et al. [23] reported that the wire diameter fluctuation is basically constant and there is no diameter
fluctuating increase when the process parameters remain constant in single dieless drawing. The wire
diameter fluctuation can be eliminated by the subsequent die drawing to prepare finished products
with high precision [24]. Owing to the interaction between the dieless and die drawing during the
process of semi-dieless drawing, the deformation behaviour is different from first dieless drawing and
then die drawing.

The above results indicate that instability in semi-dieless drawing is owing to the fact that the
diameter of the dieless drawn wire shows a fluctuating increasing trend, which leads to an increase in
the die drawing deformation amount. When the die drawing deformation amount exceeds the safe
drawing limit, the wire will undergo necking at the die exit, and semi-dieless drawing will fail.

3.2.2. Instability Mechanism of Semi-Dieless Drawing

Because there is no die constraint in the dieless drawing deformation zone, the wire is prone to size
fluctuations and is in an unstable state when the deformation amount is large [25]. Once the raw wire is
selected, the heating temperature and drawing speed are the two key factors that influence the stability
in the dieless drawing process. The wire temperature was measured from the entrance of the drawing
die to the raw wire, as shown in Figure 1a. Figure 7 shows the temperature distribution along the
wire axial direction during the semi-dieless drawing (corresponding to Figure 5). It can be seen from
the figure that the maximum temperature in the dieless drawing deformation zone is 950 °C, and the
temperature gradient is large, which is beneficial for achieving stable dieless drawing. Li et al. [26]
studied the influence of the temperature distribution on the stability in dieless drawing and reported
the same conclusion. As the semi-dieless drawing process progresses, the temperature distribution in
the dieless drawing deformation zone remains stable. Therefore, in the above deformation process,
the temperature gradient in the dieless drawing deformation zone is high and stable, which is conducive
for stable deformation in semi-dieless drawing.
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Figure 7. Temperature distribution along the wire axial direction.

Because the temperature distribution in the dieless drawing deformation zone is stable, the velocity
is the key factor affecting the deformation stability. Under the condition that the feeding speed remains
constant, the drawing speed of the dieless drawing section plays a decisive role on the deformation
stability. When semi-dieless drawing (corresponding to Figure 5) occurs, the drawing speed of the
dieless drawing section v, (which is also the entering speed of the die drawing section) keeps changing
during the deformation process, as shown in Figure 8. It can be seen from the figure that the drawing
speed of the dieless drawing section first fluctuates and then decreases sharply to 0. When the first
fluctuating section of the wire is about to enter the drawing die, the drawing speed of the dieless
drawing section is 0.53 mm/s and the speed ratio of the dieless drawing section is 2.12. The die drawing
section conforms the volume constant law,

v,'D%,, = v.DZ, (10)
when the entering wire diameter D, increases, the drawing speed v,” and wire diameter D ;, at the

die exit remain constant and the velocity of the entering wire, i.e., the drawing speed of the dieless
drawing section v, decreases.

0.64

0.4+

Velocity (mmy/s)

e
o
L

0.0 4

125 150 172 200 225
Time (s)

Figure 8. Drawing speed variation of the dieless drawing section, 1-4 represent the drawing speed of
the wave peak.

When the peak of the wire enters the die and deforms, the drawing speed of the dieless drawing
section v, decreases to 0.37 mm/s, and the speed ratio of the dieless drawing section is 1.48. When the
entering wire diameter D, decreases, it is also known from the volume constant law that the drawing
speed of the dieless drawing section v, will increase. When the valley of the wire enters the die and
deforms, the drawing speed of the dieless drawing section v, increases to 0.52 mm/s, and the speed



Materials 2019, 12, 1320 11 of 14

ratio of the dieless drawing section is 2.08. Therefore, when the first fluctuating section of the wire
undergoes die drawing, the speed ratio of the dieless drawing section also fluctuates, decreasing from
2.12 to 1.48 and then increasing to 2.08 gradually. The fluctuation of the speed ratio of the dieless
drawing section results in the emergence of the third fluctuating section. Similarly, when the second
fluctuating section undergoes die drawing, the entering wire velocity decreases from 0.52 to 0.33 mm/s,
i.e., the speed ratio of the dieless drawing section decreases from 2.08 to 1.32 gradually. The dieless
drawing deformation produces the fourth fluctuating section, and the diameter of the peak wire is
larger than that in the third fluctuating section. When the third peak wire enters the die and deforms,
the drawing speed of the dieless drawing section is 0.30 mm/s and speed ratio is 1.2. When the fourth
peak wire enters the die and deforms, the drawing speed of the dieless drawing section is 0.21 mm/s
and speed ratio is 0.84. Subsequently, the wire experiences necking shrinkage at the die exit, dieless
drawing stops, and drawing speed of the dieless drawing section decreases to 0.

The above analysis shows that the dieless drawn wire with diameter fluctuation entering the
die for die drawing deformation will lead to a fluctuating decreasing trend of the velocity of the
entering wire. The velocity of the entering wire is also the drawing speed of the dieless drawing,
which causes a fluctuating decrease in the speed ratio of the dieless drawing and fluctuating increase
in the entering wire diameter. The stability of the semi-dieless drawing becomes worse. With the
progress of the drawing process, when the diameter of the entering wire increases to a certain extent,
i.e., the deformation amount of the die drawing exceeds the safe drawing limit, the wire breaks at the
die exit, and the semi-dieless drawing process fails.

Therefore, when the drawing speed is low and the deformation amount is small, the diameter
fluctuation of the entering wire is small, and the semi-dieless drawing process is stable. When the
drawing speed is high and deformation amount is large, the diameter of the entering wire fluctuates
significantly, and the semi-dieless drawing process easy loses its stability. To make semi-dieless
drawing realize a large deformation amount and remain steady, it is necessary to control the wire
diameter fluctuation.

3.3. Validation

To verify the correctness of the FE model, semi-dieless drawing experiments are conducted.
The experimental equipment of the semi-dieless drawing is shown in Figure 9, which is composed
of a high-frequency induction heater, feeding mechanism, drawing mechanism, drawing die,
laser micrometer, infrared thermometer, and control system. In the traditional die drawing process,
pre-processing treatments such as pointing are required to make the end diameter of the wire smaller
than the diameter of the die. Consequently, the metal wire can pass through the drawing die. In this
study, a separate structure die is designed to avoid pointing the wire, as shown in Figure 10. First,
the drawing die is opened, and the raw wire is passed through the die. Second, the raw wire undergoes
dieless drawing for a feeding speed v; and drawing speed v,. The diameter of the dieless drawn wire
D, is smaller than diameter of the die D;,. Finally, the die is closed, and the drawing speed is reduced
to v,” so that diameter of the dieless drawn wire D is larger than diameter of the die Dg;,, and the wire
deformation changes from dieless drawing to semi-dieless drawing.

The FE simulations and semi-dieless drawing experiments are conducted under the same
conditions. The feeding speed is 0.25 mm/s, drawing speed is 0.45 mm/s, heating temperature is 950 °C,
the distance between the drawing die and heating coil is 20 mm, and diameter of the die is 2.1 mm.
Figure 11 shows the diameter and profile of the wire during the semi-dieless drawing process. It can
be seen from the figure that the FE simulation results are consistent with the experiment results, i.e.,
the FE simulation in this study can be used to simulate the actual semi-dieless drawing process. It can
also be seen from the figure that diameter of the dieless drawn wire is fluctuating and disappears after
die drawing.
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Figure 10. Drawing die: (a) separate structure die, (b) die closing mechanism.
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Figure 11. Diameter (a) and profile (b) of the semi-dieless drawn wire.

4. Conclusions

In this research, the stability of semi-dieless drawing under different process parameters is
studied, and the instability mechanism of the semi-dieless drawing process is revealed. The following
conclusions are drawn:
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The diameter of the entering wire shows a fluctuating increasing trend in the process of semi-dieless
drawing. With decreasing diameter of the die or increasing drawing speed, both the diameter of
the entering wire and its fluctuation increase, and the semi-dieless drawing process has more
probability of becoming unstable.

Temperature and speed are two key factors influencing the stability of semi-dieless drawing.
Under the condition of a constant heating temperature, the temperature gradient in the dieless
drawing deformation zone is large and the temperature distribution is stable, which is conducive
for a stable deformation.

The dieless drawn wire with the fluctuating diameter entering the die for undergoing die drawing
deformation will lead to a fluctuating decreasing trend of the entering wire velocity. The velocity
of the entering wire is also the drawing speed of the dieless drawing process, so that they have
the same variation trend. The diameter of the entering wire shows a fluctuating increasing trend
owing to the variation in the drawing speed, which results in instability in the semi-dieless
drawing process.

Comparison of the numerically predicted and experimentally measured diameter of the drawn
wire verifies the validity of the FE model.

Author Contributions: Conceptualization, X.L.; methodology, X.L. and K.L.; software, K.L.; validation, K.L.
and Z.W.; formal analysis, K.L.; investigation, K.L. and Z.W.; resources, K.L.; data curation, K.L. and Z.W.;
writing—original draft preparation, K.L.; writing—review and editing, X.L. and K.L.; visualization, K.L.;
supervision, X.L.; project administration, X.L.; funding acquisition, X.L.

Funding: This research was funded by National Natural Science Foundation of China, No. 51174027.

Acknowledgments: The authors would like to thank the support from Jingkun Li for the help on English language.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.
11.
12.

Kotkunde, N.; Krishna, G.; Shenoy, S.K.; Gupta, A.K,; Singh, S.K. Experimental and theoretical investigation
of forming limit diagram for Ti-6Al-4 V alloy at warm condition. Int. |. Mater. Form. 2017, 10, 255-266.
[CrossRef]

Prakash, D.G.L.; Ding, R.; Moat, R.].; Jones, I.; Withers, PJ.; Quinta da Fonseca, J.; Preuss, M. Deformation
twinning in Ti-6Al-4V during low strain rate deformation to moderate strains at room temperature. Mater. Sci.
Eng. A 2010, 527, 5734-5744. [CrossRef]

Wang, H.B.; Mao, X.N.; Li, D.; Ma, Y.H. Research status in preparation process for titanium and titanium
alloy wire. Hot Work. Technol. 2008, 37, 99-103.

Xiao, J.; Li, D.S,; Li, X.Q.; Deng, T.S. Constitutive modeling and microstructure change of Ti-6Al-4V during
the hot tensile deformation. J. Alloys Compd. 2012, 541, 346-352. [CrossRef]

Kim, Y.; Song, Y.B.; Lee, S.H.; Kwon, Y.S. Characterization of the hot deformation behavior and microstructural
evolution of Ti-6Al-4V sintered preforms using materials modeling techniques. J. Alloys Compd. 2016,
676, 15-25. [CrossRef]

Allwood, ].M.; Utsunomiya, H. A survey of flexible forming processes in Japan. Int. J. Mach. Tool. Manu.
2006, 46, 1939-1960. [CrossRef]

Naughton, M.D.; Tiernan, P. Requirements of a dieless wire drawing system. |. Mater. Process. Tech. 2007,
191, 310-313. [CrossRef]

Tiernan, P; Carolan, R.; Twohig, E.; Tofail, S.A.M. Design and development of a novel load-control dieless
rod drawing system. CIRP J. Manu. Sci. Tech. 2011, 4, 110-117. [CrossRef]

Carolan, R; Tiernan, P. Computer controlled system for dieless drawing of tool steel bar. J. Mater. Process. Tech.
2009, 209, 3335-3342. [CrossRef]

Wright, R.N.; Wright, E.A. Basic analysis of dieless drawing. Wire. |. Int. 2000, 33, 138-143.

Hart, E.W. Theory of the tensile test. Acta Metall. 1967, 15, 351-355. [CrossRef]

Fortunier, R.; Sassoulas, H.; Montheillet, F. A thermo-mechanical analysis of stability in dieless wire drawing.
Int. J. Mech. Sci. 1997, 39, 615-627. [CrossRef]


http://dx.doi.org/10.1007/s12289-015-1274-3
http://dx.doi.org/10.1016/j.msea.2010.05.039
http://dx.doi.org/10.1016/j.jallcom.2012.07.048
http://dx.doi.org/10.1016/j.jallcom.2016.03.146
http://dx.doi.org/10.1016/j.ijmachtools.2006.01.034
http://dx.doi.org/10.1016/j.jmatprotec.2007.03.054
http://dx.doi.org/10.1016/j.cirpj.2011.03.001
http://dx.doi.org/10.1016/j.jmatprotec.2008.07.048
http://dx.doi.org/10.1016/0001-6160(67)90211-8
http://dx.doi.org/10.1016/S0020-7403(96)00060-4

Materials 2019, 12, 1320 14 of 14

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Li, Y. Laser Micro-Processing and Themomechanical Modeling of Plasticity for Dieless Wire Drawing.
Ph.D. Thesis, University of Central Florida, Gainesville, FL, USA, 2002.

Furushima, T.; Manabe, K. Experimental and numerical study on deformation behavior in dieless drawing
process of superplastic microtubes. J. Mater. Process. Tech. 2007, 191, 59-63. [CrossRef]

Milenin, A. Rheology-based approach of design the dieless drawing processes. Arch. Civ. Mech. Eng. 2018,
18, 1309-1317. [CrossRef]

Tiernan, P; Hillery, M.T. An analysis of wire manufacture using the dieless drawing method. ]. Manuf. Process.
2008, 10, 12-20. [CrossRef]

Furushima, T.; Manabe, K. FE analysis of size effect on deformation and heat transfer behavior in microtube
dieless drawing. J. Mater. Process. Tech. 2008, 201, 123-127. [CrossRef]

Hwang, Y.; Kuo, T. Dieless drawing of stainless steel tubes. Int. J. Adv. Manuf. Tech. 2013, 68, 1311-1316.
[CrossRef]

Kawaguchi, Y.; Katsube, K.; Murahashi, M. Applications of dieless drawing to Ti-Ni wire drawing and
tapered steel wire manufacturing. Wire. J. Int. 1991, 24, 53-58.

Liu, X.E; Qin, E; Zhang, Y.; Xie, ] X. A Process and Equipment of Die/Dieless Drawing. China Patent
CN102133582 A, 27 July 2011.

Li, K.S.; Liu, X.E; Shi, Z.Z. Blockage mechanism of metal wire in semi-dieless drawing and stable forming
method. Metall. Res. Technol. 2018, 115, 112. [CrossRef]

Tiernan, P.; Hillery, M.T. Dieless wire drawing—an experimental and numerical analysis. J. Mater. Process. Tech.
2004, 155-156, 1178-1183. [CrossRef]

He, Y,; Liu, X.F; Xie, ].X.; Zhang, H.G. Processing limit maps for the stable deformation of dieless drawing.
Int. J. Min. Met. Mater. 2011, 18, 330-337. [CrossRef]

Huh, Y;; Ha, B.K; Kim, ].S. Dieless drawing steel wires using a dielectric heating method and modeling the
process dynamics. J. Mater. Process. Tech. 2010, 210, 1702-1708. [CrossRef]

Li, Y;; Quick, N.R,; Kar, A. Dieless laser drawing of fine metal wires. |. Mater. Process. Tech. 2002, 123, 451-458.
[CrossRef]

Li, Y,; Quick, N.R.; Kar, A. Effects of temperature distribution on plasticity in laser dieless drawing.
J. Mater. Sci. 2003, 38, 1953-1960. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.jmatprotec.2007.03.084
http://dx.doi.org/10.1016/j.acme.2018.04.003
http://dx.doi.org/10.1016/j.manpro.2008.05.001
http://dx.doi.org/10.1016/j.jmatprotec.2007.11.229
http://dx.doi.org/10.1007/s00170-013-4922-0
http://dx.doi.org/10.1051/metal/2017087
http://dx.doi.org/10.1016/j.jmatprotec.2004.04.175
http://dx.doi.org/10.1007/s12613-011-0443-8
http://dx.doi.org/10.1016/j.jmatprotec.2010.05.020
http://dx.doi.org/10.1016/S0924-0136(02)00110-3
http://dx.doi.org/10.1023/A:1023508615115
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Finite Element Simulations 
	Results and Discussion 
	Stability of Semi-Dieless Drawing 
	Instability Mechanism of Semi-Dieless Drawing 
	Instability Evolution in Semi-Dieless Drawing 
	Instability Mechanism of Semi-Dieless Drawing 

	Validation 

	Conclusions 
	References

