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Abstract: The effect of the thermal properties of steels on wire drawing behavior has been investigated
to understand and improve the wire drawing process. Finite element analysis and experimental
tests were conducted to analyze the temperature distribution of the deformed specimens with
different thermal properties. The thermal properties of twinning-induced plasticity (TWIP) steel were
measured and compared with those of plain carbon steel. Based on the measurement of thermal
properties, wire drawing behaviors were systematically compared with thermal conductivity of the
specimen (k) using plain low-carbon steel with high k and TWIP steel with low k. The results revealed
that the k of TWIP steel was approximately one third of that of low-carbon steel, and the thermal
expansion coefficient of the TWIP steel was approximately 50% higher than that of low-carbon steel
in the temperature range of 26–400 ◦C. The temperature distributions in the wire strongly depended
on the k of the wire during wire drawing. TWIP steel exhibited higher maximum temperature, and
took a longer time to attain the equilibrium temperature than low-carbon steel during wire drawing
owing to the low k. The maximum temperature of the die increased with decreasing k of the wire,
indicating that die wear can increase with decreasing k of the wire. Therefore, reducing the drawing
speed is suggested for a wire with low k, such as high-alloyed metals, especially for TWIP steels.

Keywords: thermal properties; wire drawing; temperature distribution; twinning-induced plasticity steel

1. Introduction

The strong demand for weight reduction in the transportation industry, particularly in
steel wire, rod, and bar applications, is driving the development of stronger steels. The steels
with the microstructures of pearlite, tempered martensite, and ferrite are primarily used for
the wire rod products. The tensile strength of theirs has been increased with the use of the
several metal strengthening techniques: modification of chemical compositions, forming
processes, and heat treatments. Theoretically, controlling the chemical compositions of
a metal product most effectively increases the strength of a metal product. Accordingly,
research and development has been conducted for increasing the chemical compositions
of the metal in order to utilize its various strengthening mechanisms. However, as the
chemical composition of metals increase, the thermal properties of materials deteriorate,
which may cause difficulties in the manufacturing processes, such as plastic forming,
machining, and casting.

For example, Hwang et al. [1,2] suggested that twinning-induced plasticity (TWIP)
steels are strong candidate for wire, rod, and bar applications, such as bolts, bearings, and
springs because TWIP steels satisfy the strict property requirements of products. For exam-
ple, TWIP steel has excellent combination of strength, ductility, toughness, and resistance
to hydrogen-delayed fracture [3–6]. Additionally, TWIP steels can eliminate expensive heat
treatment processes owing to their outstanding work hardening rate. Most researchers have
attributed the outstanding mechanical properties of TWIP steels to mechanical twinning
and/or dynamic strain aging that occur during plastic deformation [7–9].
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However, TWIP steels are high-alloyed steels with Mn composition of 10–30%, and
these high alloys can deteriorate the thermal properties of the material, which in turn can
reduce the formability of TWIP steels, especially the wire drawability for wire, rod, and
bar applications. Wire drawing is the most commonly used plastic forming process for
manufacturing wire, rod, and bar products [10]. During the wire drawing process, the
cross-sectional area of the wire is reduced by pulling the wire through shaped dies for
attaining desired product shape and mechanical properties. The temperature of the wire,
during wire drawing, is dependent on both the drawing speed and thermal properties of
the metal; thus, investigating the role of drawing speed and thermal properties of the metal
during wire drawing is necessary to improve the drawability and quality of wire products.

Several studies have investigated the influence of drawing speed on the drawing force,
temperature rise, and mechanical properties of metals [11–17]. These studies have reported
that an increase in the drawing speed increases the drawing force, temperature, friction
between the wire and die, tensile strength, and yield strength. For instance, Lee et al. [16]
reported that a temperature increase can worsen the ductility of the drawn wire and cause wire
breakages during wire drawing owing to the strain aging of the wire. However, few studies
have investigated the relationship between the thermal properties of a metal and wire drawing
behavior although metals used as wire drawing products have various thermal properties. In
addition, the thermal properties of a metal such as thermal conductivity, heat capacity, and
thermal diffusivity are dependent on the temperature [18–22]. The author believes that the
lack of such research in the past can be attributed to no attempt of making wire rod products
using high-alloyed steels, such as TWIP steels, thus the thermal properties of the material are
not important.

Consequently, the present study deals with the influence of the thermal properties
of steels on wire drawing behavior to understand and improve the wire drawing process.
Finite element analysis (FEA) and experimental tests were conducted to analyze the temper-
ature distribution of deformed specimens with thermal properties. The thermal properties
of TWIP steel were measured and compared with those of plain carbon steel. Based on the
measurement of thermal properties, wire drawing behaviors were systematically compared
using plain low-carbon steel with high thermal properties and TWIP steel with low thermal
properties. Finally, the different wire drawing behaviors were revealed and process design
concept was suggested depending on thermal properties of the wire.

2. Experimental Procedures and Numerical Simulation
2.1. Materials

A 13 mm-diameter low-carbon steel wire rod was provided by POSCO in South Korea.
This wire rod was manufactured by reheating the billet at about 1200 ◦C, normal hot rolling
at a temperature above 900 ◦C, and Stelmor cooling process at an average cooling rate of
approximately 3 ◦C/s [23]. The chemical composition is listed in Table 1.

Table 1. Chemical compositions of the low-carbon and TWIP steels used in this study.

Steels
Compositions (wt.%)

C Mn Si Cu Fe

Low-carbon 0.10 0.40 0.10 - Balance
TWIP 0.72 17.07 - 2.90 Balance

In the case of TWIP steel, a 50 kg-ingot was cast by vacuum induction melting. The
chemical composition is listed in Table 1. To reduce Mn segregation in ingot, the cast ingot
was homogenized at 1200 ◦C for 12 h in a furnace, and then directly rolled down to the
of 20 mm-thick plate at a final rolling temperature of approximately 950 ◦C, followed by
cooling in the air at temperature of 21 ◦C. For the wire drawing test, round rods with
diameter of 13 mm were machined from the rolled plate.
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2.2. Wire Drawing

The 13 mm-diameter wire rods were drawn into 11.63 mm-diameter wire with the
drawing speed of 0.07 m/s using the single die-type draw bench machine at room tempera-
ture (RT, 26 ◦C) as shown in Figure 1. Before the drawing test, the oxidation scale on the
specimen was removed by chemical pickling with 12.5% HCl, and then MoS2 lubricant was
sprayed on the wire surface. The semi-die angle of the die was 6◦ and the reduction in area
per pass was approximately 20%.

Figure 1. Schematic description of process conditions used in this wire drawing experiment.

The core temperature of the wire was measured using 1.0 mm-diameter sheathed
K-type thermocouples. To reduce the temperature disturbances at the wire surface, a
thermocouple was embedded at the tail of the specimen through a 1.0 mm-diameter hole,
as shown in Figure 1 [23]. The sampling time of the data logger is 0.2 s. The drawing force
was measured using a load cell in the draw bench machine.

2.3. Measurement of Mechanical Properties and Microstructure

Cylindrical-type tensile specimens with a gauge diameter of 5 mm and length of 25 mm
were prepared along the rolling direction of the specimen. They were strained at a rate of
10−3 s−1 using an Instron machine at RT [24].

The specimens were sectioned perpendicular to the hot-rolling direction to observe
their initial microstructures. Low-carbon and TWIP steels were characterized using scan-
ning electron microscopy (SEM) and electron backscatter diffraction (EBSD), respectively.
Standard mechanical polishing with diamond pastes and colloidal silica slurry polishing
were applied for the samples.

2.4. Measurement of Thermal Properties

The specific heat capacity (cp), thermal diffusivity (α), and linear thermal expansion
coefficient (βL) of the low-carbon and TWIP steels were measured in the temperature range
of 26–400 ◦C. cp was measured based on simultaneous thermal analysis (STA), Netzsch
STA449 F5 Jupiter, Germany [25]. To prevent oxidation of the specimen, Ar flow was
used during the test. The α of the steels were measured using laser flash analysis (LFA),
Netzsch LFA 467 HT, Germany. The disk-shaped specimen with a diameter of 12.5 mm
and thickness of 2.5 mm was used as the test specimen [26]. Ar gas was used during the
test to prevent oxidation on the specimen surface. To calculate the density (ρ) of the two
steels with temperature based on ρ at RT (ρ0), βL was measured using thermomechanical
analysis (TMA), TA Instruments TMA Q400, New Castle, DE, USA [27]. The heating rate
was 5 ◦C/min and an N2 gas was used during the test.

2.5. Finite Element Analysis

During wire drawing, the temperature increase primarily originates from two reasons:
heat generation owing to the plastic deformation of the specimen and owing to the friction
between the wire and die interface as shown in Figure 1 [10]. Accordingly, the surface
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region of the wire exhibited a higher temperature than that of the core region. Unfortu-
nately, measuring the surface temperature of cylindrical-type small wire rods using both
non-contact radiation-type thermometers and contact conduction-type thermocouples is
difficult [23]. Additionally, inhomogeneous plastic deformation occurs along the radial
direction of the wire during wire drawing [28,29], resulting in a complex temperature
distribution within the wire. Hence, FEA was applied to extensively evaluate the complex
temperature distribution of the wire during wire drawing because it provides direct infor-
mation on the complex temperature and deformation distribution in a deformed specimen.
Commercial software, DEFORM (version 11.0), was applied to simulate the wire drawing
process with an axi-symmetric module. Figure 2 shows the tensile true stress–strain curves
of the hot-rolled low-carbon and TWIP steels. The input flow curves for FEA were acquired
using these tensile stress–strain curves. The wire was considered to be isotropic material.
Therefore, the constitutive behavior of the wire can be described using strain hardening
coefficient (K) and strain hardening exponent (n) based on Hollomon’s law as follows:

σ = Kεn (1)

Figure 2. Comparison of true stress–strain curves of low-carbon and TWIP steels in tensile test.

Table 2 summarizes the n and K values of the two steels. These values were obtained
by fitting the tensile curves of the hot-rolled steels (Figure 2). The die was taken as a rigid
body, indicating that it did not deform during the entire process.

Table 2. Flow stress of wire and die used in this simulation.

Material Flow Stress (MPa)

Low-carbon steel σ = 628ε0.16

TWIP steel σ = 1984ε0.53

Tungsten carbide die Rigid body

The shear friction factor was selected as 0.1765 based on a previous investigation [30].
During plastic deformation, the temperature rise was numerically calculated using the
following equation [31,32]:

∆Tr =
∆u
ρcp

=
ξ

ρcp

∫ ε2

ε1

σdε (2)

where ∆Tr, u, and ξ are the temperature increase, generated heat energy, and fraction factor
between the mechanical work and heat energy, respectively. ξ is assumed to be 0.9 because
small mechanical work was stored within the deformed specimen as elastic energy [31,32].

The other process conditions were identical to those used in the experiment, as shown
in Figure 1. In other words, initial wire diameter, drawing speed, reduction in area per
pass, and semi-die angle were 13 mm, 0.07 m/s 20%, and 6◦, respectively. The thermal
properties of the two steels were measured with respect to temperature, and these values
were used as input parameters for the FEA. Meanwhile, the thermal conductivity (k) of the
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die with a tungsten carbide was considered to be constant at 70 W/m ◦C [33]. To shorten
the computation time, the half of full geometry was simulated owing to the symmetrical
condition of wire drawing process. The number of element in the workpiece was 10,000
and that in the die was 2000.

3. Results and Discussion
3.1. Thermal Properties

The ρ, cp, α, k, and βL values of a metal are dependent on temperature. Figure 3
compares the measured α, cp, and βL of the low-carbon and TWIP steels as a function of
temperature. βL was calculated using the following equation [34]:

βL(T) =
∆L
L0

1
∆T

(3)

where L is the length of the specimen and subscript o means the value at the reference
point, i.e., at RT. Interestingly, the βL of the TWIP steel was approximately 50% higher
than that of low-carbon steel in the temperature range of 26–400 ◦C. α of low-carbon steel
decreased with temperature, whereas α of TWIP increased with temperature within this
temperature range. The cp of both steels increased with temperature, which is consistent
with the previous results with plain carbon steels [35,36]. The volume of a metal (V) can be
calculated using the following equation:

V = (L0 + ∆L)3 = L0
3
(

1 +
∆L
L0

)3
(4)

Figure 3. Variations in measured (a) thermal diffusivity, (b) specific heat capacity, and (c) expansion
ratio of length as a function of temperature. (d) Calculated average thermal expansion coefficient of
two steels based on expansion ratio of length.

Assuming the small ∆L/L0, Equation (4) can be approximated as follows from Taylor
series expansion:

V = V0

(
1 + 3

∆L
L0

)
(5)
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By combining Equations (3) and (5), ρ was calculated based on the measured ρ0 and
βL as follows:

ρ =
m

V0

(
1 + 3 ∆L

L0

) = ρ0
1

1 + 3βL∆T
(6)

where m is mass. As expected, ρ decreased with temperature, as shown in Figure 4a,
which is consistent with the previous results [19,37]. Meanwhile, ρ of TWIP steel was
more sensitive to temperature compared with low-carbon steel owing to the high βL of
TWIP steel.

Figure 4. Variations in calculated (a) density and (b) thermal conductivity with temperature of two steels.

k was calculated based on the measured cp, α, and calculated ρ values using the
following equation [38]:

k(T) = α(T)ρ(T)cp(T) (7)

Interestingly, the difference in k between the two steels was quite high as shown in
Figure 4b. The k of low-carbon steel decreased with temperature, which is consistent with
the previous results of plain carbon steels with body-centered cubic (BCC) structure [18,21].
By contrast, the k of TWIP steel increased with temperature, which is consistent with the
results of stainless steels with face-centered cubic (FCC) structure [22,39]. The k of TWIP
steel was approximately one third that of low-carbon steel. The differences in k and βL
between the two steels were related to their chemical compositions, crystal structures, and
microstructures. The crystal structures of low-carbon and TWIP steels are BCC and FCC
structures [7] in this temperature range, respectively. Compared with low-carbon steel,
high-alloy content of TWIP steel (Table 1) impaired the thermal properties, particularly the
k value. In addition, the different microstructures of the TWIP and low-carbon steels affect
their thermal properties. Low-carbon steel is composed of a ferritic microstructure with a
small amount of pearlite, as shown in Figure 5a. In the TWIP steel, a recrystallized grain
with an average grain size of 41 µm was observed based on the EBSD inverse pole figure
map, and only the FCC structure appeared from the phase map (Figure 5b). The different
cp, ρ, and k of the two steels are summarized as a function of temperature in Table 3. These
thermal properties were used as the input parameters to simulate the wire drawing process.

Figure 5. Microstructure of the hot-rolled (a) low-carbon and (b) TWIP steels used in this study.
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Table 3. Thermal properties of the low-carbon and TWIP steels with temperature.

Steels Specific Heat [cp]
(J/kg ◦C)

Density [ρ]
(kg/m3)

Thermal
Conductivity [k]

(W/m ◦C)

Low-carbon steel 438.8 + 0.40T (◦C) 7798.0 − 0.26T (◦C) 60.5 − 0.036T (◦C)
TWIP steel 507.6 + 0.23T (◦C) 7823.3 − 0.40T (◦C) 13.7 + 0.013T (◦C)

3.2. Model Validation

Before analyzing the results of the FEA of the drawn wire with the thermal properties,
the accuracy of the FEA model was validated by comparing the measured and simulated
drawing forces and core temperatures of the two steels. Figure 6 shows the photograph of
the hot-rolled and drawn low-carbon and TWIP steel wires.

Figure 6. Photograph of the hot-rolled and drawn low-carbon and TWIP steel wires.

Figure 7 shows a comparison of the numerically simulated and experimentally mea-
sured drawing forces of the two steels. Small fluctuations were observed with time in both
the measured and calculated drawing forces. The numerically simulated drawing forces
were in good agreement with the measured equilibrium values. The drawing force of TWIP
steel was higher than that of the low-carbon steel.

Figure 7. Comparison of the equilibrium drawing forces between experiment and FEA in low-carbon
and TWIP steels.

Figure 8 also compares the calculated equilibrium temperature (Teq) with the FEA and
measured Teq with the thermocouple. The calculated Teq of the wire was in good agreement
with the measured Teq. The temperature rise of the two steels exhibited a pattern similar
to that of the drawing force. The Teq of TWIP steel was higher than that of low-carbon
steel. The detailed analysis of temperature will be discussed in result section. Based on the
validation of the drawing force and core temperature, the results of the current FEA were
concluded to be acceptable and reliable for further analysis.
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Figure 8. Comparison of temperature contour of (a) low-carbon steel and (b) TWIP steel, and (c) equilib-
rium core temperatures between experiment and FEA of two steels.

3.3. Wire Drawing Behaviors with Thermal Properties of a Wire

Figure 9a compares the numerical simulation results of the temperature profiles
along the drawing direction at the core and surface regions of the two steels, based on the
temperature contour in Figure 8. The temperature gradient existed along the radial direction
of the wire because the frictional heating at the surface region resulted in a steep increase in
the temperature at the surface region of the wire [40]. In both steels, the core temperature
gradually increased, while the surface temperature rapidly increased and then gradually
decreased because the heat by frictional stress was transferred to the specimen interior
by the conduction heat transfer mechanism until the specimen temperatures attained
equilibrium. Additionally, ambient air cooled the specimen surface by the convection
and radiation heat transfer mechanisms although the effect was relatively insignificant.
Meanwhile, Teq of TWIP steel was higher than that of low-carbon steel. Figure 9b compares
the temperature difference between the core and surface regions of the low-carbon and
TWIP steels. The temperature difference (∆TD) was defined as follows:

∆TD = Ts − Tc (8)

where Ts and Tc indicate temperatures in the surface and core regions, respectively. ∆TD of
TWIP steel was higher than that of low-carbon steel. Additionally, TWIP steel required a
longer time to attain Teq compared with low-carbon steel. These two phenomena can be
related to the difference in the thermal properties of the two steels. The relatively high k of
the low-carbon steel rapidly transferred the heat generated by the frictional stress into the
wire interior and ambient environment. By contrast, the speed of heat conduction within
the TWIP steel wire was relatively low owing to its low k.
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Figure 9. Comparison of numerical simulation results of (a) temperature profiles along the drawing
direction at core and surface regions and (b) temperature difference between core and surface regions
of low-carbon and TWIP steels.

Figure 10 compares the effective strain of the two steels with different k. For a better
comparison, the effective strain distributions of TWIP and low-carbon steels with low and
high k were compared. In this study, a high k means the k of the low-carbon steel (khigh), and
a low k means the k of TWIP steel (klow). In other words, additional numerical simulations
were performed for TWIP and low-carbon steels with the different k values. All wires had
the maximum and minimum effective strains near the surface and at the core, respectively,
which is consistent with the previous results [41,42]. During wire drawing, the temperature
increase by the plastic deformation was higher in the surface region than that in the core
region owing to the higher plastic deformation based on Equation (2). Meanwhile, TWIP
steel exhibited a more uniform strain distribution along the radial direction of the wire
regardless of k values compared with low-carbon steel, which is highly related to the high
n value of TWIP steel [43–45]. Based on this result, the higher ∆TD in TWIP steel compared
with low-carbon steel (Figure 9) was not related to the strain distribution. In addition,
the influence of k on the effective strain distribution of the wire can be concluded to be
insignificant based Figure 10b.

Figure 10. Comparison of effective strain (a) contours and (b) profiles along the radial direction of
low-carbon and TWIP steels with different thermal conductivity.
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To thoroughly investigate the effect of k on the temperature distribution of the wire,
the temperature distributions of the TWIP steel with klow and khigh were compared, as
shown in Figure 11. The temperature distributions were different with respect to the k
of the specimen during wire drawing. The maximum temperature was higher, and the
necessary time for temperature equilibrium in the specimen increased as k of the specimen
decreased. Accordingly, ∆TD increased with decreasing k, which was strongly confirmed
by analyzing the temperature profile along the radial direction of the wire during wire
drawing as shown in Figure 12. The temperature distribution of the wire with khigh was
more uniform compared with the wire with klow. It was confirmed that this phenomenon
also appears in low-carbon steel as shown in Figures 13 and 14 although the absolute values
of temperature differed with material depending on other material properties, such as K
and n values. Finally, it can be concluded that the temperature gradient along the radial
direction of the specimen is strongly dependent on the thermal properties of the specimen
during wire drawing.

Figure 11. Comparison of temperature contour of TWIP steel with (a) standard and (b) high thermal
conductivities. Comparison of (c) temperature profiles along the drawing direction at core and
surface regions and (d) temperature difference between core and surface regions of TWIP steel.

Figure 12. Comparison of temperature profiles along the radial direction of TWIP steel at die exit
and 100 mm from die exit with different thermal conductivities.
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Figure 13. Comparison of temperature contour of low-carbon steel with (a) standard and (b) low
thermal conductivities. Comparison of (c) temperature profiles along the drawing direction at core and
surface regions and (d) temperature difference between core and surface regions of low-carbon steel.

Figure 14. Comparison of temperature profiles along the radial direction of low-carbon steel at die
exit and 100 mm from die exit with different thermal conductivities.

3.4. Die Temperature with Thermal Properties of Wire

During wire drawing, die wear is strongly related to the temperature distribution
of the die [46]. Therefore, analyzing the die temperature with the k value of a metal is
necessary. Figure 15 summarizes the maximum temperature of the die for low-carbon and
TWIP steels with different k values. The maximum temperature of the die increased with
decreasing k of the wire, indicating that die wear can increase with decreasing the k of the
wire. Figure 16 shows the comparison of temperature contour of TWIP steel with klow and
khigh at the drawing speed of 0.7 mm/s to simulate the working conditions in a real plant.
Both the wire and die temperatures increased with decreasing k of the wire, leading to an
increase in die wear. The die temperature increased with decreasing k of the wire because
the heat from the frictional heating effect between the wire and die was easily transferred
to the die rather than the wire owing to the low k of the wire. Therefore, it is necessary
to reduce the drawing speed as the k of the wire decreases. For example, the drawing
speed should be decreased in TWIP steels compared with plain carbon steels. Based on the
experiences of the author, the die wear was much higher in TWIP steel than in plain carbon
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steels during wire drawing. It should be noted that the die temperature in real plants was
less than 300 ◦C owing to the cooling process in both the die and wire. Meanwhile, further
study regarding the effect of thermal properties of a die on the wire drawing behaviors
is necessary.

Figure 15. Comparison of maximum temperature of die for low-carbon and TWIP steels with different
thermal conductivities based on Figures 11 and 13.

Figure 16. Comparison of temperature contour of TWIP steel with (a) low and (b) high thermal
conductivities at drawing speed of 0.7 m/s. (c) Comparison of maximum temperature of die between
two drawing conditions.

4. Conclusions

Based on a comparative study of the influence of the thermal properties of metals on
the wire drawing behavior, the following conclusions were derived:

1. The thermal conductivity (k) of TWIP steel was approximately one third of that of
plain low-carbon steel, and the thermal expansion coefficient of the TWIP steel was
approximately 50% higher than that of low-carbon steel in the temperature range of
26–400 ◦C.

2. The temperature distributions of the wire strongly depended on the k of the wire
during wire drawing. The maximum temperature of TWIP was higher, and the
TWIP steel took a longer time to attain the equilibrium temperature within the wire
compared with the low-carbon steel during wire drawing owing to the low k.

3. The maximum temperature of the die increased as the k of the wire decreased, indi-
cating that die wear can increase with decreasing the k of the wire. Therefore, it is
suggested to reduce the drawing speed as the k of the wire decreases, especially in
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high-alloyed metals and TWIP steels. Meanwhile, further study regarding the effect
of thermal properties of a die on the wire drawing behaviors is necessary.
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