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Abstract This study was undertaken to propose a method
of continuous shear drawing (CSD) for industrial applica-
tions to steel-wire manufacturing. The study compared the
spheroidization behavior of medium carbon steel processed
by CSD to that processed via conventional drawing.
Microstructural observation revealed that the use of the
CSD method was effective for deforming the pearlite col-
onies, resulting in wavy pearlitic cementites without
noticeable cracks on the surface. After annealing treatment
at a subcritical temperature of 973 K for 1 h, the CSD-
deformed sample exhibited a uniform microstructure with a
number of fine globular cementites that was greater in
extent than that by drawing; this result was mainly due to
the easy spheroidization triggered by the CSD strain.

Introduction

Over the last decade, severe plastic deformation of metals
and alloys utilizing equal channel angular (ECA) pressing
has been regarded as a promising method to tailor the
ultrafine-grained microstructure, which might exhibit better
mechanical performance as compared to the coarse and
fine-grained counterparts [1-4]. In addition to grain
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refinement, the ECA pressing technique has been found to
be beneficial for fragmenting the rigid lamellar structure of
ferrous alloys through the decomposition of pearlitic
cementite to promote plasticity during further deformation.
Thus, this method would be put to use for commercial
applications in steel-wire manufacturing if an obstacle
arising from ECA pressing itself, in which the deformation
and processing of workpieces were not continuous, would
be solved. One of the moves to develop a method suitable
for continuous processing was the use of ECA drawing, in
which samples are deformed in a drawing manner instead
of a pressing one, because the length of the workpiece was
likely no longer to be limited by the buckling instability of
both the sample and the plunger during deformation due to
compressive loading [5-8]. However, Luis et al. [7] have
reported using finite element method (FEM) calculation
validated with actual experiments that show, in terms of
keeping the original segment of samples, deformation of
ECA drawing fairly differed from that of ECA pressing,
giving rise to the occurrence of an appreciable corner gap
to be formed between sample and die, as shown in Fig. la.
The deformation of samples seemed more dominated by
drawing than by shearing when samples went through the
shear zone where two channels met. Extensive necking and
inferior mechanical properties would be expected.
Although comprehensive understanding of the relationship
between two die-angles and strain has been well estab-
lished [9], it is still of interest to know how, particularly in
the case of ECA drawing, the angle of the die and the
diameter of the exit channel influenced deformation.

It is our main purpose to suggest a new type ECA
drawing, termed continuous shear drawing (CSD), with an
effort to modify the design of the die to reduce the
dimensional inhomogeneity of the sample. Once the opti-
mum condition for uniform shear deformation of medium
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Fig. 1 a FEM result showing the deformation behavior of sample
during ECA drawing with a die having specific inner angle of 120° [6]
and b the schematic diagram of the present die used for CSD
deformation (2¢p ~ 135°)

carbon steel is determined, the effect of the CSD strain on
spheroidization during subsequent annealing was studied
and compared to that of conventional drawing strain.

Experimental procedures

A plastic deformation was imposed on medium carbon
steel wire (diameter: 10 mm) with a chemical composition
of Fe-0.36C-0.25S5i-0.73Mn—-0.33P-0.33S in wt%, by
means of the CSD technique with a drawing speed of
100 mm/min, corresponding to a strain rate of 0.3/s
(Fig. 1b) [10]. To compare the deformation and spheroi-
dization behavior during annealing, conventional drawing
on a die with a diameter of the entrance channel of 10 mm
and of the exit channel of 8 mm was also carried out. The
initial microstructure of the medium carbon steel consisted
of approximately 90% pearlite phase; the remainder was of
ferrite phase. In the pearlite colonies, both the lamellar
spacing and the cementite thickness were measured to be
~0.4 pm. There were some kinks and breaks in the car-
bide plates. To evaluate the spheroidization of the
deformed pearlitic cementite, annealing treatment at a

subcritical temperature of 973 K for 1 h followed by
furnace cooling was performed. A; temperature of this
steel was determined based on the available equation
reported by Rocha et al. [11]. The microstructural exami-
nation through scanning-electron microscopy (SEM, JEM-
6330F) was conducted on the deformed samples etched
with 3% nital solution.

Continuous shear drawing

According to earlier work on the deformability of work-
pieces during ECA drawing, upper bound analysis [6] and
FEM perspective [7] predicted that the use of ECA drawing
obviously resulted in unstable deformation of individual
meshes when the inner angles became less than 120°.
As shown in Fig. la, the corners of the die were not
completely filled by the samples. Thus, non-uniform
deformation was evident since the sample was more bent
rather than sheared. In this study, a die having an inner
angle of 135° was designed to avoid the formation of
pronounced necking, which is noxious to further defor-
mation and mechanical properties. Besides, the CSD die
was prepared by reducing the diameter of the exit channel
to impose much higher strain, as compared to the process
in ECA drawing. Considering the reduced exit channel
diameter, an additional strain was imparted when the
samples experienced CSD deformation. The total stain (et)
accumulated from the present CSD can be seen as the sum
of the shear strain [12] and the drawing strain, as follows,

er = (2/V3) - cotg + (i /1) (1)

in which ¢, [;, and [y are the half of inner angle in the die, the
initial, and the final diameters of the sample, respectively.
A detailed description of the tooling, together with an
effective strain, is listed in Table 1. Among the variables
affecting both total strain and deformation, the role of the
outer angle should be considered. However, that role was
not taken into account in this study since the effect of the
outer angle is not significant when the sample is deformed in
a die with an inner angle of more than 120° [13].

Results and discussion

Figure 2 displays a macroscopic view of medium carbon
steels after deformation. Figure 2a is related to the sample
deformed by conventional drawing, while Fig. 2b is asso-
ciated with the sample deformed via CSD operation.
Deformation speed and temperature are the same. The
direction of deformation was from left to right. Both
deformed samples exhibited good surface quality without
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Table 1 Description of two

dies and estimated strain Die Inner angle (°) Shear strain Diameter (mm) Drawing strain Total strain
Entrance Exit
Drawing - - 10 8 0.22 0.22
CSD 135 0.48 10 8 0.22 0.70
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Fig. 2 Macrographs of medium carbon steel wires after a drawing
and b CSD deformation

surface cracks and were clearly flattened toward the
deformation direction as well. This fact indicated that the
CSD die was sufficient to constrain the sample and
imparted fairly uniform strain to the sample. Figure 3
displays the load—stoke curves during CSD deformation.
The loads of samples were apt to rapidly increase and
reached a steady state, but higher values of load were
observed during CSD than during drawing. As shown in
Table 1, the total strain by CSD was three times higher
than that by drawing. Thus, high load was due to strain
hardening of sample by high strain.

Figure 4 shows microscopic images revealing the
microstructure change of pearlitic cementite phases in
medium carbon steels following drawing and CSD defor-
mation. Regardless of deformation methods used, it is
obvious that no pearlite colonies remained unchanged, but
the apparent morphologies differ considerably due to var-
ied strain and deformation modes.

@ Springer

Fig. 3 Measured load—stroke curves for medium carbon steel wires

After the drawing processing, most of the pearlite were
deformed, inclined persistently to the drawing direction
(Fig. 4a) while some cementites were curled [14, 15].
According to earlier reports on the deformation of pearlitic
steels whose colonies were randomly oriented prior to
severe cold drawing [16, 17], paralleled cementite plates
were clearly found on the planes of the lamellae that were
aligned along the drawing axis. On the other hand, curled/
kinked cementites were observed on the planes of the
lamellae that are not aligned along the drawing axis since
they could accommodate the external strain through
bending instead of moving whole colonies to the drawing
direction. Thus, the changes of the cementite morphologies
were largely affected by the orientation difference between
the loading axis and the pre-existing directions of the
pearlite colonies. As to the microstructure deformed via
CSD method (Fig. 4b), depending on various inclinations
of the pearlite structure with respect to the shear direction
determined by the inner angle, some cementite were
present in the form of curled and wavy structures, while
others kept their original lamellar structure; however,
necked cementites were still detected. In general, there
existed two distinct modes that were used to describe the
deformation of duplex alloys as per the rule of mixture
relationships, such as iso-stress and iso-strain modes. Since
most ferrite grains, working as a soft phase within the
pearlite colonies, deformed much easier than cementite,
deformation was thought to obey iso-stress mode rather
than iso-strain mode, implying that the plasticity was
mainly controlled by the ferrite phases. In an iso-stress
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Fig. 4 SEM images showing deformed microstructures after
a drawing and b CSD deformation. White and dark regions are
cementite and ferrite. Arrow indicates the flow direction

mode in which the stresses were equally distributed to
deformation of the hard and the soft phases, the amount of
strain was in part accommodated by the hard cementite
phases, as can be seen in Fig. 4b. This result was consistent
with the earlier TEM observations showing the significant
morphological changes in cementite phases despite the
poor ductility of cementite, which has a monoclinic crystal
structure [18]. This was of great importance since a number
of the carbon atoms at the tip of the kinked (or breakup)
cementite phases were diffused with ease to low-energy
sites such as the flat platelet surface [19-21]. As a result,
the wavy pearlite and fragmented cementite played a key
role in accelerating the evolution of spheroidization during
subsequent heat treatment.

For the annealing behavior of the samples at a subcrit-
ical temperature of 973 K with no prior deformation,
conventional drawing and CSD processes are shown in
Fig. 5. Particles with an aspect ratio of less than two were
considered to be fully spheroidized. Figure 5a is the
annealed microstructure of the initial sample that experi-
enced no deformation prior to the subcritical annealing
treatment, revealing that thin-striped cementite phases still
existed as remnants. This fact indicated that subcritical

Fig. 5 SEM images showing spheroidization behavior at a subcritical
temperature of 973 K a for 10 h in sample with no prior deformation,
b for 5 h in sample deformed via conventional drawing, and ¢ for 1 h
in sample deformed via CSD method

annealing for 10 h was insufficient to attain a homoge-
neous microstructure containing fine globular carbide par-
ticles. On the other hand, the samples deformed through
drawing and CSD methods needed 5 and 1 h, respectively,
to attain a homogeneous microstructure, as shown in
Fig. 5b and c. It is found that, when the CSD method
(¢ ~ 0.70) was used, the rate of spheroidization was much
faster than that when the sample was deformed via con-
ventional drawing (¢ ~ 0.22). It is worth mentioning that
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the driving force for spheroidization was the reduction in
area of the ferrite—cementite interface by the conversion of
carbide plates to spheroids. And, such rate for spheroidi-
zation was triggered with an increment in the plastic strain
prior to annealing treatment. Accordingly, by inducing the
high level of strain to materials in shear causing large
stored energy, the use of CSD method seemed more ben-
eficial for reducing total time required for spheroidization.
The same issues could be found in the deformation of ultra-
high carbon steel based on a divorced eutectoid transfor-
mation-associated deformation [22]. Zhang et al. [21]
demonstrated that a resultant microstructure with spheroi-
dal cementite of ~0.6 um in size dispersed on the ferrite
matrix was obtained when the sample was deformed at a
temperature of 973 K and reduction of 60% under com-
pressive loading. Indeed, Sun et al. [23] reported on a
deformed microstructure consisting of equiaxed ferrite
grains and nearly spheroidized cementite particles by
means of warm cross-wedge rolling at 953 K. However,
such forming methods were carried out in a high-temper-
ature region. From a standpoint of stored energy as a
chemical driving force for microstructural changes, it is
more desirable for steel-wire to be deformed at room
temperature than at temperatures above 950 K unless
sample failure during deformation is observed to occur.
Hence, we believe that the CSD process suitable for
deformation at room temperature was successfully estab-
lished in this study, which makes it possible to drive down
the cost.

From the results obtained, the proposed CSD method
may have industrial potential in the process of steel-wire
manufacturing, and can be applied as an intermediate step
prior to a batch annealing treatment, allowing us to reduce
annealing time significantly by promoting a fast rate of
spheroidization of the pearlitic cementite phase. In earlier
investigations [20, 24, 25], however, it was found neces-
sary to require intense strain of higher than ~4 to refine the
ferrite phase grains down to a micrometer level, as well as
to attain the fine arrays of spheroidized cementite solely
during deformation. A detailed study of the deformation
and microstructure change with an increasing amount of
CSD strain will be required to provide better understanding
of the practical applications of the CSD technique.

Conclusion

A CSD method was employed to explore the possibility of
fabricating a wire product of medium carbon steel. Using a

@ Springer

well-prepared die with an inner angle of 135° and an exit
diameter 8 mm, sound deformation of medium-carbon
steel took place. When compared to the results of con-
ventional drawing, the use of the CSD technique accom-
panied by subcritical annealing treatment led to a resultant
microstructure with fine equiaxed cementites dispersed
uniformly on the ferrite matrix due to easy spheroidization
triggered by CSD strain.
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