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Abstract: The relationship between microstructures and ductility parameters, including reduction
of area, elongation to failure, occurrence of delamination, and number of turns to failure in torsion,
in hypereutectoid pearlitic steel wires was investigated. The transformed steel wires at 620 ◦C were
successively dry-drawn to drawing strains from 0.40 to 2.38. To examine the effects of hot-dip galva-
nizing conditions, post-deformation annealing was performed on cold drawn steel wires (ε = 0.99,
1.59, and 2.38) with a different heating time of 30–3600 s at 500 ◦C in a salt bath. In cold drawn wires,
elongation to failure dropped due to the formation of dislocation substructures, decreased slowly
due to the increase of dislocation density, and saturated with drawing strain. During annealing,
elongation to failure increased due to recovery, and saturated with annealing time. The variation
of elongation to failure in cold drawn and annealed steel wires would depend on the distribution
of dislocations in lamellar ferrite. The orientation of lamellar cementite and the shape of cemen-
tite particles would become an effective factor controlling number of turns to failure in torsion
of cold drawn and annealed steel wires. The orientation and shape of lamellar cementite would
become microstructural features controlling reduction of area of cold drawn and annealed steel wires.
The density of dislocations contributed to reduction of area to some extent.

Keywords: pearlitic steel wire; elongation to failure; torsion; reduction of area; annealing

1. Introduction

The increase of the deformation limit in the steel wire industry has an advantage of
obtaining a high strength level and eliminating the lead patenting process. The recent
improvement of strength in steel wires has achieved a high strength above 5 GPa in steel
cords for automobile tires and above 2 GPa in cable wires for suspension bridge. In cold
drawn steel wires, high strength has been achieved by the refinement of interlamellar
spacing [1–3], the increase of drawing strain [4–6], the increase of carbon content [7–9],
and the addition of alloying elements [10–12]. However, the increase of strength generally
accompanies the deterioration of ductility in cold drawn steel wires. For the development
of high strength steel wire, the important subject becomes how to increase the strength of
steel wires without a significant loss of ductility. The manufacturing process of wire prod-
ucts includes bending, stranding, stretching, and coiling, etc. Thus, ductility parameters
required for steel wire products are the reduction of area, elongation to failure, occurrence
of delamination, and number of turns to failure in torsion. Occurrence of delamination acts
as an indicator of brittle fracture, splitting longitudinally along the wire axis during torsion.
On the other hand, the number of turns to failure reflects the gradual variation of torsional
ductility with manufacturing conditions of steel wires [13,14]. Thus, both occurrence of
delamination (DEL) and number of turns to failure (NT) could become good parameters to
evaluate torsional ductility of steel wire products.
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In cold drawn steel wires, the increase of drawing strain decreases elongation to failure
(EL) and increases tensile strength (TS) [15,16], while the reduction of area (RA) and num-
ber of turns to failure in torsion (NT) show the sequential variation; increasing, showing
the maximum peak, and decreasing continuously [17,18]. These mechanical behaviors
are closely related to microstructural evolution occurred during wire drawing. The main
features of microstructural evolution during wire drawing are a progressive realignment
of lamellar cementite along the drawing axis [19–21], a reduction of interlamellar spacing,
a thinning of lamellar cementite and ferrite, a fracture, and dissolution of lamellar cemen-
tite [22–24]. Recently, the decomposition of cementite and the subsequent distribution
of carbon atoms in heavily drawn wires were directly observed using a high resolution
transmission electron microscopy (HRTEM) and an atom probe tomography (APT). While
the relationship between microstructural evolution during wire drawing and mechanical
properties of TS and RA in cold drawn steel wires has been widely investigated [24–26],
the main microstructural features controlling other ductility parameters, which are related
to the total amount of deformation in the manufacturing process, remain unclear until now.

Meanwhile, the manufacturing process of wire products includes post-deformation
annealing, such as bluing for wires for tire bead, hot-dip galvanizing for suspension bridge
cables, or stress-relief annealing for coil springs. Since the degree of age hardening or
age softening depends on drawing and annealing conditions, post-deformation annealing
conditions alter strength, and ductility of steel wire products through microstructural evo-
lution during annealing. Age hardening proceeds with the break-up and decomposition
of lamellar cementite, the diffusion of carbon atoms to dislocations, and the pinning of
dislocations by carbon atoms in lamellar ferrite [27,28]. The mechanism of age softening
is described as the break-up and spheroidization of lamellar cementite, the growth of
cementite particles, the reprecipitation of cementite particles, and the recovery or recrys-
tallization of ferrite [28–30]. Thus, post-deformation annealing conditions and drawing
conditions contribute significantly to strength and ductility of steel wire products. Several
works about the evaluations of TS, DEL, and NT with different annealing conditions were
reported [31–33]. However, those works merely focused on microstructures and mechani-
cal properties with the variations of annealing conditions. Thus, to improve ductility of
cold drawn and annealed steel wires, the variations of ductility with drawing strain and
annealing conditions need to be explained in terms of microstructural features.

In the present work, the effects of microstructural features on ductility with the
variations of drawing strain and annealing time in hypereutectoid steel wires cold drawn
and annealed at 500 ◦C. Particularly, the present work focused on the relationship between
microstructural evolution during wire drawing and subsequent annealing processes and
ductility parameters of EL, RA, DEL, and NT in hypereutectoid pearlitic steel wires.

2. Materials and Methods

The chemical composition of steel wire rods used in this work is Fe-0.92%C-1.3%Si-
0.5%Mn-0.3%Cr (wt %). Hot rolled and Stelmor-cooled wire rods with a diameter of 13 mm
were cold-drawn to 4.9 mm in diameter. To investigate the effects of the drawing strain
and annealing time on tensile strength and ductility, the 4.9 mm-diameter wires were
austenitized at 900 ◦C for 3 min, followed by quenching in a salt bath at 620 ◦C for 3 min.
The transformed wires were pickled and successively dry-drawn to wires with various final
diameters from 4.02 (ε = 0.40) to 1.49 mm (ε = 2.38) as shown in Table 1. Drawing speed
was set to 3 m/min to avoid dynamic strain aging, and the average reduction per pass was
about 18%. Additionally, to investigate the effects of hot-dip galvanizing conditions on
mechanical properties, post-deformation annealing was performed on cold drawn steel
wires (ε = 0.99, 1.59, and 2.38) with different heating time of 30 s, 2 min, 20 min, and 1 h at
a temperature of 500 ◦C in a salt bath.
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Table 1. Diameter and drawing strain of a cold drawn steel wire for each drawing step.

Drawing step 0 1 2 3 4 5 6 7 8 9 10 11 12

Diameter (mm) 4.9 4.44 4.02 3.64 3.29 2.98 2.70 2.45 2.21 2.01 1.82 1.65 1.49

Total reduction (%) - 17.9 32.7 44.8 54.9 63.0 69.6 75.0 79.7 83.2 86.2 88.7 90.8

Drawing strain (ε) - 0.20 0.40 0.59 0.80 0.99 1.19 1.39 1.59 1.78 1.98 2.18 2.38

Tensile strength of steel wires was determined by tensile tests at room temperature with
a constant speed of 20 mm/min. Elongation to failure was measured with an extensometer.

To examine torsional ductility, torsion tests were carried out as free-end twist tests
at a rotational speed of 30 r.p.m. The torsion test machine (Hongduk Eng., Busan, Korea)
(Figure 1) equipped with torque sensors. The length of cold drawn steel wires was chosen
as 200 mm. Tension was applied to the specimen by using a weight of 1% of the maximum
tensile load of the wire. During torsion testing, the occurrence of delamination was
evaluated by assessing NT or examining the shape of fracture surfaces.
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Figure 1. Torsion test equipment.

For detailed understanding of microstructural evolution during annealing, a scanning
electron microscope (SEM, JEOL Ltd., Tokyo, Japan), and a transmission electron micro-
scope (TEM, JEOL Ltd., Tokyo, Japan) were used. Thin foils parallel to the longitudinal
cross section of the wire were prepared by utilizing a jet polishing technique in a mixture
of 90% acetic acid and 10% perchloric acid at room temperature. In order to measure the
block size of a steel wire transformed at 620 ◦C, the longitudinal section of a steel wire was
grinded with silicon carbide papers and electropolished. The inverse pole figure (IPF) color
maps of steel wires were examined by using electron backscatter diffraction (EBSD, JEOL
Ltd., Tokyo, Japan). Microstructure and IPF map of an isothermal transformed steel wire
are shown in Figure 2. The average lamellar spacing of pearlite was 72.6 nm, the average
size of block, consisting of colonies with the misorientation less than 15◦, was 11.6 µm.
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3. Results
3.1. Tensile Strength

In Figure 3a, a drawing strain of 2.38 increased TS continuously from 1335 (as-
transformed) to 2287 MPa, due to work hardening of lamellar ferrite and solid solution
hardening of carbon atoms dissolved in lamellar ferrite, which was caused by the occur-
rence of dynamic strain aging. According to Zhang et al. [34], TS of cold drawn pearlitic
steel wires can be expressed with the following strengthening mechanisms: (1) boundary
strengthening, which represents the refinement of interlamellar spacing; (2) strain harden-
ing of ferrite; and (3) solid solution hardening due to the increased amount of carbon atoms
dissolved in lamellar ferrite. The process of dynamic strain aging consists of the fracture
and decomposition of lamellar cementite, and the interaction of dissolved carbon atoms
with dislocations in lamellar ferrite during deformation [23,25,27]. The rapid increase of TS
above a drawing strain of 1.5 in Figure 3a was attributed to the increased solid solution
hardening of carbon atoms at high strain and the efficient work hardening of completely
realigned lamellae along the wire axis, compared with the less work hardening during
the progressive realignment of randomly oriented lamellae at low strain. The increase of
TS during wire drawing was attributed to strain hardening of lamellar ferrite and solid
solution hardening of dissolved carbon atoms by dynamic strain aging.
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Figure 3. The variations of (a) tensile strength (TS) and elongation to failure (EL), and (b) reduction
of area (RA) and numbers of turns to failure in torsion (NT) with a drawing strain in cold drawn
steel wires.

TS of cold drawn and annealed steel wires reflects the degree of age hardening or age
softening during post-deformation annealing. While age hardening and age softening occur
simultaneously at low annealing temperature or for a short annealing time, the increases of
annealing temperature and time make age softening become the main operating mechanism
during annealing. Figure 4 shows the effects of drawing strain and annealing time on TS
of steel wires cold drawn and annealed at 500 ◦C. The different drawing strains in cold
drawn steel wires provided two different typed TS curves. For steel wires received strains
of 0.99 and 1.59, the variation of TS with annealing time showed the sequential behaviors;
increasing, showing the peak, and decreasing continuously after the peak. For cold drawn
steel wires with ε = 1.59, TS increased from 1938 to 1951 MPa (30 s annealing), and then
decreased to 1632 MPa (1 h annealing). The increment of TS for a short annealing time of
30 s was due to age hardening. Age hardening during annealing consists of two stages;
the segregation of carbon atoms to dislocations in ferrite and a partial decomposition of
lamellar cementite [28]. The partial dissolution of lamellar cementite, the diffusion of carbon
atoms into lamellar ferrite and the interaction with dislocations would be responsible to the
increase of TS during annealing. Thus, the increase of TS for 30 s annealing (13 MPa) would
be attributed to the occurrence of age hardening, which corresponds to the solid solution
hardening. Takahashi et al. [9] showed that the occurrence of the maximum TS during
aging would be closely related to the decomposition of lamellar cementite in cold drawn
hypereutectoid steel wires, using the field ion micrograph (FIM). However, as annealing
time increased, lamellar cementite started to spheroidize. Additionally, the occurrence of
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recovery in ferrite led to the decrease of TS. Accordingly, TS decreased continuously with
the increased contribution of age softening with annealing time.
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Meanwhile, for steel wires with a drawing strain above 2.38, TS decreased contin-
uously from 2287 (as-drawn) to 1791 MPa (1 h annealing). The continuous decrease of
TS with annealing time in Figure 3 indicates that age hardening does not occur during
annealing for steel wires cold drawn to ε = 2.38. Li et al. [25] have reported that the car-
bon concentration in lamellar ferrite saturates at the critical strain and above the critical
strain the decomposition of lamellar cementite does not proceed in their work. Thus, it is
expected that there exists a limit of the carbon content dissolved in lamellar ferrite, which
corresponds to the specific drawing strain or TS that no more age hardening occurs during
post-deformation annealing. During annealing, the severe fracture of lamellar cementite
and the high concentration of carbon atoms in lamellar ferrite in cold drawn steel wires
would encourage the age softening process; spheroidizing and reprecipitation of cementite
particles, and recovery of ferrite, rather than age hardening even for a short annealing time.

It is interesting to note that the degree of age softening during annealing in Figure 4
was significantly influenced by the amount of drawing strains in cold drawn steel wires.
A steel wire with ε = 2.38 showed the larger decrease of TS, 496 MPa, than that with ε = 0.99,
208 MPa, for 1 h annealing. The more damage and fracture in lamellar cementite and the
higher dislocation density in cold drawn steel wires received the higher drawing strain
that would accelerate the age softening process during annealing. Thus, annealing of a
steel wire that received a high drawing strain showed the larger decrease of TS than that
with a low drawing strain.

During post-deformation annealing, TS of steel wires with a high drawing strain
decreased continuously with annealing time, since age softening, such as the fracture and
spheroidization of lamellar cementite, the growth of cementite particles, and the recovery
of lamellar ferrite, became the major process to control TS. Meanwhile, steel wires with
low drawing strain showed the sequential variation of TS; increasing, showing the peak,
and decreasing continuously with annealing time. The increment of TS for a short annealing
time was due to the occurrence of age hardening, which was related to the decomposition
of lamellar cementite and the interaction of dislocations with carbon atoms dissolved in
lamellar ferrite.

3.2. Elongation to Failure

In Figure 3a, EL (10.4%) of a transformed steel wire dropped to 5.6% at a drawing strain
of 0.79, decreased gradually with drawing strain, and reached a saturation value of 2.5% for
a drawing strain above 2.0 [17,35]. It is interesting to note that the rapid drop of EL occurs
even at a low strain of 0.79. According to Zhang et al. [34,36], the dislocation structure
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in lamellar ferrite transformed from threading dislocations, tangles at low and medium
strains, to dislocation cells at high strain. In pearlitic steels, the bundle of dislocations
ending at ferrite/cementite boundaries act like dislocation cell boundaries during plastic
deformation, due to the existence of lamellar cementite. The presence of dislocation
tangles in Figure 5 indicated that the formation of dislocation tangles, i.e., the formation of
dislocation substructures, would become one of the main causes for the EL drop at low
strain. He et al [37] reported that the formation of dislocation tangles was observed at a
drawing strain of 0.8 in cold drawn steel wires.
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Figure 5. TEM micrographs, showing dislocation tangles in a steel wire drawn with ε = 1.13.

In Figure 6, post-deformation annealing raised EL continuously with annealing time.
EL of cold drawn steel wires increased rapidly by 2.5% (ε = 0.99) and 3.1% (ε = 1.59) for
a short annealing time of 30 s, although TS increased due to age hardening at the same
condition. This implies that the effect of age softening, such as the recovery of ferrite and
the spheroidization of lamellar cementite, would have the stronger effect on EL than the
age hardening effect. Meanwhile, the increasing rate of EL slowed down or EL saturated at
the 8–9% level for an annealing time above 2 min.
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Figure 6. The plot of EL as a function of annealing time at 500 ◦C in cold drawn steel wires received
different drawing strains.

Annealing at a high temperature of 500 ◦C for 2 min enhanced the spheroidization of
lamellar cementite (Figure 7a) and the formation of subgrains (Figure 7b) in cold drawn
steel wires with ε = 2.38. Therefore, it is expected that the initial increasing rate of EL at
2 min annealing in Figure 6 would be related to the spheroidization of lamellar cementite or
the formation of subgrains as a recovery process. Li et al. [33] reported that the formation
of subgrains from dislocation cells was observed during annealing at a low temperature of
250 ◦C in heavily drawn steel wires.



Metals 2021, 11, 178 7 of 15

Metals 2021, 11, x FOR PEER REVIEW 7 of 16 
 

 

 
Figure 6. The plot of EL as a function of annealing time at 500 °C in cold drawn steel wires received 
different drawing strains. 

Annealing at a high temperature of 500 °C for 2 min enhanced the spheroidization of 
lamellar cementite (Figure 7a) and the formation of subgrains (Figure 7b) in cold drawn 
steel wires with ε = 2.38. Therefore, it is expected that the initial increasing rate of EL at 2 
min annealing in Figure 6 would be related to the spheroidization of lamellar cementite 
or the formation of subgrains as a recovery process. Li et al. [33] reported that the for-
mation of subgrains from dislocation cells was observed during annealing at a low tem-
perature of 250 °C in heavily drawn steel wires. 

 
Figure 7. TEM micrographs, showing (a) the presence of subgrains in a steel wire drawn with ε = 
2.38 and annealed at 500 °C for 2 min, and (b) the dark field image of (b). 

3.3. Torsional Ductility 
Torsional ductility is evaluated as the occurrence of delamination (DEL) or number 

of turns to failure (NT) in cold drawn and annealed steel wires. NT reflects the gradual 
variation of torsional ductility with manufacturing conditions of steel wires, while DEL is 
the qualitative indication of bad torsional ductility [14,34]. The variation of NT with a 
drawing strain in Figure 3b showed the similar trend to that of RA; increasing, showing 
the peak, and decreasing continuously, although the peak strain of 2.18 was different 
from that of 1.59 in RA. 

In Figure 8, NT showed the steady decrease with annealing time, except for the drop 
of NT region. DEL, which is closely related to the interaction of dissolved carbon atoms 
with dislocations in lamellar ferrite, would cause the drop of NT in torsion. In Figure 8, 
steel wires with the higher drawing strain showed the larger range of the DEL region and 
the larger decrease of NT during annealing. The higher drawing strain induced more 
damage in lamellar cementite during wire drawing. The damaged cementite easily dis-

Figure 7. TEM micrographs, showing (a) the presence of subgrains in a steel wire drawn with ε = 2.38
and annealed at 500 ◦C for 2 min, and (b) the dark field image of (b).

3.3. Torsional Ductility

Torsional ductility is evaluated as the occurrence of delamination (DEL) or number
of turns to failure (NT) in cold drawn and annealed steel wires. NT reflects the gradual
variation of torsional ductility with manufacturing conditions of steel wires, while DEL
is the qualitative indication of bad torsional ductility [14,34]. The variation of NT with a
drawing strain in Figure 3b showed the similar trend to that of RA; increasing, showing
the peak, and decreasing continuously, although the peak strain of 2.18 was different from
that of 1.59 in RA.

In Figure 8, NT showed the steady decrease with annealing time, except for the drop of
NT region. DEL, which is closely related to the interaction of dissolved carbon atoms with
dislocations in lamellar ferrite, would cause the drop of NT in torsion. In Figure 8, steel
wires with the higher drawing strain showed the larger range of the DEL region and the
larger decrease of NT during annealing. The higher drawing strain induced more damage
in lamellar cementite during wire drawing. The damaged cementite easily dissolved in
ferrite during annealing. The increased amount of dissolved carbon atoms interacted with
dislocations more frequently. Thus, the higher drawing strain resulted in the larger drop
of NT and more frequent DEL during annealing [11,25]. Additionally, the disappearance
of DEL with 2 min annealing at 500 ◦C in steel wires received a strain of 1.59 indicates
that the increase of annealing time would decrease the amount of dissolved carbon atoms,
due to the reprecipitation of cementite particles [9]. NT of steel wires drawn with ε = 0.99
decreased continuously from 30.6 turns (as-drawn) to 14.5 turns (1 h annealing) without the
occurrence of DEL. Except for DEL, NT of cold drawn steel wires decreased continuously
with annealing time at 500 ◦C.
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3.4. Reduction of Area

Figure 3b shows the plot of reduction of area (RA) in cold drawn wires as a function of
drawing strain. RA of a transformed steel wire (40.2%) increased up to 50.9% (ε = 1.59) and
decreased gradually to 41.2% (ε = 2.38) with increasing strain. The initial increase of RA
was due to the realignment of randomly oriented lamellar cementite along the wire axis.
Thus, the maximum peak of RA at ε = 1.59 corresponded to the completion of realignment
of lamellar cementite. The continuous decrease of RA after the peak resulted from work
hardening of lamellar ferrite and thinning and/or fragmenting lamellar cementite at
high strain.

Generally, annealing of cold deformed steels improves ductility of EL, RA, and tor-
sional ductility at the expense of strength in cold deformed steels, since the occurrence of
recovery or recrystallization during annealing encourages the softening of matrix. How-
ever, the variations of RA with annealing time in Figure 9 showed the different behavior
from that of EL. For a short annealing time of 30 s, RA of cold drawn wires (ε = 1.59), 48%,
significantly dropped to 34%. Meanwhile, the increase of annealing time from 30 s to 1 h
resulted in only the 3.5% increase of RA.
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4. Discussion

Ductility parameters of cold drawn steel wires must reflect the variations of microstruc-
tural features during wire drawing. Microstructural evolution during wire drawing in-
cludes the reduced thickness of lamellar ferrite and lamellar cementite, the work hardened
lamellar ferrite, the progressive reorientation of lamellae along the wire axis, the fracture of
lamellar cementite, and the increased content of carbon atoms dissolved in lamellar ferrite.
Depending on the post-deformation annealing conditions, the occurrence of age hardening
or age softening would alter ductility parameters of steel wires. Microstructural evolu-
tion of age hardening consists of the break-up and decomposition of lamellar cementite,
the diffusion of carbon atoms to dislocations, and dislocation pinning by carbon atoms.
Thus, the occurrence of age hardening is closely related to the amount of carbon atoms
dissolved in lamellar ferrite. Meanwhile, age softening occurs through the break-up and
spheroidization of lamellar cementite, the reprecipitation of cementite particles, and the
occurrence of recovery or recrystallization of lamellar ferrite.

4.1. Elongation to Failure

To find the relationship between EL and microstructural evolution during wire draw-
ing, the effects of microstructural features on EL were examined. The drop of EL at a
drawing strain of 0.79 in Figure 3a could not be explained with the reductions of ferrite
thickness and cementite thickness, the reorientation of lamellar cementite, and the gradual
increase of dislocation density during wire drawing. Meanwhile, the increase of dislocation
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density accompanies with the formation of dislocation substructures, such as dislocation
tangles and dislocation cells. The presence of dislocation tangles in Figure 5 indicated that
the formation of dislocation substructures would become one of the main causes for the EL
drop at low strain.

The variation of EL in Figure 6 shows which microstructural feature would have
an effect on EL of cold drawn and annealed steel wires. The rapid increase of EL for
30 s annealing would be related to the formation of subgrains as the recovery process or
the spheroidization of lamellar cementite (Figure 7). Additionally, the presence of yield
plateaus in true stress–true strain curves of cold drawn and annealed steel wires (Figure 10)
confirmed the occurrence of recovery in lamellar ferrite during annealing at 500 ◦C for
2 min, while the continuous yielding occurred in cold drawn steel wires.
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Figure 10. True stress–true strain curves of steel wires drawn with a strain of 1.59 and annealed at
500 ◦C for 2 min to 1 h.

In Figure 11, an annealing at 500 ◦C for 1 h induced the fragmentation of cementite
particles in most area of cold drawn steel wires with ε = 2.38, while the fragmentation of
cementite particles occurred in less than half area of cold drawn steel wires with ε = 0.99.
This meant that the severer damage in lamellar cementite accelerated the spheroidization
process during annealing. In spite of microstructural difference in Figure 11, both steel
wires showed the similar EL as 8% and 9% for an annealing time of 1 h, respectively.
This implies that the increased mean free path due to the spheroidization and growth of
cementite particles would not have a significant influence on EL.

Additionally, the saturation of EL at 8–9% level for annealing time above 2 min in
Figure 6 also indicates that the further progress of recovery during annealing would not
change EL. According to Xiang et al, [38], when annealing temperature increased from
250 to 325 ◦C, EL of cold drawn steel wires (ε = 2.34) increased rapidly, accompanying
the slight variation of dislocation density. This indicated that EL did not depend on the
dislocation density significantly.

From the above, it was found that EL of cold drawn wires dropped due to the forma-
tion of dislocation tangles or cells, decreased slowly due to work hardening, and saturated
with the drawing strain. During post-deformation annealing EL initially increased rapidly
due to the transformation from dislocation cells to subgrains as a recovery process, and sat-
urated at 8–9% with annealing time.

Thus, the variation of EL in cold drawn and annealed steel wires depends on the
formation of dislocation substructures in lamellar ferrite. The formation of dislocation
substructures showed the stronger effect on the variation of EL than dislocation density in
cold drawn and/or annealed steel wires.
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4.2. Torsional Ductility

The similar sequential behaviors between NT and RA with drawing strain (Figure 3b);
increasing, showing the maximum peak, and decreasing continuously, suggests that mi-
crostructural features affecting RA would possibly control NT of cold drawn steel wires.
The initial increase of RA comes from the realignment of randomly oriented lamellar ce-
mentite, and the maximum peak of RA at ε = 1.59 corresponds to the completion of the
realignment of lamellar cementite along the wire axis. The subsequent decrease of RA,
after the maximum peak, results from work hardening of lamellar ferrite and thinning
and/or fragmenting lamellar cementite at high strain. From the above, it is obvious that the
increase of RA is attributed to the realignment of lamellar cementite at low strain, and the
decrease of RA after the peak comes from the break-up of lamellar cementite and work
hardened lamellar ferrite.

Meanwhile, the peak strain of 2.18 in NT was different from that of 1.59 in RA.
This difference of peak strains between RA and NT implies that microstructural features
controlling RA of cold drawn steel wires would not have the similar degree of influence on
NT in cold drawn steel wires. From Figure 3b, it is expected that the realignment of lamellar
cementite increases NT with drawing strain, and the decrease of NT would depend on the
fracturing of lamellar cementite, and dynamic strain aging in cold drawn steel wires [39].

Figure 8 shows the steady decrease of NT with annealing time, except for the NT drop
due to DEL. This steady decrease of NT with annealing time would be related to the age
softening process, including the decrease of dissolved carbon atoms due to the reprecipita-
tion of cementite particles, the recovery, and the spheroidization and growth of cementite
particles. The larger NT for cold drawn steel wires than NT of post-deformation annealed
wires in Figure 8, indicates that NT was not significantly affected by dislocation density in
ferrite. The reduction of carbon atoms dissolved in ferrite with annealing time also did not
change NT significantly. However, it is obvious that DEL, which causes the NT drop during
torsion, depends on the amount of carbon atoms in ferrite. Meanwhile, the fracture of
lamellar cementite at high drawing strain and the spheroidization and growth of lamellar
cementite during annealing decreased NT. This meant that the destruction of lamellar
structure, i.e., the increase of mean free path for mobile dislocations, would decrease NT,
since lamellar cementite, aligned parallel to the wire axis, blocked the movement of mobile
dislocations during torsion [39].

Figure 12 shows a schematic diagram of different mean free path (MPF) due to
annealing of cold drawn steel wires. The fracture of lamellar cementite at high drawing
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strain and the spheroidization and growth of cementite particles increased MPF for the
dislocation movement during torsion. Thus, the fragmented cementite particles reduced
NT in cold drawn and annealed steel wires.
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Thus, the orientation of lamellar cementite and the shape of cementite particles would
become a major factor in controlling NT of cold drawn and annealed steel wires. Addition-
ally, the amount of dissolved carbon atoms would have an influence through DEL, which
drops NT rapidly during torsion.

4.3. Reduction of Area

It is well known that RA of cold drawn steel wires increases with the realignment
of randomly oriented lamellar cementite parallel to the wire axis, and decreases with the
fracture of lamellar cementite and work hardening of lamellar ferrite. However, the varia-
tions of RA with annealing time in Figure 9 showed the different behavior from RA with
drawing strain (Figure 3b). When the annealing is carried out at low temperature with
a short annealing time, both age hardening and age softening occur in cold drawn steel
wires. With increasing annealing temperature or time, age softening dominantly controls
mechanical properties of cold drawn steel wires. The significant drop of RA was observed
in steel wires received 30 s annealing at 500 ◦C, and then RA increased slowly with increas-
ing annealing time. For 30 s annealing, all cold drawn steel wires showed the significant
RA drop, whether cold drawn and annealed steel wires showed DEL during torsion or not
in Figure 8. This meant that the occurrence of age hardening (the amount of carbon atoms
dissolved in ferrite) did not have any influence on the drop of RA. It is interesting to note
that RA of cold drawn steel wires is larger than RA of post-deformation annealed wires in
Figure 9. This implies that the occurrence of recovery would not contribute significantly to
the increase of RA in cold drawn and annealed steel wires.

Considering the dependence of RA on the orientation of lamellar cementite to the
wire axis and the fragmentation of lamellar cementite in cold drawn steel wires, the shape
change (the degree of spheroidization) of lamellar cementite could become one of the
main causes for the rapid RA drop. Figure 12 shows the gradual spheroidization with
annealing time in steel wires cold drawn and annealed at 500 ◦C. A short annealing time of
2 min was enough to start the fracture of lamellar cementite in steel wires with ε = 2.38
(Figures 7 and 13). For steel wires annealed for 20 min (Figure 13c), most lamellar cementite
fractured into cementite particles. As annealing time increased to 1 h, the spheroidization
of cementite particles was almost completed and the size of cementite particles varied from
20 to 200 nm, although cementite particles kept the lamellar typed array (Figure 13d) [29].
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Figure 13. SEM micrographs, showing the microstructural evolution, (a) as-drawn with ε = 2.38,
and annealed at 500 ◦C for annealing time of (b) 2 min, (c) 20 min, and (d) 1 h.

Meanwhile, the slow increasing rate of RA after the drop in Figure 9 would come from
the softening behavior of recovery. Among cold drawn wires, the RA of a steel wire with
ε = 1.59 showed the largest RA due to the completion of realignment of lamellar cementite.
However, after annealing longer than 2 min RA of a steel wire with ε = 0.99 was larger
than that with ε = 2.38. This means that the larger drawing strain would accelerate the
spheroidization and growth of cementite particles during annealing and result in the lower
RA in steel wires.

Therefore, the orientation and shape of lamellar cementite would become microstruc-
tural features controlling RA of cold drawn and annealed steel wires. The occurrence of
recovery during annealing caused the slight increase of RA with annealing time.

Mechanical properties of steel wires reflect the variations of microstructural features
during wire drawing and annealing. Figure 14 shows a schematic diagram, describing the
evolution of pearlitic microstructure during wire drawing and subsequent annealing.
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5. Conclusions

The effects of microstructural features on ductility with the variations of drawing
strain and annealing time in hypereutectoid steel wires were investigated. Especially,
the relationship between microstructural evolution during wire drawing and subsequent
annealing and ductility parameters of reduction of area, elongation to failure, occurrence
of delamination, and number of turns to failure in torsion in hypereutectoid pearlitic steel
wires was discussed.
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(1) The increase of tensile strength (TS) during wire drawing was attributed to work
hardening of lamellar ferrite and solid solution hardening of dissolved carbon atoms
by dynamic strain aging. During post-deformation annealing, TS of steel wires
with high drawing strain decreased continuously with annealing time, since age
softening became the major process to control TS. Meanwhile, steel wires with low
drawing strain showed the sequential variation of TS; increasing, showing the peak,
and decreasing with annealing time. The increment of TS for a short annealing time
was due to the occurrence of age hardening.

(2) The variation of elongation to failure (EL) in cold drawn and/or annealed steel wires
depends on the formation of dislocation substructures in lamellar ferrite. The for-
mation of dislocation tangles or cells would become one of main causes for the EL
drop at low strain. The rapid increase of EL during annealing came from the trans-
formation from dislocation cells to subgrains as a recovery process. The formation
of dislocation substructures showed the stronger effect on the variation of EL than
dislocation density in cold drawn and/or annealed steel wires.

(3) Occurrence of delamination (DEL) caused a significant drop of number of turns to
failure in torsion (NT). Since DEL depends on the amount of carbon atoms dissolved
in ferrite, steel wires with the higher drawing strains showed the larger range of DEL
region and the larger decrease of NT during annealing. The higher drawing strain
induced the more damage in lamellar cementite and resulted in the increased amount
of dissolved carbon atoms in ferrite during annealing. Thus, the higher drawing
strain resulted in the larger drop of NT and more frequent DEL during annealing.

(4) Number of turns to failure (NT) increased with the realignment of lamellar cementite
and decreased with fracturing of lamellar cementite and dynamic strain aging in cold
drawn steel wires. During post-deformation annealing, NT of steel wires decreased
with annealing time, except for DEL. The orientation of lamellar cementite and the
shape of cementite particles would become an effective factor controlling NT of cold
drawn and annealed steel wires.

(5) With drawing strain, reduction of area (RA) increased due to the realignment along
the wire axis, showed the peak, and decreased gradually due to work hardening of
ferrite and fragmenting lamellar cementite at high strain. During post-deformation
annealing, RA of cold drawn wires significantly dropped and increased slowly with
annealing time. The orientation and shape of lamellar cementite would become a
dominant microstructural feature in controlling RA of cold drawn and annealed
steel wires. The occurrence of recovery during annealing also contributed to RA to
some extent.
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