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Abstract: The final aim of this paper is to study the microstructural changes in the necking region
of progressively cold-drawn pearlitic steel wires by means of a thorough and detailed analysis of
pearlite interlamellar spacing and Vickers micro-hardness in this special region. To this end, a set of
progressively cold-drawn pearlitic steel wires belonging to a real manufacturing chain were subjected
to standard tension tests, in such a manner that the tests were interrupted before the final fracture,
i.e., the test development was aborted just at the necking instant. The microstructural changes during
necking were evaluated by measuring the pearlite interlamellar spacing in the necking region, as well
as the Vickers micro-hardness in the different points of it. The study of the afore-said microstructural
changes preceding the final fracture was the final aim of the research, intending to determine the
local areas in the necking region of the specimens in which microstructural changes are most evident,
thereby affecting the local mechanical response of a specific cold-drawn steel at the moment of
instability under load control during the standard tension test.

Keywords: pearlitic steel wires; cold drawing; local mechanical properties; pearlite interlamellar
spacing; micro-hardness

1. Introduction

During the manufacturing of high-strength cold-drawn prestressing steel wires for
prestressed concrete, cold drawing produces microstructural changes in the pearlite, namely
the reorientation of both the pearlite colonies and the lamellae in the direction of the wire
axis (cold-drawing direction), as well as a progressive decrease in the interlamellar spacing
(of the lamellae) and an increase in the slenderness of the colonies [1,2]. It is worth noting
the existence of pearlitic colonies whose ferrite and cementite lamellae have not been
oriented in the drawing direction (pearlitic pseudo-colonies), inside which the lamellae exhibit
an anomalous interlamellar spacing clearly higher than the standard interlamellar spacing
associated with the rest of the microstructure [3,4].

There have been many studies dealing with the analysis of the necking instant (associ-
ated with the instability situation under tensile loading, particularly during the standard
tension test) among which are recent studies on the distribution of stresses such as [5,6], in
which such a distribution generated during the formation of necking is analysed.

Most of the research focuses not only on predicting stress—strain states during necking
but also on proposing new methods that can identify the mechanical behaviour of different
steels in post-necking stages [7-11]. One of the most widely used techniques for the
mathematical study of necking formation is the finite element method [12,13].

On the other hand, there are investigations whose purpose is to relate the formation
of necking with the microstructure of steels, as well as the subsequent influence of this on
the final fracture [14,15]. Other studies investigate the role of particle shape, volume and
distribution regarding necking development [16].
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Vickers micro-indentation testing continues to be a well-known resource for the me-
chanical characterisation of materials and for a better understanding of the role of mi-
crostructural features in the mechanical performance of metallic materials, as shown in
recent studies on stainless steel [17], ferritic/martensitic steel [18], interstitial-free steel [19]
and 9Cr-F/M steel [20].

In the particular case of progressively cold-drawn pearlitic steel wires, a thorough
study of Vickers micro-hardness was performed in [21]. In addition, variations of Vickers
micro-hardness in the necking region have been investigated for very different materi-
als such as AA5754 sheet materials [16], 40Cr steel [22], a galvanized structural coil of
5320GD steel [23], amorphous and crystalline poly(ethylene naphthalate) [24] and ferrite
and austenite duplex stainless steel [25].

In the present work, measurements were made of the interlamellar spacing (i.e., the
distance between the ferrite and cementite lamellae that make up the pearlite colonies)
as well as Vickers indentation tests to obtain the micro-hardness in different areas of the
necking region that is generated in progressively cold-drawn pearlitic steel wires subjected
to interrupted tensile tests.

2. Materials and Methods

For the study of the necking, pearlitic steel wires belonging to different steps of a real
cold-drawing manufacturing chain in the industry were subjected to tensile tests. The
chemical composition of the steel is shown in Table 1. The specimens, three samples for
each wire with an articular-drawing degree, were subjected to interrupted tensile tests
before the final fracture with the total separation of surfaces, to be able to visualize the
greatest possible damage produced in the microstructure just prior to failure.

Table 1. Chemical composition of steel (wt.%). The balance is Fe.

C Mn Si P S Al Cr \'
0.79 0.68 0.21 0.01 0.01 0.003 0.22 0.06

The analysed steel passed through seven dies of cold drawing, so that each correspond-
ing wire was named with numbers associated with each drawing step, 0 being the initial
wire rod (just hot rolled; not cold drawn at all) and 7 being the commercial prestressing steel
wire (heavily cold drawn after undergoing seven drawing passes). The diameter (¢) of each
wire was that corresponding to each of the steps of the drawing process, which gradually
decreased due to the accumulated plastic strain e’ ;, during the afore-said manufacturing
process (Table 2).

Table 2. Diameters of the wires, cumulative plastic strain and mechanical properties of the materials
at the end of each cold-drawing step (in bold—those wires used in the present research).

Steel D (mm) &P cum E (GPa) oy (GPa) or (GPa)
0 11.03 0.00 199 0.72 1.23
1 9.90 0.22 192 0.83 1.29
2 8.95 0.42 194 0.91 1.36
3 8.21 0.59 192 0.93 1.41
4 7.49 0.77 196 1.02 1.50
5 6.80 0.97 199 1.13 1.60
6 6.26 1.13 200 1.16 1.62
7 5.04 1.57 208 1.49 1.83

The wires used in the present research were initial hot-rolled bar 0, steel 4 (after four
drawing passes; it had half of the plastic strain accumulated in the whole process of cold
drawing) and the last step or commercial prestressing steel wire 7.
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The interrupted tensile tests were carried out under displacement control, i.e., by
imposing the displacement rate or crosshead speed of a universal testing machine (MTS
RF200, MTS Systems Corporation, Eden Prairie, MN, USA). In this scenario, the speed
chosen for a correct data collection and control of the test was 2 mm/min. The test was
stopped when the necking that precedes the total final fracture of the material was clearly
formed. Furthermore, to achieve the maximum necking formation without breaking the
material, several tests were performed.

With the help of Test Works® 1.8 computer software (MTS Systems Corporation, Eden
Prairie, MN, USA) that the testing machine incorporated, it was possible to stop the test at
a certain percentage of the load drop. The tests were carefully carried out with a breaking
susceptibility that was previously set (such susceptibility was the decrease in the percentage
from the previous maximum load to the actual load level). The susceptibility to the final or
total fracture was usually 5% in the strongly drawn wire (7) and 10% in the initial wire rod
(0).

By pre-setting the susceptibility to the breakage in the tests carried out on the different
specimens, the tensile test stops at a load F* (see Figure 1) lower than the maximum load
reached during the test (Fpr4x) and higher, but closer, than the final breaking load with the
total separation of surfaces (Fr) of the material. This way, by stopping the test at a load
F*, the maximum possible necking before the fracture of the material was obtained in any
region of the specimen (sample length was about 300 mm in all cases).
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Figure 1. Force—displacement (F-u) curve in the standard tension test showing the stopping force (F*)
after the maximum force (Fypax) and before the breaking force (FR).

Figure 1 shows a load—displacement curve, F-u, in which the maximum load Fa4x
and the breaking or final fracture load Fr are shown, between which the stopping load
F* of the tests is located (with Fyjax > F* > Fg). In the final part of the load—displacement
(F-u) curve, a decrease in load can be observed, in which the stopping force of the test is
found, prior to the final breaking load; such a decrease is characterized by not being an
intrinsic behaviour of the material, but rather it depends on the machine used in the tests,
the material and its surface quality, as well as the test speed used.

Once the tests were finished, the specimens were longitudinally cut, in such a manner
that the different necking regions obtained were mounted in resin for grinding and polish-
ing up to a mirror quality for their subsequent analysis in a scanning electron microscope
(SEM) using a JEOL JSM-5610 LV (Jeol Ltd., Tokyo, Japan). Samples were cylinders contain-
ing a necking of approximately 1 cm in height and with a diameter corresponding to that
of each particular wire.
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The Vickers indentation tests were carried out to obtain the micro-hardness (HV)
values in the material with the help of a micro-hardness tester, Struers mod. Duramin
(Struers GmbH, Ballerup, Denmark). The measurements were made along the longitudinal
section of the necking regions, applying a load of 19.614 N for 15 s and maintaining a
separation distance between indentations of 0.5 mm. In eutectoid steels subjected to a
cold-drawing process, a variation in hardness was observed along the transverse section
due to microstructural changes and due to the existence of high residual stresses that were
generated during the manufacturing process by cold drawing. In initial wire rod 0 and in
final commercial prestressing steel 7, the residual stresses were lower in the former because
it came from hot rolling and had not undergone any cold drawing, and in the final product,
because it had received a final stress relaxation treatment [5].

Micro-hardness tests were carried out along three diameters of the necking regions
belonging to initial wire rod 0, the fourth step 4 and final prestressing steel wire 7. The
distance between the measurement rows was 5 mm in the different areas of the necking
volume from the area of a smaller diameter, as shown in Figure 2. The nomenclature
used is HV1 for the micro-hardness row closest to the area with the greatest reduction in
diameter (minimum cross-section) and HV3 for the row farthest from the afore-said area
(HV2 being an intermediate zone). With the obtained results, it is possible to observe the
variation of the micro-hardness along the longitudinal direction of the wire and of different
diameters according to the distance considered with the surface with the greatest reduction
in diameter.

Figure 2. Scheme of the different zones inside the necking region in which Vickers micro-hardness
measurements HV1, HV2 and HV3 were carried out.

3. Results

Analyses of the microstructural features of the different steel wires were performed in
the necking region, obtaining micrographs located inside the necks generated in wire rod 0,
the fourth step 4 of the cold-drawing process and commercial prestressing steel wire 7. The
analysis of the micrographs was focused on the division into two zones within the necks:
the central zone and the periphery.

Figure 3 below shows the micrographs for initial wire rod 0, wire 4 (four drawing
passes) and prestressing steel wire 7 (seven drawing passes), differentiating between the
two analysed zones, i.e., Soc being the mean interlamellar spacing in the central part of
the neck and Sgp being the mean interlamellar spacing in the periphery of the neck. The
results show the difference in interlamellar spacing in both areas, reflected in Table 3. A
reduction of interlamellar spacing is observed both in the centre and in the periphery (when
compared to the interlamellar spacing of untested wires), and such a reduction is more marked
in the periphery of the necks.
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Figure 3. Micrographs corresponding to the initial hot-rolled bar that is not cold drawn (0), fourth
step of the cold-drawing process after four drawing passes (4) and commercial prestressing wire after
seven drawing passes (7). Results are shown in the central zone (CZ; left-hand column) and in the
periphery zone (PZ; right-hand column) of the necking region of the different steel wires.

Table 3. Pearlite interlamellar spacing measured in the different areas of the necking regions, evalu-
ated in the sample centre (Spc) and in the sample periphery (Spp). Results are shown for steel 0 (initial
material; hot-rolled bar that is not cold drawn at all), steel 4 (after four drawing passes) and steel 7
(commercial prestressing steel wire that has undergone seven drawing passes).

0 4 7
Soc (um) 0.151 0.167 0.145
Sop (um) 0.128 0.152 0.127

Once the mean interlamellar spacing values were obtained at the centre and at the
periphery of the necking regions, they were represented in comparison with the fitting
curve of the mean interlamellar spacing values (Sgyp) evaluated in the progressively cold-
drawn wires (not subjected to tension) of the different steps of the cold-drawing process in
the analysed steel (i.e., undergoing a different number of drawing passes and thus with
different levels of cumulative plastic strain), as shown in Figure 4.
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Figure 4. Interlamellar spacing Sy vs. plastic strain eP. The plot shows the interlamellar spacing at
the centre (Syc) and at the periphery (Sop) of the necking region of the wires subjected to tensile tests
interrupted at the instant of necking (plastic instability) before the final rupture of the different steels
(0, 4 and 7). Results are compared with the mean interlamellar spacing (Spn1) analysed in samples of
the progressively cold-drawn steel wires not subjected to tension tests and thus without reaching the
instant of necking or plastic instability situation (dashed line).

The difference between the reduction in the interlamellar spacing between the centre
and the periphery of the necks in the analysed steels (0, 4 and 7) is greater for the lower
degree of cold drawing. The interlamellar spacing obtained at the periphery of the necking
for initial wire rod 0 is much lower than that presented by untested prestressing wire 7.
However, the higher the cold-drawing degree of the tested wire, the lower the reduction in
interlamellar spacing observed at the periphery of the generated neck. This is due to the
strain hardening suffered by these when subjected to the previous cold-drawing process.

The results show a reduction in the interlamellar spacing, both in the periphery (Sop)
and in the centre (Syc) of the necking region of the tested wires, when compared to the
mean interlamellar spacing (Son) of the untested wire (not subjected to tension), i.e., plastic
instability manifested through the appearance of necking (with the associated plastic
strain concentration at a high intensity) enhances the packing closeness of the pearlitic
microstructure, with an associated decrease in pearlite interlamellar spacing when the
phenomenon of necking appears.

The interlamellar spacing values (or the associated cumulative plastic strain levels) in
the centre of necks of the initial wire rod and of the wire belonging to the fourth step of the
cold-drawing process (both tested up to the moment of necking) correspond approximately
to those of untested wires belonging to the sixth and fifth step of the cold-drawing chain,
respectively.

The interlamellar spacing values (or the associated cumulative plastic strain levels) at
the periphery of necks of the initial wire rod and of the wire belonging to the fourth step of
the drawing process (both tested up to the moment of necking) correspond approximately
to those of untested wires belonging to the seventh (commercial prestressing steel wire)
and the sixth step of the cold-drawing chain, respectively.

With regard to the interlamellar spacing obtained in the centre and in the periphery
of the necks appearing with final commercial prestressing steel wire 7, such a variable
undergoes a greater decrease in the periphery of the wire, and the same occurs in the
neckings of the initial wire rod and of the steel belonging to the fourth step. It should be
noted that both measurements of the interlamellar spacing in the necking corresponding
to the prestressing steel wire are significantly lower than those obtained in the untested
starting wire (0, initial wire rod).

Figures 5-7 plot the results of the micro-hardness profiles in the different necking
zones (HV1, HV2 and HV3; see Figure 2) of the specimens, belonging to the initial hot-
rolled steel rod (tested steel 0; Figure 5), the wire from the fourth cold-drawing step (tested
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steel 4; Figure 6) and the prestressing steel wire (tested steel 7; Figure 7), together with the
plot of the micro-hardness obtained from each untested wire (before the tensile test); these
were named as HV-0 for the initial hot-rolled steel rod (untested steel 0; Figure 5), HV-4 for
the wire coming from the fourth cold-drawing step (untested steel 4; Figure 6) and HV-7
for the prestressing steel wire (untested steel 7; Figure 7).
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Figure 5. Vickers micro-hardness in tested hot-rolled steel 0 (not cold drawn at all) evaluated in
the three zones of the necking region (HV1, HV2 and HV3 in Figure 2), showing results for three
specimens (a—c). Plot HV-0 corresponds to untested hot-rolled steel 0, i.e., it represents the micro-
hardness values in the absence of tensile loading and final necking.
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Figure 6. Vickers micro-hardness in tested cold-drawn steel 4 (four drawing passes) evaluated

in the three zones of the necking region (HV1, HV2 and HV3 in Figure 2), showing results for

three specimens (a—c). Plot HV-4 corresponds to untested cold-drawn steel 4, i.e., it represents the

micro-hardness values in the absence of tensile loading and final necking.
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Figure 7. Vickers micro-hardness in tested prestressing wire 7 (seven drawing passes) evaluated
in the three zones of the necking region (HV1, HV2 and HV3 in Figure 2), showing results for
three specimens (a—c). Plot HV-7 corresponds to untested prestressing wire 7, i.e., it represents the

micro-hardness values in the absence of tensile loading and final necking.

For the plot of the micro-hardness along the diameter of the wire, the radial coordi-
nate r was plotted in dimensionless terms divided by the wire radius R, so thatr/R =0
corresponds to the centre of the wire and r/R = %1 corresponds to its outer side.

Figure 5 shows the variation of the micro-hardness profiles belonging to the necks of
the initial steel rod (steel 0). As a result, an increase in micro-hardness is observed in the
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periphery of the necks and a less pronounced increase is observed in the centre. Another
observation is the increase in hardness in those measurements (HV1) made closer to the
zone with a greater reduction in the necking section (zone of minimum cross-sectional
area).

It should be noted that symmetry occurs in the micro-hardness profiles obtained
from the necks belonging to specimens 0 (Figure 5). In the necks created in the steel rod
specimens, the highest micro-hardness values are in the periphery of the same (the outer
surface of the neck), while in the central zone of the wire (close to the wire longitudinal
axis), an increase in micro-hardness can be observed in a specific way. In comparison with
the micro-hardness values presented by the untested wires belonging to the different steps
of the cold-drawing process, the average of the micro-hardness obtained in all profiles of
the neck of initial steel rod 0 is close to that of a wire belonging to the second (2) or third (3)
step of the cold-drawing process.

An increase in the micro-hardness value was observed in the neck, for all tested
samples, in comparison with the micro-hardness values obtained from untested wires
corresponding to the same step of the cold-drawing process. An example of this fact is
the micro-hardness values of the tensile tested specimens belonging to the fourth step of
process 4 (Figure 6); the values found in the periphery of the necking are similar to those
obtained in an untested wire corresponding to the sixth step of cold drawing, while in the
centre of the necking, the values are greater and close to those obtained in an untested wire
belonging to the last step of the process (prestressing steel wire 7).

For the micro-hardness values obtained in the neck of final prestressing wire 7
(Figure 7), it can be observed that the values between the different data collection areas,
HV1, HV2 and HV3, have less discrepancies than in the micro-hardness values analysed
for the previous steps (0 and 4). It should be noted that, although the differences are
smaller, the values obtained are higher when the considered area is closer to the outer
surface of the specimen in question. The micro-hardness values obtained in the neck of the
prestressing wire, as might be expected since the micro-hardness increases with the degree
of the drawing of the wire, are greater than the rest of the micro-hardness values obtained
in the necks of the rest of the wires analysed in this work. In addition, such micro-hardness
values belonging to the prestressing steel wire are higher values than those obtained in an
untested prestressing wire prior to tensile testing HV-7.

4. Discussion

In ductile metallic materials, three types of macroscopic plastic deformation hetero-
geneities can be observed, Liiders bands, Portevin-Le Chatelier bands and necking, which
is the best known and most obvious manifestation of the localisation of deformation on
a macroscopic scale that occurs after the load reaches its peak. Many current researchers
have refocused their attention on the study of necking [26,27].

The necking phenomenon is well referenced in the literature with many experimental,
theoretical and numerical investigations carried out mainly to obtain the true stress—strain
relationship of a tensile specimen. Among these, the most widely used stress distribution
criterion governing the formation of the necking is given in [28].

When the necking is formed, a triaxial state of stress appears as a consequence of it.
Such a triaxial stress state (1) at the bottom of the necking (the section with a minimum
transversal area) is given, in cylindrical coordinates, with the axial stress oy, which acts in
the longitudinal direction of the wire, and with the radial and circumferential stress ¢, and
09, respectively, where o, = 0g. The triaxial stress state can be easily obtained by means of
the well-known Davidenkov and Spiridonova equations [28]:

o a’—r?

2 _ 2
0" J—
= ; — =1+ i
oy 2aR oy 2aR

M

where oy is the yield stress of the steel, R is the radius of the curvature of the necking in
the area of the minimum section, a is the radial distance from the bottom of the neck to the
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point considered and r is the distance from the longitudinal axis of the wire to the given
point.

The stress state generated during the generation of the necking until its breakage is
the direct cause of the significant reduction in the interlamellar spacing in all the studied
samples. In addition, such a reduction in spacing is ratified by the micro-hardness profiles
obtained from the different necks analysed, both those belonging to the initial wire rod
and those corresponding to the fourth and last step of the process, in which an increase in
micro-hardness is observed—more pronounced in the periphery and less accentuated in
the centre of the afore-said necks—coinciding with the higher stresses in the area according
to the calculation procedure described above [28].

The evolution of the necking zones in metallic materials has been studied by several
researchers due to its importance in establishing the different stages of deformation leading
to failure and the mechanisms/criteria governing the ductility stages for failure predic-
tion [29,30]. The creation of the neck causes the material to undergo heterogeneous strain
hardening, in which the periphery of the wire acquires a micro-hardness comparable to the
one that could be obtained by subjecting it to two more steps of the cold-drawing process.
However, in the centre of the neck, the micro-hardness obtained is comparable to that of
the untested wires (prior to tensile tests) belonging to one more step of the process.

Significant changes were observed in the micro-hardness values obtained on untested
wires. This variation may be due to the stress—strain states inherent to the cold-drawing
process itself, which would produce a heterogeneous plastic deformation along the wire
section—less accentuated than the one produced in the generation of the neck. Therefore,
there is a possibility that there are areas with less interlamellar spacing in the periphery of
the wires, which would correspond to higher micro-hardness values.

Many researchers have monitored the continuous development of macroscopic de-
formation in necking; however, their work is mostly qualitative [31-33]. A significant
reduction in interlamellar spacing and an increase in micro-hardness were quantified in all
the necks analysed compared to the values obtained in the wires prior to the tensile tests.
These changes were more pronounced in the periphery of the samples, suggesting a greater
plastic deformation in this area of the wire during neck formation.

The relationship between plastic deformation and micro-hardness is well known and
has been extensively analysed in different types of ductile materials from metals to new
biomaterials [34-36]. In particular, studies have focused on analysing this relationship
during the formation of necking since it is the predecessor and one of the most evident
indicators of a fracture [37-39].

In this study, the large plastic deformation assumed during the cold-drawing process
with the prestressing wire means that it can assume less deformation during the generation
of the neck. This fact is confirmed with the lower increase in the micro-hardness values
obtained, as well as the lower decrease in the interlamellar separation compared to the rest
of the analysed samples.

The relevance of the present study is based on the quantification of the development
of microscopic deformation during the neck formation (plastic instability) by measuring
the interlamellar spacing and the Vickers micro-hardness. With this quantification, it is
possible to deduce the plastic deformation values that would serve as a criterion for the
failure of the material itself and could lay the foundations for establishing less conservative
safety factors and for improving the cold-drawing process of these steels.

5. Conclusions

Pearlite interlamellar spacing and Vickers micro-hardness measurements were per-
formed in the necking region (domain) generated in wire specimens subjected to interrupted
tensile tests. The analysed samples belong to three steps of a real cold-drawing process:
the initial hot-rolled bar (not cold drawn at all), an intermediate step of the manufacturing
chain (a wire that has passed through four drawing dies) and the final commercial steel
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wire of the cold-drawing chain (commercial prestressing steel). The conclusions of the work
can be summarised as follows:

B A quantified significant reduction in interlamellar spacing in the periphery zone of
the necking region was observed (an increase in packing closeness in such an external
region of the wire)—a fact that is consistent with the intense plastic strain localization
in such a zone (localized cumulative plastic strain).

B A quantified significant increase in Vickers micro-hardness in the periphery zone of
the necking region was also observed—again, a fact that is consistent with the intense
plastic strain localization (and its associated hardening effect) in such a local zone
(localized strain hardening).

B The results obtained from the measurement of pearlite interlamellar spacing and
from Vickers micro-hardness measurements are fully consistent between them in the
necking areas analysed, i.e., the lower the interlamellar spacing, the higher the Vickers
micro-hardness.

B The comparison of the micro-hardness values obtained in the necks of the tested wires
with those obtained in the corresponding untested wires shows a higher increase in
plastic deformation during necking in the steels with a lower cold drawing degree.

B The commercial prestressing steel wire, in the last step of the process, is the one that
is able to assume less plastic deformation during necking and the one that shows a
more homogeneous behaviour in the comparative study of the analysed zones of the
necking region (centre and periphery).

B During the formation of necking at the instant of plastic instability (but before the
final rupture) during the standard tension test, all the tested steels exhibit a sort of
heterogeneous strain hardening—greater in the peripheral zones and with small changes
in the central zones of the necking region.

This study lays the foundations for the further analysis of the microstructural het-
erogeneity in steels during the drawing process along their cross-section and serves as a
roadmap for possible tests to improve the microstructural homogeneity produced during
different drawing processes.
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