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Abstract: This article focuses on the analysis of the evolution of inclusions present in eutectoid
pearlitic steel subjected to a real cold drawing process. To this end, wires belonging to different stages
of the manufacture chain were studied, starting from an initial hot rolled bar (not cold drawn at
all). In addition to the information obtained through visual inspection, a quantitative analysis of
the microdefects generated by these inclusions was carried out. The analysis was performed using
materialographic techniques, scanning electron microscopy (SEM) and the image analysis program
(AnaliSYS 3.19).
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1. Introduction

The inclusions present in steel have been the subject of many scientific studies, focusing
mainly on their composition, size and morphology [1-4]. Some of the studies deal with
the spatial distribution and shape of inclusions using mathematical modelling, using the
method called shape control [5]. In pearlitic steels, a multitude of inclusions has been
observed, among which oxides, silicates, manganese sulfides, carbides and also, to a lesser
extent, nitrides stand out [6]. As for the progressively drawn pearlitic steels, subject of
study in the present work, the influence of the inclusions on the anisotropic behavior in
fracture has been recently analyzed [7].

Some researchers have studied the influence of inclusions on the initiation of cracks
generated by fatigue in pearlitic steels, analyzing the morphology and distribution of
these inclusions [8-11]. The scientific literature includes numerous studies focused on the
quantification of morphology and its subsequent classification, using dispersive energy
spectroscopy techniques [12,13]. The most recent research deals with the analysis of the
different types of inclusions and their influence on the mechanical properties of steel [14-17].
It is worth mentioning the studies focused on improving the deformability of fragile
inclusions in order to ensure a good mechanical performance of the steel during the
drawing process [18,19], or the modification of the process itself, hot rolling, to obtain
inclusions that improve the final mechanical properties of the steel [20].

The cold drawing process causes microstructural changes in the steel, such as the
reorientation of the perlite colonies and the lamellae that make them up (ferrite and
cementite) in the direction of the longitudinal wire axis, a progressive decrease in the
interlaminar spacing and an increase in the slenderness of the colonies [21,22].

In pearlitic steel, the greatest addition of alloying substances occurs to promote or
enhance the nucleation of perlite. Some studies try to analyze, by means of isothermal
methods, the influence of inclusions on the nucleation of intergranular ferrite in hypoeu-
tectoid steels [23]. The nucleation of non-metallic inclusions of ferrite in steels is different
depending on the chemical composition. Experimentally, for medium carbon steels, it was
observed that the following compounds are not intergranular ferrite enhancers: SiO,, MnO-
Si0y, Al,O3, TiN and MnS. On the contrary, the inclusions of chemical compositions such
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as MnS and Al,Os, in steels with a presence of V and N, are enhancers of the nucleation of
the intergranular ferrite [24]. The inclusions chemically analyzed in the pearlitic steel wires
therefore belong to the group of endogenous or second phase inclusions, which have their
origin in alloying substances added to enhance the nucleation of perlite.

The critical size of the inclusion for the creation of microcracks has been well stud-
ied [25-27] but generally cannot be concluded at an exact size, as it depends on the type
of steel and the characteristics of the inclusion. The critical size of the inclusion has been
quantified for tool steels [26], steels AISI 4140 [5], ADF1 [27] (steel produced by Dalian
Iron and the CO group based on the chemical composition of commercial steel 42CrMo
decreasing the content of O, N, P, S and H, and increasing the content of V and Ti) and
for steels used as mechanical springs [28,29]. As for its size, the measurements of the
inclusions studied in pearlitic steel yield a size distribution between 1 and 10 um. Most
of the inclusions analyzed in this study are mainly made up of oxides and sulfides. The
variation in the elements in the compounds will regulate the characteristics and mechanical
behavior of the inclusion [5,26,27].

This article studies the presence and evolution of inclusions throughout a real process
of drawing consisting of seven stages, analyzing five of them: the initial one (hot-rolled steel,
without drawing), the final one (commercial wire drawing steel) and three intermediate
stages of the manufacturing chain. Special attention is paid to the generation and evolution
of the microcracks that occurs around the inclusions when the pearlitic steel wire goes
through the different dies of drawing; such microcracks can have an influence on the
steel’s behavior in fracture [7]. The study of the inclusions was carried out from the
characterization of the same through the analysis of their chemical composition, as well as
a quantitative morphological study.

2. Materials and Methods

In the following study, an eutectoid pearlitic steel belonging to a real wire drawing
chain, formed by seven steps of cold drawing, was used. It was analyzed from the initial
hot rolled bar (wire which has not been subjected to any step of the drawing process) to the
final commercial prestressing wire. The nomenclature used to identify the analyzed wires
consists of a letter, which indicates the family of origin of the wire and a representative
number of the drawing step to which the wire belongs, 0 being the number for the initial
wire rod, 7 for the final product, and numbers from 1 to 6 to identify the wires corresponding
to the intermediate steps. The chemical composition of steel family E is shown in Table 1.

Table 1. Chemical composition (wt.%) of steels of family E (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

For the study of the evolution of the inclusions in progressively drawn pearlitic
steel, the following wires were used: initial hot rolled bar and the wires from the second,
fourth, sixth and seventh steps (EO, E2, E4, E6 and E7, respectively) of the cold drawing
process. This family of steels has been characterized in previous studies by the Fracture and
Structural Integrity Research Group (FSIRG) of the University of Salamanca (USAL) [30],
extracting from these the following data indicated in Table 2: the corresponding diameter
(D), the plastic deformation [7] that acquires the material at the exit of each corresponding
die/stage of the cold drawing process (e” cum), the Young’s modulus (E), the yield stress
(0y) and the ultimate tensile stress (or) for each of the wires under study. Figure 1 shows
the true stress vs. true deformation curves (0 —¢) obtained in these studies for all the wires
analyzed in the present work.
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Table 2. Dimensions and mechanical properties of the steels analyzed.

Steel D (mm) eP cum E (GPa) oy (GPa) or (GPa)
EO 11.03 0.00 199 0.72 1.23
E2 8.95 0.42 194 091 1.36
E4 7.49 0.78 196 1.02 1.50
E6 6.26 1.13 200 1.16 1.62
E7 5.04 1.57 208 1.49 1.83
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Figure 1. True stress vs. true deformation (c—e) of steels from family E.

The collection of the samples was carried out with the previous realization of longitu-
dinal cuts in the wires belonging to the different stages of the drawing chain selected, as
indicated in the following Figure 2a. This is so that the micrographs of the present work
will always be oriented with their vertical side following the cold drawing direction (or
the longitudinal wire axis). The sections obtained from the longitudinal cuts (=15 mm
long) were rigorously prepared to achieve the correct materialographic observation in the
scanning electron microscope (SEM). In order to carry out the micrographs for the study,
these sections were embedded in a phenolic resin, thermally hardened by means of a hot
compression assembly, as shown in Figure 2b.

NEZAE.

Figure 2. Preparation of pearlitic steel samples: (a) longitudinal cutting, (b) mounted in resin.

The next step is the execution of the mechanical preparation, grinding and polishing
of the samples. This step aims to achieve a specular surface on which a chemical attack can
be performed that reveals the microstructure of the corresponding steel. With grinding,
which is the first step of the process, a flat surface is achieved (as flat as possible); for this
purpose, a turning speed of 300 rpm was used, using water as lubricant, applying a force
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of 30 N for 30 s. For the next phase of polishing, three different polishing cloths were used,
with 9, 3 and 1 pm diamond powder and applying forces of 30 N for the first two cloths
and 20 N for the third one. For all cases, the speed used was 150 rpm and the time was
a function of the results obtained in each one. After the mechanical preparation of the
samples, a chemical attack with nitric acid (HNO3) to 3% of solution in pure commercial
ethanol was performed. Once the samples were obtained, these were analysed with the
scanning electron microscope (SEM) using a JEOL JSM-5610 LV (Jeol Ltd., Tokyo, Japan)
in which a multitude of inclusions were visualized in this process; micrographs of said
inclusions were made to various scales for further study.

3. Results

The inclusions examined in this study were analyzed using an X-ray dispersion energy
analysis unit (EDX, Oxford Instruments, mod. 6587, High Wycombe, UK) coupled to the
SEM. The analysis by EDX in the SEM does not determine exactly the statistical composition
of the compound that forms the inclusions; however, it identifies the elements that compose
them, and provides an approximate information of the percentage of each element that is
present in the analyzed inclusion.

Among these inclusions, second phase or endogenous particles were found such as
MnS (matte appearance, with irregular shapes), SiO, (oxides) and Al,O3 (bright appearance
and with more regular shapes). The analysis by SEM detected mainly these three types
of particles, although others were also found in a smaller proportion and are used for
the formation of new phases during the solidification of steel as nucleating agents. The
compounds found and analyzed were mainly the following: TipO3, Mn silicates (MnOSiO,,
MnSiO3), aluminum silicates (SiO;, AlOs), TiN, V and Ca. As a summary, it can be
concluded that the inclusions in the steels examined are mainly divided into three distinct
groups based on their chemical composition: sulfides, oxides and silicates.

Once the chemical analysis of the inclusions was carried out, it was decided to classify
them according to the response to deformation during the drawing process [6], classifying
them into hard, soft and mix.

In the first group identified—hard-type inclusions—oxides can be found mainly; be-
cause of their nature these are usually of high hardness and brittleness; such characteristics
prevent them from fully adapting to the surrounding pearlitic matrix during the continuous
process of drawing, creating a small discontinuity in the inclusion-perlite interface (micro-
cavity). As an example, consider Figure 3, which shows a complex oxide embedded in a
pearlitic matrix corresponding to an E7 steel, commercial cold drawn peatrlitic steel that has
passed through seven dies of wire drawing. During the cold drawing, the pearlitic colonies
compress the oxide, without breaking it, creating a small inclusion-matrix microcavity
during the plastic forming process.

ull Scale 1287 cis Cursor: 0.000 ket

Figure 3. Inclusion of hard-type, with complex oxide composition, present in the commercial pre-
stressed wire E7.
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In the second group of inclusions identified, are those formed mainly by manganese
sulfide. Manganese sulfides are capable of withstanding greater plastic deformation than
inclusions composed of oxides; however, in many cases they break as a consequence of
the cold drawing process, and it is possible to distinguish the parts in which the embed-
ded inclusion has fragmented. Figure 4 shows a soft-type inclusion consisting mainly of
manganese sulfide. The inclusion and its pearlitic matrix have gone through two dies
of wire drawing (E2 steel). It can be observed that the inclusion adapts quite well to the
deformation acquired by its matrix during the cold drawing and that it has fragmented
during the aforementioned process.

R e i e e e e e e S e ]
2 4 [ 5] 10 12 14 16 18 20|
Full Scale 1429 cts Curgor: 0.000 ke ke

Figure 4. Inclusion of soft-type, with main composition of manganese sulfide, belonging to the E2
steel (second drawing step).

It should be noted that in the study carried out, a particular type of inclusions were
analyzed, which are formed simultaneously by the two main types of constituents discussed
above: oxides and manganese sulfides. These inclusions were called mix-type (see Figure 5)
and in them it is possible to differentiate an inner part formed by a complex oxide and an
outer part, that surrounds this first one, composed mainly by manganese sulfides. The
mechanical behavior that these inclusions exhibit, during the cold drawing process, is
similar to that of the soft-type inclusions, because the outer part of the mix-type inclusions
(that in direct contact with the surrounding pearlitic matrix) is the soft one (oxides on the
inside, sulfides on the outside).

ull Scale 2585 cts Cursor: 0.000 ke ke

Figure 5. Inclusion of mix-type class, with complex oxide composition in the inner central zone and
manganese sulfide in the outer zone, present in the initial wire rod EO.

The classification of inclusions in hard, soft and mix obey to their mechanical behavior
during the drawing process, a process thanks to which the ferrite and cementite lamellas
that make up the perlite colonies are re-oriented and stretched [21]. The microstructural
reorganization of the drawing process produces, in the soft-type inclusions, large strains
along the longitudinal wire axis (direction of the drawing process); making it able to
increase its slenderness by an order of magnitude. In the hard-type inclusions, no variation
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in their morphology and size was observed; however, microflaws or microcavities around
them were observed in the wires belonging to the last steps of the drawing process (see
Figure 4) [7]. To quantify the present percentage of the different types of inclusions in steel,
measurements were made of a sample composed of 840 of them, extracting the following
results (Figure 6).

® Type Hard
& Type Mixed
u Type Soft

Figure 6. Proportional quantitative results of the different types of inclusions present in steel E.

Once the micrographs were obtained and selected according to the type of inclusion,
they were measured using the image analysis program AnaliSYS. 3.1%. In order to study
the variation in the shape factor of the inclusions throughout the drawing process, the
morphology of the inclusion has been approximated to an ellipse. In this way, the major
axis (2a), parallel to the drawing direction, represented in Figure 7, was measured in
the inclusions.

2a

Figure 7. Approximation of the inclusion and its microcavity to an ellipse.

For the measurement of this ellipse axis in the different micrographs it proceeded
to measure the inclusion’s surface plus the microcavity, or microdamage, generated by it
during the cold drawing process. With this surface and the measurement of the major axis
of the ellipse, 2a, the minor axis is obtained using the following equation:

S=mab D

where a and b are the semi-axis of the ellipse and S is the inclusion surface or, in the case
of non-matching, the surface of the inclusion and the microdamage generated around it.
The study of this work focuses on the surface of the microdefect generated or around the
inclusion due to the drawing process. Once this data is obtained, it is possible to calculate
the shape factor of the inclusions (a/b), making the mean and the standard deviation of the
different shape factors obtained in the different steps of the plastic conformation process.
For the inclusions in which there was a decohesion of the pearlitic matrix due to the
process of drawing, the surface of microcavity generated was measured (S), which includes
the inclusion itself. In those inclusions in which the perlite-inclusion interface remains
united (without detachment from the pearlitic matrix during drawing), only the surface of
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the proper inclusion was measured, since it coincides with the value of the surface of the
resulting microdamage itself. The shape factor average values for the different inclusions
(hard, soft and mix) are shown in the following Figures 8-10. In order to be able to compare
these measures, a statistical treatment of the data obtained was carried out, the standard
deviation, not being greater than 2 in any case.

EO E2 E4 E6 E7
\ \

10 i i

a/b

Figure 8. Shape factor evolution for hard-type inclusions.
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Figure 9. Shape factor evolution for soft-type inclusions.
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Figure 10. Shape factor evolution for mix-type inclusions.
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In the micrographs belonging to the initial hot rolled bar steel EQ, it is possible
to observe inclusions with deformations prior to drawing that can be attributed to the
process of hot rolling [14] original steel itself. Figure 8 shows an evolution of the shape
factor of the hard-type inclusions and the microdamage that they promote. The hard-type
inclusions, being more resistant than the pearlitic matrix that surrounds them, increase
their slenderness a bit during cold drawing due to the generation of microflaws oriented in
the direction of the longitudinal wire axis (cold drawing direction).

The soft-type inclusions and the microcavities generated by them behave in the same
way as the hard ones, increasing their slenderness throughout the process; however, this
increase is more accentuated in the soft ones. Figure 9 shows much greater increases in the
shape factor than in the hard inclusions.

For the case of mix-type inclusions (Figure 10) a similar behavior to the two types of
inclusions above mentioned is observed, that is: a progressive increase in their slenderness
due to the drawing process. This increase is very similar to that of soft-type inclusions, a
result which could be expected since the inclusion in contact with the pearlitic matrix is a
soft-type of inclusion.

4. Discussion

The distribution of the inclusions is a parameter that is of vital importance in order
to understand the mechanical and fracture behavior of steels. The following diagrams of
Figures 11-13 show the evolution of the microdamage generated by the inclusions during
the drawing process. It can be observed, regardless of the proper nature of the inclusions
(hard, soft and mix), how microflaws or microcracks are generated that will be, or not,
filled later by the pearlitic matrix surrounding the passage through to several drawing
dies. It can be observed how, as the process of drawing progresses, the surrounding
pearlitic matrix detaches from the inclusion, generating a kind of microflaw around the
considered inclusion; these microcavities are oriented in the direction of the drawing
process. Consequently, it can be concluded that they are a consequence of the drawing
process. The major axis average values (24, Figure 7) of the measured ellipse can be
considered as a quantitative measure of the generated microdamage during cold drawing
and due to the presence of the inclusions, i.e., a microcrack oriented in the longitudinal
wire axis with a length 24. The average value is lower (22 = 6.17 pum) for the initial hot rolled
steel (EO, not cold drawn at all), and greater (22 = 17.67 pum) for those steels corresponding
to the last steps of the cold drawing process.

The hard inclusions (Figure 11) are not able to undergo the same plastic deformation
as the pearlitic matrix that surrounds them during the drawing process. The difference in
mechanical behavior between the pearlitic matrix and the inclusion will cause a decohesion
of the pearlitic matrix, generating a microflaw, also called microdamage, around it [6,7]. As
the drawing process goes ahead, these microdefects tend to deform in the direction of the
longitudinal axis of the wire. However, the constraint suffered by the neighboring pearlitic
colonies causes the closure of the afore-said colonies. The microdamage generated cause a
discontinuity in the material that can subsequently influence the fracture behavior of the
steel [7], because they act in a similar way to stress concentrators. Oxides, carbides and
nitrides are part of the inclusions that shown this behavior during the cold drawing process.

On the other hand, there are soft-type inclusions (Figure 12) which are able to deform
plastically in a similar way to the pearlitic matrix that surrounds them during cold drawing;
these evolve along all the stretching dies, deforming a lot according to the longitudinal
axis of the steel wire (drawing direction). This type of inclusions, once deformed, tend to
fragment, generating cavities that will simultaneously be filled by the compression of the
surrounding pearlitic matrix when passing through successive drawing dies. Manganese
sulfides are one of the most representative compounds of this type of inclusions. Most
inclusions will generate microdefects of greater entity the larger the size of that inclusion.
The microflaws generated by the soft-type inclusions are surrounded by a pearlitic matrix
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with a large microdamage, that microdamage being of a smaller size than the one generated
by other inclusions.

(c)

Figure 11. Micrographs and outline of the evolution of hard-type inclusions during the drawing
process belonging to the steels E2 (a), E4 (b) and E7 (c).

Mix-type inclusions are made up of two typologies of inclusions, one softer and one
harder. Both typologies, within the same inclusion, are clearly different by tonality and
shape; the hard-type inclusion being darker and with a rounded morphology. A multitude
of mix-type inclusions was observed in the steels studied. In the following diagram—and
micrographs (Figure 13)—it is shown how the hardest inclusion appears in the central area
of the mix-type inclusion, while its periphery is formed by a softer inclusion (of lighter
tonality). The microcavity generated from this type of inclusion has a slenderness similar
to that generated by the soft-type inclusion. The width of this microdamage is greater than
that created by soft-type inclusion, since the inclusion of hard-type existing in the core of
the mix-type inclusions is barely deformed transversely throughout the drawing process.
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The soft outer part of the mix-type inclusion is deformed during the first steps of the
drawing process in the direction of the conformation process itself (longitudinal axis of
the wire). As this process grows, the soft part of the inclusion can become fragmented
forming empty spaces between the different fragments created during drawing. Once
the soft part of the mix-type inclusion is fragmented, due to the constraint of the colonies
during drawing, this area can be filled with the surrounding pearlitic matrix thanks to
the constricting action that occurs during drawing. This filling can leave the fragments
of the inclusion isolated; this is shown in the micrographs as independent inclusions, but
within the same microcavity. As a final result of the process, mix-type inclusions generate
discontinuities within the pearlitic matrix since the padding is not strictly complete at the
edges of the fragments.

()

Figure 12. Micrographs and outline of the evolution of the inclusions of the soft-type during the

drawing process belonging to the steels E2 (a), E4 (b) and E6 (c).
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()

Figure 13. Micrographs and outline of the evolution of the inclusions of the mix-type during the
drawing process belonging to steels E2 (a), E4 (b) and E6 (c).

5. Conclusions

In this article, a qualitative and quantitative analysis of the inclusions existing in a
pearlitic eutectoid steel was performed, paying special attention to the morphological
changes in the microdefects generated by the inclusions during the drawing process that
suffers the wire during its manufacturing.

The inclusions present in the analyzed pearlitic steel show as main chemical composi-
tions: complex oxides, manganese sulfides, carbides and nitrides.

The classification of the inclusions was carried out, on the other hand, based on
their behavior against the surrounding pearlitic matrix during the drawing process. This
classification consists of the following: soft-type inclusions (mainly MnS type), hard-type
inclusions (Fe complex oxides) and mix-type inclusions (Mn sulfides and iron oxides) in
which a hard-type inclusion is usually surrounded by a soft-type inclusion.

As for the percentages of distributions of the analyzed inclusions, it can be concluded
that there is a greater proportion of soft-type inclusions (68%), while the remaining percent-
age of inclusions found is distributed as follows: hard-type (15%) and mix-type (17%).
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The existing inclusions in the steel, as it passes through the various wire drawing
dies, generate a series of microflaws elongated in the longitudinal direction of the steel
wire. These microflaws or microdamage show an increase in their slenderness (parallel
to the direction of the plastic conformation process, or longitudinal axis of the wire) as a
consequence of the drawing process itself; such increase being more pronounced in the case
of soft-type inclusions. In the transverse direction to the steel wire, the material becomes
compacted by diametral compression of the wire when it passes through the different cold
drawing dies.

The volume of the microdamage generated around an inclusion during cold drawing
is a function, fundamentally, of the size of the inclusion from which it originates, of the
chemical composition of the inclusion and of the number of dies of drawing which has
exceeded the corresponding inclusion (and its wire).

The presence of inclusions within the microstructure of pearlitic steel, as well as the
microdamage that occur around them as an exclusive consequence of the drawing process,
can be key to understanding the mechanical response of the material and also its fracture
behavior.
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