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Abstract: The fracture performance of axisymmetric notched samples taken from pearlitic steels with
different levels of cold-drawing is studied. To this end, a real manufacture chain was stopped in the
course of the process (on-site in the factory), and samples of all intermediate stages were extracted
from the initial hot-rolled bar (not cold-drawn at all) to the final commercial product (prestressing
steel wire). Thus, the drawing intensity or straining level (represented by the yield strength) is
treated as the key variable to elucidate the consequences of manufacturing on the posterior fracture
issues. On the basis of a materials science approach, the clearly anisotropic fracture behavior of
heavily drawn steels (exhibiting deflection in the fracture surface) is rationalized on the basis of
the markedly oriented pearlitic microstructure of the cold-drawn steel that influences the operative
micromechanism of fracture. In addition, a finite element analysis of the stress distribution at the
fracture instant allows the computation of the cleavage annular stress required to produce anisotropic
fracture behavior and thus crack path deflection associated with mixed-mode cracking. Results show
that such a stress is the variable governing initiation and propagation of anisotropic fracture by
cleavage (a specially oriented and enlarged cleavage fracture) appearing along the wire axis direction
in the case of sharply-notched samples of heavily drawn pearlitic steels.

Keywords: cleavage stress; notch tensile strength; anisotropic fracture; crack path deflection; cold-
drawn pearlitic steel

1. Introduction

Cold-drawn pearlitic steel [1,2] is a structural material widely used in wire form as a
component of prestressed concrete structures in civil engineering. The manufacture process
to produce cold-drawn pearlitic steel wires is made by progressive plastic deformation
from the initial hot-rolled bar (free of plastic strain because it is not cold-drawn at all) to
the final commercial product (prestressing steel wire that has undergone a heavy drawing
route). From the point of view of mechanical behavior of the material, the cold-drawing
process generates an increase of yield stress and ultimate tensile strength of the steel by
means of a strain hardening mechanism.

High-strength cold-drawn eutectoid pearlitic steel wires, called prestressing steel
wires in structural engineering [2], can be considered as high-performance materials [2]
because they have an extremely high tensile strength only limited by cleavage fracture (the
so-called cleavage limited strength), cf. [3] and react in a non-conventional manner due to
their inherent anisotropy induced by the manufacture process in the form of multi-step
(progressive) cold-drawing. This anisotropy is related to yielding and plastic behavior
(anisotropic plastic behavior), as reported by Toribio [2], and also linked with fatigue and
fracture performance (anisotropic fracture behavior), as described elsewhere [4-6] with the
result of mixed-mode fracture propagation and strength anisotropy. With regard to the
fractography associated with the aforesaid anisotropic behavior, a special type of cleavage
has been described by Toribio and Ayaso [7], and the concept of exfoliation fracture has
been used [7] as well as the idea of delamination cracks [8].
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With regard to microstructural evolution, one can distinguish between the classical
studies [9-11] and more recent ones [2,12,13]. The cold-drawing process produces a
progressive orientation of the pearlite colony (first microstructural level) with its main axis
approaching the axis of the wire or cold-drawing direction, and a slenderizing of the colony
itself, cf. [2]. In the matter of the pearlitic lamellar microstructure or second microstructural
level, cold-drawing produces both a decrease of interlamellar spacing and an orientation
of the plates in the cold-drawing direction, cf. [2].

The consequence of the aforesaid microstructural arrangement is the anisotropic
fracture behavior of the cold-drawn pearlitic steels. In this paper, a combined (fractographic
and numerical) analysis is performed on the consequences of the aforesaid microstructural
arrangement in the progressively drawn pearlitic steel wires, manifested in the form of a
markedly anisotropic fracture behavior of the most heavily drawn wires. The fractographic
study allows an analysis of the situations in which the anisotropic behavior takes place,
whereas the numerical analysis gives the stress distribution responsible (in conjunction with
the microstructural orientation) for the crack path deflection in the cold-drawn wires, so as
to elucidate the important role of the hoop stress (cleavage annular stress) in promoting
the anisotropic fracture.

2. Experimental Program
2.1. Materials Used

The materials used in the fracture tests were eutectoid steel wires with different levels
of cold-drawing (i.e., distinct degrees of accumulated plastic strain), from the initial hot-
rolled bar (not cold-drawn at all) to the final commercial product (prestressing steel wire;
heavily cold-drawn at a drawing speed of 5m/s during the final pass). Table 1 shows the
chemical composition of the steel (valid for any drawing degree). Table 2 indicates the
dimensions of the wires and the mechanical properties of the different steel wires. The
materials were named with the letter A and the numbers 0 to 6, and this number indicates
the number of cold-drawing stages undergone by each wire (thus the steel A0 represents
the initial hot-rolled bar and the steel A6 the final commercial product or prestressing
steel wire).

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

C Mn Si P S Al Cr \"
0.80 0.69 0.23 0.012 0.009 0.004 0.265 0.06

Table 2. Wire dimensions and mechanical properties of the steel wires.

Steel D (mm) Di/D0 &P cum E (GPa) oY (GPa) oR (GPa)
A0 12.00 1 0 197.4 0.686 1.175
Al 10.80 0.9 0.21 201.4 1.100 1.294
A2 9.75 0.82 0.42 203.5 1.157 1.347
A3 8.90 0.74 0.60 197.3 1.212 1.509
A4 8.15 0.68 0.77 196.7 1.239 1.521
A5 7.50 0.63 0.94 202.4 1.271 1.526
A6 7.00 0.58 1.08 198.8 1.506 1.762

From a macroscopic point of view, the cold-drawing process shows a progressive
decrease of wire diameter and a progressive increase of length (the cumulative plastic
strain during drawing can be calculated as ePcym = In (Do / D;)?, where D is the diameter
in a particular wire and Dy the initial diameter before cold-drawing).

From a microscopic viewpoint, a clear evolution in the disposition of the pearlite
colonies and lamellae is observed after grinding, polishing, and etching with Nital to
perform the metallographic analysis. In Figure 1a, a longitudinal metallographic section
of steel O (initial hot-rolled steel) is showed. It is possible to observe different pearlitic
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colonies whose orientation is not well defined, i.e., the colonies are randomly oriented. As
the plastic strain induced by the cold-drawing process becomes higher, one can observe
that pearlitic colonies and lamellae are progressively oriented in a direction close to the
cold-drawing one (the wire axis). The greater the cumulative plastic strain induced by the
cold-drawing process, the more pronounced the global orientation of the pearlitic colonies
along the wire axis. In Figure 1b, a longitudinal section of steel 6 (high plastic strain level)
is represented, it being possible to observe the direction of pearlite colonies (ferritic and
cementite lamellae too) aligned very close to the wire axis.

ARRLARRR W

(b)

Figure 1. Longitudinal metallographic sections of hot-rolled pearlitic steel 0 (a) and cold-drawn pearlitic steel 6 (b). In both

cases, the vertical side of the micrographs corresponds to the wire axis or cold-drawing direction.

Figure 2 plots the stress-strain curves for the progressively cold-drawn pearlitic steels
from AOQ (hot-rolled steel, 0 drawing steps) to the commercial prestressing steel wire A6
(heavily cold-drawn pearlitic steel undergoing 6 drawing steps). It is seen that both the
yield strength oy and the ultimate tensile strength (UTS omax) increase with the drawing
degree, cf. [2]. Curves Al to A5 (medium drawing degree) are shorter due to surface
and local curvature imperfections, whereas curve A6 is longer and different after stress
relieving treatment to obtain the final commercial product (prestressing steel).
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Figure 2. Stress-strain curves of the progressively drawn pearlitic steels A0 to A6 (from 0 to 6 cold-
drawing steps).

With regard to the materials science relationship between microstructure and strength,
the Hall-Petch equation [14,15] has been proposed by Choi and Park [16] and Nam et al. [17]
to correlate the pearlite interlamellar spacing and the material strength. Although the Hall-
Petch equation seems to be effective to describe the relationship between microstructure
and strength in randomly oriented pearlitic microstructures, it does not properly work
for drawn pearlite, i.e., for the case of oriented pearlitic microstructures, as reported by
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Toribio [18]. However, for cold-drawn pearlite oriented in a direction quasi-parallel to the
wire axis or cold-drawing direction, an Embury-Fisher equation [9] has been proposed by
Toribio et al. [19] to describe the proper relationship between microstructure and strength
in cold-drawn pearlitic steels.

2.2. Types of Samples

Axisymmetric notched samples were used. The notched geometries are showed in
Figure 3. Each one of the notches was machined in the different wires keeping constant
the ratios C/D and R/D for all plastic strain degrees, C being the notch depth, R the notch
radius, and D the nominal diameter of the steel. The dimensions of the specimens (named
A, B, C, and D throughout this paper) were the following:

Geometry A: R/D =0.03, C/D =0.10
Geometry B: R/D =0.05, C/D = 0.30
Geometry C: R/D =0.40, C/D =0.10
Geometry D: R/D =0.40, C/D =0.30

In the described geometries, R is the notch radius, C the notch depth, and D the
external diameter of the axisymmetric specimen.

For clarity and simplicity, the samples were named following the next rule: each
sample was named with a number followed by a capital letter; the number relates to the
cold-drawing steps undergone by the steel and the letter indicates the notch type in the
wire. For example: consider a sample labelled 4C, this label indicates that the sample comes
from a wire obtained after 4 drawing passes and that this sample has a notch type C (high
notch tip radius and small notch depth in the wire).

— =

(A) (B) © (D)
Figure 3. Scheme of axisymmetric notched specimens A, B, C, and D.

2.3. Fracture Tests and Fractographic Analysis

Each one of the notched samples was tested until fracture by means of a fracture test
in axial direction using a servo-hydraulic universal testing machine (INSTRON mod. 8516,
Instron, High Wycombe, UK) and one extensometer (INSTRON, mod. 2620-602, Instron,
High Wycombe, UK) with an original gauge length of 25 mm. For each geometry (four
geometries) and plastic strain degree (seven degrees), three tests were carried out. The
details of the tests are described elsewhere [4]. With regard to the fractographic analysis
performed by scanning electron microscopy SEM (JEOL, mod. JSM-6400, Tokyo, Japan),
both the micro-mechanism of fracture and the fracture process zone (FPZ) are functions of
the plastic strain degree and the notch geometry, cf. [4].

In this paper, the study is focused in the markedly anisotropic fracture behavior that
exhibits heavily drawn steels. Firstly, two main groups may be distinguished: one formed
by the steels with moderately low plastic strain (cold-drawing steps 0, 1, and 2) where the
fracture surface is contained in the transverse net section (located at the deepest point of
each notch), see Figure 4. The other main group is formed by the steels that have undergone
severe plastic deformation and a higher cold-drawing degree (steels 3, 4, 5, and 6). In this
latter group, two behaviors may be observed: on one hand, the steels with a cold-drawing
degree >3 and with a notch type A and B show a fracture surface containing deflection
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planes and thus exhibiting anisotropic fracture behavior (Figures 5 and 6). On the other
hand, the steels with a cold-drawing degree >3 too, but in this case, with a notch type C
and D, do not show such anisotropic fracture behavior, but the whole fracture surface is
contained on the transverse net section of the wire (Figure 7).

(a) (b)

@) (b)

Figure 6. Sample 5B with anisotropic fracture behavior: front view (a) and side view (b).
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(b)

Figure 7. Sample 5C (a) and 6D (b): isotropic fracture behavior.

2.4. Computation of Internal Variables

The finite element method (FEM) using a commercial MSC-MARC code was used to
perform a simulation and analysis of the loading-straining process in each tested sample
for every cold-drawing degree and notch geometry, and using the constitutive relationships
provided by the stress-strain curves given in Figure 2 for each steel wire. The external
load was applied step by step, using a Von Mises yield surface, in the form of nodal
displacements. An improved Newton—-Raphson method was adopted, which modified
the tangent stiffness matrix at each step. Large strains and large geometry changes were
used in the computations by means of an updated Lagrangian formulation to predict
the distribution of mechanical variables in the samples for the instant of final failure by
physical separation of the two fracture surfaces.

The constitutive equation of the material—as a relationship between equivalent stress
and strain—was introduced into the computer program from the real experimental results
of the standard tension tests of the considered materials (cf. Figure 2). The curves were
extended for large strains based on the volume conservation in classical plasticity and
accounting for the strain hardening evolution to obtain steel 6 from the previous materials
(steel wires AO to A5). The finite elements used in the computations were isoparametric
with second-order interpolation (eight-node quadrilaterals). The number of mesh elements,
in the area near the notch, is 432 for the case of notch A, 180 for notch type B, and 196 for
the notches type C and D.

As a consequence of the different notched geometries, very distinct triaxiality stress
states are obtained in the net section of the wires. This state of stress triaxiality is very
different to that obtained during the standard fracture test (uniaxial stress state). In this
point, it is interesting to know the stress distribution along the net section of the different
samples (function of the cold-drawing degree and notch geometry).

In Figure 8, a scheme of a notched sample and a detail of its net section are represented.
During the fracture test, an increasing load F was applied on the notched sample until a
fracture occurred. The load F created a triaxial stress state at the notch tip and its vicinity:
the axial or normal tension o7 (in the same direction that the axis of load application), the
radial stress oy, and the hoop stress 0g. The values of the stress components oy, 0g, and o,
in the net section of each wire were different along the net radius (the radius of the wire in
the net section) as well as throughout the loading process. The stress study presented in
this paper corresponds exactly to the instant previous to the final fracture by means of total
separation of specimen surfaces.
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Figure 8. Scheme representing the stress distribution in the net section of the notched wires.

3. Numerical Results

By means of the finite element method (FEM), different internal variables were ob-
tained during the whole tensile loading process (and particularly at the fracture instant).
Among others, the variables more interesting for this purpose are the hydrostatic stress,
the effective or equivalent Von Mises Stress, the equivalent plastic strain, and the compo-
nents of the stress tensor (in particular the hoop stress) that allowed one to know their
distribution on the net section of each sample.

Therefore, the stresses oy, 0g, and o, acting on the net section of each tested wire were
numerically obtained by the finite element method, with special attention to the value
and distribution of the hoop stress og along the net wire radius just at the fracture instant.
Moreover, these variables permit one to establish a fracture criterion as a function of the
distortional component of the strain density in agreement with a critical value of the Von
Mises effective (equivalent) stress.

The work presented in this paper analyzes the stress distribution (o}, 09, and o) that
occurs in the net section on the wires just in the moment before fracture happens. Attention
is paid to the value and distribution (along the net radius) of the hoop stress og, which
in principle is responsible for the fracture deflection path in some steels. This deflection
path is a function of the plastic strain degree (cold-drawing step > 3) and notch geometry
(notches type A and B: with a common small notch tip radius).

With regard to the hoop stress distribution along the net radius of the wires, it can be
observed that each notch has a particular distribution of the hoop stress for each notch type.
This stress distribution is independent of the plastic strain degree. In this way, two similar
behaviors can be found: one for the wires with small radius notches (notches type A and B)
and in the other hand, the wires with high notch tip radius (notches type C and D).

Figure 9 shows the dimensions of the notched geometries. Figures 10-12 plot the
hoop stress og for the initial hot-rolled bar (steel AQ), for a steel with an intermediate
accumulated plastic strain degree (steel A3), and for the final commercial product (steel
A6). In these graphs, the different notches for each wire are represented, where x is the
distance from the bottom of each notch to the longitudinal axis of the wire (cf. Figure 9).
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Figure 9. Dimensions of the notched geometries.
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Figure 10. Distribution of hoop stress in notched samples of steel AQ.
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Figure 11. Distribution of hoop stress in notched samples of steel A3.
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Figure 12. Distribution of hoop stress in notched samples of steel A6.

The wires (samples) with small notch geometry radius (sharp notches A and B) show
an increasing hoop stress in the zone near to the bottom of the notch. In this zone, the
hoop stress increases sharply up to its maximum value. Once in this maximum point, the
hoop stress distribution shows a progressive decrease down to the longitudinal wire axis.
With regard to the value of the hoop stress, it can be observed that og increases gradually
with the cold-drawing degree in all its distribution along the wire’s radius, reaching the
maximum values in the wires with sharp notches type A and B (small notch radius). This
behavior is observed with independence of the considered cold-drawing degree.

With regard to those samples with a blunt notch geometry type C and D (high notch
radius), it can be observed that the value of hoop stress is zero in the bottom of the notch
(x =0), and presents a progressive increasing of og up to the longitudinal wire axis. In this
point (the longitudinal wire axis), the maximum value of the hoop stress concentration can
be found for the wires with these types of blunt notches, the higher value being for the
D notch.

Figure 13 shows the evolution on maximum values that presents the hoop stress og
for all cold-drawing degrees and notch types studied in this work. This plot shows that the
maximum values in the hoop stress ogmax are for the specimens with small notch radius
(sharp geometries A and B) in independence of the considered cold-drawing degree. The
minimum values of the hoop stress are for those samples with high notch radius (blunt
geometries C and D).

2500
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g L
&
= 1000
=) —o—A
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500 —e—C
—=—D
0 | | | | | | |

0 1 2 3 4 5 6
COLD DRAWING DEGREE

Figure 13. Maximum values of hoop stress.

4. Discussion: Micromechanical Model

In this point, a micro-mechanical model (Figure 14) is proposed to explain the existence
of the fracture deflection path in steels with high cumulative plastic strain (cold-drawing
degree > 3) as a function of the triaxiality factor T (maximum value of the triaxiality in the
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net section of the wires). With regard to the triaxiality factor T, samples with sharp notches
type A and B present the maximum value of T due to the high level of constraint in these
notches (with small notch radius).

Os —- (0

18Ky

Figure 14. Distribution of the hoop stress along the net section of the sample (up) and its consequence on the fracture

behaviour (down): front and side view. Sample 5B: wire after five drawing passes and notch B with the highest triaxial-

ity level.

Figure 14 shows one representative case of the anisotropic fracture behavior: the
sample named 5B (wire of the fifth cold-drawing step and with a notch type B—maximum
level of triaxiality). The hoop stress og has a radial distribution (profile) such as that shown
in the Figure. Such a distribution, whose maximum net value corresponds to the notch
type A and B, maintains the same shape for every value of the annular coordinate 6 in the
transverse net section, and reaches a critical value just at the moment associated with the
fracture initiation and full propagation.

During these final stages of the fracture test, two things occur: on one hand, the critical
value of the Von Mises equivalent stress (characteristic of each steel with independence
of the notch type) is reached, and this critical value is the variable governing the fracture
process. On the other hand, and corresponding to this final stage too, heavily drawn steels
(cold-drawing degree > 3) with a sharp notch type A and B (small notch radius) exhibit
the maximum values of the hoop stress oy, this stress being the variable governing the
anisotropic fracture process in this class of samples.

Observing the hoop stress distribution and the result caused by it on the fracture
behavior, i.e., on the formation of a vertical fracture step showing a fracture surface
consisting of oriented an enlarged cleavage [7] just along the longitudinal cold-drawing
direction (wires axis), cf. Figure 15, a question arises about the mechanism of formation
of the well-defined vertical fracture step with a 90° deflection angle. The answer to this
question is that such an anisotropic fracture plane is that containing a higher number of
fracture initiation points (weakest links) for promoting the catastrophic exfoliation fractures
by cleavage parallel to the longitudinal wire axis.
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Figure 15. Fracture appearance of the 90° propagation step: enlarged and oriented cleavage.

The described anisotropic fracture behavior in the most heavily drawn pearlitic steels
also appear in the same materials tested using pre-cracked specimens in which the cleavage
stress also governs the anisotropic fracture behavior [20].

5. Conclusions

Axisymmetric notched cylindrical samples were tested by means of fracture tests until
a final fracture. Such samples are a representation of each step of the real manufacture
cold-drawing chain and have a circumferentially shaped notch with different values of
notch depth and radius, in order to achieve very distinct constraint levels (triaxiality) and
fracture behaviors.

With regard to the fracture behavior of the steels with relatively low accumulated
plastic strain (cold-drawing degree < 3) and with any notch type (A, B, C, and D), they
show a fracture surface contained on a transversal plane in the sample net section: isotropic
fracture behavior. The same occurs for the steels with a cold-drawing degree > 3 and blunt
notch geometries type C and D (higher notch radius).

The steels with relatively high accumulated plastic strain (cold-drawing degree > 3) and
with a notch geometry that promotes a higher constraint level-triaxiality (sharp notches A
and B) show a fracture surface contained in planes clearly different from those containing
the sample net section. In this case, it is possible to observe clear deviations of the fracture
path: anisotropic fracture behavior.

With regard to the samples with notch geometry of high radius (blunt notches C and
D), they show a og distribution totally increasing from the bottom of the notch until the
longitudinal wire axis with total independence of the considered cold-drawn degree.

Sharp notch geometries type A and B (small notch radius) show the higher values of
hoop stress for all cold-drawing degrees. The distribution of hoop stress is increasing in
the zone closer to the notch up to reaching its maximum value, and then this distribution
shows a progressive decrease until the wire axis.

The hoop stress o is proposed as the governing factor of the anisotropic fracture be-
havior for the case of steels with a high cumulative plastic strain (cold-drawing degree > 3)
and maximum triaxiality factor (sharp notches A and B). This hoop stress is called cleavage
hoop stress for starting and propagating the cleavage fracture in a direction parallel to the
longitudinal wire axis.
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