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The mechanical properties of cold-drawn pearlitic wires are controlled largely by the
microstructure developed during processing and, to some extent, by the residual stresses
during drawing. The advent of powerful computers and the availability of equipment to
perform diffraction experiments, have made possible numerical predictions and accurate
measurements of residual stresses. This paper—a review of work done by the author and
collaborators—shows how stress-relaxation losses, environmental assisted cracking and
fatigue life of cold-drawn pearlitic wires are influenced by residual stresses. The role of
pre-stretching loads, or of stress relieving treatments, on stress-relaxation can be
understood when the profile of residual stresses is known. Some awkward results in times
to fracture during hydrogen embrittlement tests can be explained if accurate values of
residual stresses near the surface are known, and the same is true of fatigue life. In this
context numerical simulations and measurements performed on cold-drawn pearlitic wires,
with different profiles of residual stresses, have shown very good quantitative agreement.

© 2004 Kluwer Academic Publishers

1. Cold drawn pearlitic wires: Strength
and toughness

The highest tensile strength in metallic wires is exhib-
ited by cold-drawn pearlitic wires, in which values of
5700 MPa have been reported for very thin wires of
0.04 mm diameter [1]. Pearlitic cold-drawn wires and
strands are the active tendons in prestressed concrete
structures, support the tensile stresses in suspension and
modern stayed bridges, and form the cables in deeper
mine shafts and off-shore petroleum production. They
are also a main ingredient in the tyre industry, as rein-
forcing steel cords. Production of steel cord wire alone
is about 1 million tons per year and the world estimated
production of pearlitic drawn wire is above 25 million
tons per year [2].

Eutectoid cold-drawn pearlitic wire is —in present
day terminology— a nano.composite, nano.laminate
and nano.prestretched material, with outstanding prop-
erties of strength and toughness that are still amazing
to the modern metallurgist and materials engineer. The
origins of metallic wires are well rooted in time. It is
documented that wire was in use before 3.000 B.C.,
probably made by hammering and folding softer met-
als. The drawing process was mentioned in the writings
of the Roman tribune Claudius Claudianus in 400 A.D.
Wire drawers flourished in the Middle Ages and the
drawing industry was recognized as a trade and pro-

ceeded slowly until the end of the XIX century. As
mentioned by A.B. Dove [3]: “It speaks well for the
versatility of the wire drawer that he was able by rule
of thumb methods to draw a good high grade wire of
reasonably consistent quality.” The advent of continu-
ous drawing machines and hard materials for drawing
dies —such as widia— brought the development of the
drawn wire industry of the XX century.

The mechanical behaviour of cold-drawn pearlitic
wires, particularly their tensile strength and tough-
ness, is controlled largely by the microstructure devel-
oped during processing. Fig. 1 displays the increase in
strength as microstructure was improved, of wires for
reinforcing tyres and of cables for suspension bridges.

In the drawing of wire, the tensile strength of pearlite
increases, roughly, as the exponential of drawing strain.
At high strains, the reorientation of lamella and the de-
velopment of fine dislocation cells are also important
sources of strengthening [4]. The yield strength may
be considered as the sum of the strengthening effects
from various mechanisms [5]: Strengthening from in-
terlamellar spacing refinement; interlamellar spacing
of tens of nanometers is achieved during wire draw-
ing (Fig. 2). Alloy strengthening, due to solid-solution
strengthening and composite strengthening, increases
as the volume fraction of cementite in pearlite increases.
Strengthening from the pearlite colony size should

*This paper is dedicated to Professor Robert W. Cahn. Cold-drawn eutectoid steel wire is a noble material with a long tradition and rich in possibilities
of new disclosures. The same may be said of Professor Cahn; the better we know him the more stimulating he appears. I wish him a long period of
activity as he still has a great deal up his sleeve.
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Figure 1 Historical development of the tensile strength of cold-drawn steel wires. The lower curve corresponds to steel wires for bridge cables. The

suspension bridge spans (in meters) are also shown. The upper figure is for steel cord wire for tyre reinforcement (based on [6, 7]).

also be considered. Another significant component of
strengthening is that of fine dislocation cells that de-
velop in the ferrite lamina of heavily deformed pearlite.

The fracture toughness of cold drawn steel wires is
more difficult to measure on account of the marked de-
gree of fracture anisotropy which results from the draw-
ing process. It is much easier to propagate cracks in the
longitudinal than in the transverse direction. This be-
haviour favours stress release at the tip of small cracks to
the extent of stopping incipient stress corrosion cracks
[8]. A review of fracture and fracture toughness mea-
surements of steels for reinforcing and prestressing con-
crete, published in 1984, is still of value [9], and lim-
ited data on the fracture toughness of drawn eutectoid
and hypereutectoid steel wires have been reported since
then. Fig. 3 shows fracture toughness values, at different
temperatures, for longitudinal and transverse cracked
specimens of cold drawn eutectoid steel wires, 7 mm
diameter and 0.2% proof stress g9, = 1590 MPa. Lon-
gitudinal values are most probably valid up to —60°C
due to plasticity. Transverse values at low and room
temperatures are suspicious because the crack tends to
leave the transverse plane and propagate in a longitudi-
nal direction. More recent results on cold-drawn wires
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of small diameter, 1.84 mm and oy, = 1517, 1620 and
1792 MPa provided values, at room temperature, of 59,
65 and 64 MPa /m [10]. Early attempts to measure the
fracture toughness and to characterize the anisotropic
fracture behaviour of cold-drawn steels are found in [9,
11, 12].

This paper summarizes the work done by the au-
thor and collaborators during the last years, attempting
to correlate quantitatively the presence of the residual
stresses induced during wire drawing with the tensile
properties, particularly, with stress relaxation losses
over time or with subcritical crack propagation in fa-
tigue life or environmental assisted cracking. In all
cases, very good agreement was found between exper-
imental measurements and numerical simulations.

2. Residual stresses due to cold drawing:
Computation and measurement

Steel wires suffer a large plastic deformation during

the drawing process. After drawing, strains tend to re-

cover but if hampered somewhere by previous plas-

tic deformation, a field of residual strains—and hence,

stresses—may appear.



SPECIAL SECTION IN HONOR OF ROBERT W. CAHN

Figure 2 AFM picture of the pearlitic microstructure of a eutectoid steel, patented and cold-drawn. The sample was etched; valleys were filled with
ferrite, and the ridges are of cementite, in some places plastically deformed. The height of the ridges is about 200 nm (courtesy of B. Monteiro).

Very briefly, cold drawing consist of pulling a lu-
bricated bar through a die (Fig. 4), thus reducing its
cross-sectional area and increasing its length. The speed
of drawing is highly dependent on the class of planned
wire and can vary from tenths of a meter to several me-
ters per second. Commercial wire-drawing machines
use several dies in series (Fig. 4). The number and the
type of dies depend upon the finishing size of wire and
on the intended product. After drawing, it may be advis-
able to perform some thermo-mechanical treatments to
modify the residual stresses or to obtain specific prop-
erties in the finished wire.

Residual stresses can be computed numerically. We
simulated the drawing process using the finite element

method [13] with the help of ABAQUS Code [14].
A three-dimensional Lagrangian formulation was used
for the wire, which was modelled as an elastoplastic ma-
terial with strain hardening. Isotropic hardening with
a von Mises criterion was considered and, as a first
approximation, the yield locus was assumed indepen-
dent of strain rate. Special care was taken in choosing
the finite elements to avoid the well known volumetric
locking problem [13, 15, 16]. The initial stress-strain
function of the wire elements was that obtained exper-
imentally from a tensile test performed with a sample
of the wire, before being drawn. The die was also mod-
elled using the finite element method and the material
was assumed linear elastic with a modulus of elasticity
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Figure 3 Fracture toughness of eutectoid cold-drawn steel wires (7 mm diameter) at different temperatures [9].
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Figure 4 (Left) Die geometry used for cold-drawing. (Right) View of commercial wire-drawing machines. (Insert, a picture of a die).

of 600 GPa, similar to widia. The contact between wire
and die was modelled as Coulomb friction, with a fric-
tion coefficient ranging between 0.2 and 0.01 [17]. A
detailed description of the numerical modelling is given
in [18]. It was found that cold-drawing generates an ax-
isymmetrical profile of residual stresses, due to an in-
homogeneous plastic deformation through the die. As
an example, Fig. 5 shows a profile of computed longi-
tudinal residual stresses, as a function of relative depth,
after eight drawing passes, of a eutectoid pearlitic steel
wire of initial diameter of 12 mm and a final one of
5.2 mm. The final mechanical properties of cold-drawn
wire were: 0p, = 1720 MPa, o,,x = 1940 MPa and
elongation under maximum load, &, = 1.9%.
Residual stresses can also be measured (see, for ex-
ample [19]). In polycrystalline materials, the elastic
strain of the crystal lattice —caused by the internal
stress— is measured by measuring the spacing of some
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lattice plane and comparing it to the lattice spacing of a
stress-free material. Lattice spacing is measured from
the diffraction pattern of a beam of waves. Beams of
X-ray, or neutrons, are used for this purpose. The av-
erage macroscopic residual stresses in pearlitic eutec-
toid steels —a two-phase lamellar mixture of ferrite and
cementite— are difficult to evaluate because diffraction
techniques provide separate values of the ferrite and ce-
mentite phases. Moreover, the diffraction peaks of the
cementite are very weak and hard to interpret. In addi-
tion, severe plastic deformation, due to cold-drawing,
increases the difficulties.

Reliability on computed residual stresses is based on
previous experience with drawn ferritic and pearlitic
wires:

(a) First, a previous research on cold drawn ferritic
wires, summarized in [20], served to calibrate and tune
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Figure 5 Computed longitudinal residual stresses in drawn eutectoid steel wires (positive values correspond to tensile stresses). Also shown, surface
residual stresses based on X-ray diffraction measurements of the ferrite phase.

the experimental and numerical techniques. Stresses in
single phase ferritic cold-drawn bars were numerically
computed and also measured by neutron and X-ray
diffraction. Neutron measurements were performed in
a reactor based source at NFL-Studsvik, Sweden, with
the REST diffractometer, a two-axis high resolution
device equipped with a double focussing monochro-
mator that provides a neutron beam of wave length
between 0.166 and 0.176 nm. A position-sensitive de-
tector was used. X-ray measurements were performed
with a Rigaku Strainflex analyser with Cr K, radia-
tion, (wave length 0.229 nm). The diffractometer was
used in Q-mode with the sin?y method. For details of
these diffraction techniques see ref. [21]. Computed and
experimental measurements of longitudinal stresses, at
different depths, in the cold-drawn bar are given in
Fig. 6. The stress profile is in self-equilibrium and high
tensile residual stresses —around 250 MPa— appeared
on the wire surface. The agreement between numerical
and experimental values was excellent.

(b) The next step was to repeat the previous re-
search with a cold-drawn pearlite wire —a two phase
material—. The numerical simulation did not pose new

problems. From the experimental side, however, the
weak signal from the cementite phase, as already men-
tioned, was the main difficulty we found. Work is in
progress to match experimental and numerical results.
Recent findings suggest that the cementite phase on the
wire surface may withstand tensile stresses of about
2500 MPa [22]. From this value and the measured val-
ues of the ferrite phase, and using the simple rule of mix-
tures, average experimental values can be computed on
the surface. It happens that these values coincide quite
well with numerical predictions, as shown in Fig. 5.
These results give additional support to the numerical
computations.

3. Residual stresses and the tensile test

3.1. Setting the stage

It is known that the presence of residual stresses can al-
ter the shape of the stress-strain curve of a tensile test,
particularly the onset of yielding and the nearby re-
gion, usually known as the preplastic region. Standards
for cold-drawn wires for prestressing concrete [23] re-
quire minimum and maximum figures for o 2/omax, as
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Figure 6 Measured (by neutron and X-ray diffraction) and computed residual stresses in drawn ferritic steel wires (positive values correspond to
tensile stresses).
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TABLE I Average tensile values of eutectoid bars

00.2(MPa) Omax (MPa) €0 (max)
Before drawing 515 945 8.6
After drawing 940 1115 22
Additional 1% reduction 1065 1131 1.7
Thermomechanical treatment 1135 1200 1.9

measured in a tensile test. The rationale behind these
figures seems to be based on good practice and on the
idealized behaviour of a prestressing tendon [3, 24] and,
to the author’s knowledge, the role of residual stresses
in shaping this region —and hence its beneficial or dam-
aging influence— had not been quantified. To explore
this behaviour, an experimental program and a numer-
ical simulation of the processes were set up. Some
of these results, published in [25], are summarized
below.

3.2. Experimental and numerical results
Eutectoid steel bars, 20 mm diameter, were used for
this task. The bars were cold-drawn to 18 mm diameter
(20% reduction of area). Table I summarizes the aver-
age tensile values of tensile tests for bars before and
after drawing.

Residual stresses due to cold-drawing are known
to be detrimental to the mechanical performance
—particularly as regards creep, fatigue and ductility—
and different procedures were devised to eliminate or
decrease such stresses. Two procedures were consid-
ered here: One was a further drawing with a very small
area reduction (about 1%), and another was based on a
combination of heating and stretching the wire. (Heat-
ing at 400°C under a tensile load of 0.40pax)-

The experimental work, in short, was: drawing the
bars, performing the two mentioned treatments, and
finally performing tensile tests. Longitudinal surface
stresses were also measured in the ferrite phase us-

ing X-ray diffraction. The average macro stress in the
pearlite surface was computed as previously mentioned
in 2.

The numerical approach consisted in simulating the
drawing process (the stress-strain curve of the bar be-
fore drawing was used as the input data) and the tensile
test after drawing. A second drawing pass, with 1%
reduction of area, was also simulated as well as the cor-
responding tensile test. Finally, the thermomechanical
treatment and its corresponding tensile test were also
computed.

Fig. 7a shows the corresponding profiles of longi-
tudinal residual stress as a function of relative depth.
Surface values, computed from X-ray diffraction mea-
surements of the ferrite phase, are also shown. The
post drawing treatments are seen to decrease substan-
tially the residual stresses. Fig. 7b shows the stress-
strain curves of wires as drawn, with the additional
(1%) drawing, and with the thermomechanical treat-
ment. Characteristic values are also given in Table I. Ex-
perimental and numerical results for these three curves
are indistinguishable, which gives additional support to
the numerical approach.

3.3. Conclusions

From this research it was found that the presence of
residual stresses due to standard cold-drawing (tensile
stresses on the surface) favours the onset of yielding
(see Fig. 7). The higher the residual stresses the lower
is the yield stress in a tensile test.

From the average values quoted in Table I, one can
conclude that the ratio o( »/oy.x decreases with increas-
ing values of residual stresses. Because of the deleteri-
ous effect of tensile surface residual stresses on fatigue,
stress-corrosion and stress-relaxation, it is reasonable
to put a lower limit to 0g 2/0max- The ratio o 2/omax can
be increased by relieving residual stresses, a common
procedure after drawing. These techniques may help
in placing the ratio 0 2/0yax Within the figures recom-
mended in the standards.
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Figure 7 (a) Profiles of computed longitudinal residual stresses. Surface values, computed from measurements of the ferrite phase are also shown.
(b) Stress-strain curves —measured and computed— for drawn wires, with additional (1%) drawing and with a thermomechanical treatment.
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4. Time and residual stresses

4.1. Setting the stage

Creep is the change in strain, with time, in a material
held under constant stress, whereas stress relaxation is
the loss of stress in a material held at a constant strain.
In cold-drawn wires, both aspects of this viscoplastic
phenomenon are influenced by the presence of residual
stresses.

In prestressed concrete structures, stress relaxation
losses in steel wires are of paramount importance and
design codes place limits on initial stretching loads as
well as recommendations for keeping the relaxation
losses within safe margins. The role, sometimes con-
troversial, of pre-stretching loads on stress relaxation
losses can be partially understood in the light of the
residual stresses induced during cold-drawing.

The influence of residual stresses (due to cold draw-
ing) on the stress relaxation of steel wires was as-
centained in a previous study [20] and some of these
results, together with research in progress, are summa-
rized here.

4.2. Experimental and numerical results

In the first part of this research, ferritic bars were chosen
because in this single-phase material residual stresses
can be measured by X-ray diffraction with high accu-
racy. As it was intended to measure the stress distri-
bution across the wire section by neutron diffraction,
bars of 20 mm diameter were selected. This large size
allowed measurements at thirteen points across the di-
ameter. The bars were cold-drawn, in one pass, to a fi-
nal diameter of 18 mm (20% reduction in section). The
main average parameters obtained from tensile tests are
summarized in Table II.

To compare the relaxation behaviour of steel wires
with different residual stresses it was necessary to have
samples with the same o and different profiles of
residual stresses, as the standardized relaxation test [26]
requires an initial load of 0.70 of the ultimate tensile
load. Pre-stretching the wires at stresses below the yield
stress has proven an easy way to modify the residual

TABLE II Average tensile values of ferritic bars

00.2 (MPa) Omax (MPa) €5 (max)
Before drawing 230 340 22
After drawing 475 500 1.6
Pre-stretched 0.70 o » 477 502 1.6
Pre-stretched 0.82 o¢ » 482 500 1.6

stress profile without changing significantly the ulti-
mate tensile load. Two sets of bars were prepared by pre-
stretching the drawn bar at 0.700¢ > and at 0.820¢ ». The
average values of oy, after pre-stretching are shown in
Table II and are seen to be similar to the corresponding
value of the drawn bar.

Stresses in cold-drawn bars were measured by neu-
tron and X-ray difraction. Fig. 8a shows longitudinal
residual stresses as a function of relative depth. De-
tails of these measurements were published elsewhere
[20, 21]. After pre-stretching, residual stresses were
also measured by X-ray diffraction on the surface of
the bars. The experimental values are also shown in
Fig. 8a.

At the same time, a numerical simulation of the draw-
ing process was performed by the procedures already
mentioned (a detailed description was given in refs.
[18, 20]), and residual stresses were computed at the
end of the drawing process. Values of the longitudinal
stresses, at different depths, are shown in Fig. 8a. The
pre-stretching treatments were also simulated numeri-
cally and the final profiles of residual stresses are also
given in Fig. 8a. The agreement between numerical and
experimental values for drawn bars is very good, and
the same applies to the surface values of pre-stretched
bars.

Finally, stress relaxation losses were measured
—according to [26]— in the three types of bars —all
with the same op,x and different profiles of residual
stresses—. The results are shown in Fig. 8b.

The second part of this research with eutectoid cold-
drawn wires is under way. Stress relaxation tests were
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Figure 8 (a) Profiles of computed (open symbols) and measured (full symbols) residual stresses in ferritic bars, as a function of relative depth.
(b) Measured stress relaxation losses in ferritic bars with the same ultimate tensile load and different residual stresses.
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performed with eutectoid steel wires, 5.2 mm diameter,
[27]. Here, one wire was as drawn (with high residual
stresses) and another was stabilized by a commercial
procedure to lower residual stresses. Computed pro-
files of longitudinal stresses and measured values at the
surface by X-ray diffraction (on the ferrite phase, as al-
ready explained) are shown in Fig. 9a. Measured stress
losses after 600 h, for both steels, are also shown in
Fig. 9b.

4.3. Conclusions

The experimental results show a clear relationship be-
tween stress relaxation and the presence of residual
stresses; stress relaxation losses increase with the in-
crease of surface tensile residual stresses (see Figs 8b
and 9b).

Cold-drawn wires with the same mechanical prop-
erties required by standards (i.e., with the same yield
stress, ultimate tensile stress, and elongation under
maximum load) but with different residual stresses will
exhibit different stress relaxation behaviour. To corre-
late the mechanical behaviour of cold-drawn wires and
the role of pre-stretching loads with stress relaxation
losses, it is necessary to take into account the residual
stresses induced during cold-drawing and modified by
further treatments.

5. Subcritical crack propagation
and residual stresses

Delayed fracture of cold-drawn eutectoid steel wires,
a worrying problem not yet satisfactorily solved, may
be due to subcritical crack propagation as in fail-
ures due to fatigue, or to environmental assisted
cracking —as in stress corrosion or hydrogen embrittle-
ment fracture—, or to a combination of both. In either
circumstance, residual stresses play an important role.
A brief review of work done by the author and collab-
orators in this area is summarized in the two following
paragraphs.
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5.1. Influence of residual stresses
on fatigue life

The development of a dominant crack from the wire
surface under high cycle fatigue occupies the major
part of the fatigue lifetime [28]. Therefore, an accu-
rate calculation of the fatigue life requires an accurate
knowledge of the surface stresses, which are dependent
on the external loads and on residual stresses.

An experimental and numerical investigation of the
influence of residual stresses in cold-drawn eutectoid
steels —particularly on the fatigue limit and on the
fatigue life— was undertaken some years ago. Results
were reported in [29, 30] and some conclusions are
summarized here.

Eutectoid steel rods, 12 mm diameter, were cold-
drawn to 7 mm diameter wires in six passes. The drawn
wires were stress relieved by heating at about 450°C
for a few seconds. The average mechanical proper-
ties were: 0p, = 1370 MPa, o,.x = 1720 MPa and
€s(max) = J.0%. Before fatigue testing, surface resid-
ual stresses were measured by X-ray diffraction. High
scatter was found and tensile values below 100 MPa
were measured. Several specimens were fully rolled at
different pressures to modify surface and sub-surface
residual stresses. Measurements of surface stresses on
rolled samples gave compressive stresses of between
200 and 400 MPa. Fatigue tests were performed at a
constant stress range and at different nominal stress ra-
tios (R = oyin/omax)- Fatigue tests were also modelled,
as described in [30].

Agreement between experimental and numerical re-
sults for fatigue life and fatigue thresholds was very
good. The fatigue life in the high stress ranges showed
little influence of residual stresses. In ranges close to
the threshold, the fatigue life displayed a strong depen-
dence on the residual stresses and the shape of initial
flows. The influence of residual stresses on the fatigue
threshold was important at small stress ratios. Recent
work, done by other authors [31] with cold-drawn eu-
tectoid steel wires of 0.3 mm diameter, showed similar
results, i.e., that the residual stress is one of the con-
trolling factors of the fatigue threshold.
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tlement test. Rupture times for eutectoid cold-drawn wires. (b) Profiles of longitudinal stresses when the wire is stressed at different loads as a function

of the relative depth (o, = 1940 MPa).

5.2. Influence of residual stresses on

environmental assisted cracking
Experience has shown that cracks in cold-drawn eu-
tectoid wires can grow at stress intensities well below
the fracture toughness of the material, under the com-
bined action of stress and an aggressive environment.
This phenomenon —known as environmental assisted
cracking— is one of the problems of concern in steels
for prestressing concrete, although it is well known that
when these steels are protected by sound and uncracked
concrete their durability is guaranteed.

There is general agreement that hydrogen embrit-
tlement plays an important role in the environmental
cracking of eutectoid cold-drawn steels [32]. To control
the susceptibility of these steels to hydrogen embrittle-
ment, a simple test —based on a solution of ammo-
nium thiocyanate— was proposed by the International
Federation of Prestressed concrete FIP [33]. This test
is suitable for quality control of one grade of steel and
for comparison of different grades of the same type of
steel. The FIP test, in addition to its specificity, has the
drawback of the scatter in the rupture time. This time
is influenced by surface defects and by the presence
of residual stresses, as was shown some time ago by
the author and collaborators [34, 35]. Improvements,
since then, in the measurement of residual stresses and
in computing power has provided more information on
this subject. Recent work on the role of residual stresses
in the hydrogen embrittlement of eutectoid cold-drawn
wires, [36], is summarized as follows.

Two batches of eutectoid steel wires, 5.2 mm diam-
eter, for prestressing concrete —with different residual
stresses— were tested according to FIP recommenda-
tions. The steels selected for this research had the same
microstructure and similar mechanical properties, as
shown in Table III.

Macroscopic residual stresses in cold-drawn eutec-
toid wires were computed, and longitudinal surface
stresses measured by X-ray diffraction were obtained
by the procedures already mentioned. Profiles of lon-

gitudinal stresses, as a function of relative depth, are
shown in Fig. 9a.

Good correlation was found between times to rup-
ture in the FIP test and residual longitudinal stresses:
Drawn wires, with high tensile surface residual stresses
—about 600 MPa— showed an average time to rupture
of 2.0 h. Stabilized wires, with lower tensile residual
stresses —about 200 MPa— lasted, on average, 4.2 h.

The presence of residual stresses also elucidated
some puzzling experimental results: Wires with high
tensile surface residual stresses showed similar times
to rupture when loaded above certain values (for ex-
ample, at 0.8, 0.7 or 0.6 of the tensile strength). This
experimental result can be explained if the combined
action of external loads and residual stresses surpasses
the yield stress in the outer layers of the steel wire; addi-
tional loads or higher residual stresses hardly increase
the stresses on the wire skin where crack initiation is
suspected to arise [34, 35]. Fig. 10 exemplifies this fact
when wires are loaded (in the hydrogen embrittlement
test) at 0.80max, 0.70max Or 0.60max; the stresses near
the wire surface (to a depth of 0.75 mm) are the same,
and it is in this region that cracks develop and grow to
the critical size. Any defect inside this region, able to
trigger the brittle fracture, will behave in the same way,
and times to rupture should be the same. Another inter-
esting result is shown in Fig. 11. Wires with the same
microstructure, surface quality and mechanical prop-
erties may show similar times to fracture when tested
at quite different loads; drawn wires, tested at very low
loads (0.30p,) show similar times to rupture as stabilized
wires tested at high loads (0.80y,). Again, the profile of

TABLE III Average tensile values of cold-drawn eutectoid wires

00.2 (MPa) Omax (MPa) € (max)
Drawn wires 1720 1940 1.9
Stabilized wires 1615 1850 5.1
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Figure 11 Wires with different profiles of residual stresses may show similar times to fracture when tested at quite different loads: (a) Hydrogen
embrittlement test. Rupture times for eutectoid cold drawn wires and stabilized ones. (b) Profiles of longitudinal stresses in drawn (o, = 1940 MPa)
and stabilized wires (o *,, = 1850 MPa) when the wire is stressed at different loads.

longitudinal residual stresses may give a cue to this be-
haviour, if we realize (see Fig. 11) that in both cases,
the skin of the wire is supporting a similar stress field.

6. Final comments and conclusions

Eutectoid steel, when properly drawn, furnishes wires
of exceptional quality and performance. They are in-
dispensable in prestressed concrete structures, where
stress relaxation losses have to be limited, in suspension
bridges or in cables in mine shafts, where environment
assisted cracking has to be avoided, or in tyre reinforce-
ments, where fatigue is of concern. In all these circum-
stances, the mechanical performance of the cold-drawn
wires depends on its microstructure and the presence
of defects —inclusions or surface defects—. The role
of residual stresses in the mechanical behaviour was
suspected from the very beginning, but the lack of suit-
able tools for measurement and prediction of residual
stresses kept this question in abeyance. The advent of
powerful computers and the availability of equipment
to perform diffraction measurements, with neutron and
X-ray sources, has allowed accurate measurements and
simulations of the residual stress profiles.

This paper shows how stress relaxation losses are in-
fluenced by residual stresses whose values add to the
external loads and modify the viscoplastic response of
the wire. The influence of pre-stretching loads, or of
stress relieving treatments, on stress relaxation losses
can be understood when the profile of residual stresses
is known. The worrying problem of environmental as-
sisted cracking is related, in some cases, to the presence
of tensile surface residual stresses; some awkward re-
sults in times to fracture during hydrogen embrittlement
tests can be explained if accurate values of residual
stresses, near the wire surface, are known. Fatigue life
is also influenced by residual stresses as well as fracture
by delamination, a topic not discussed here [37]. The
shape of the stress-strain curve during a tensile test is
also related to the presence of residual stresses, to the
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extent that by comparison of the tensile curves of differ-
ent wires it is possible to infer the presence of residual
stresses in some of them. No doubt, the awareness of
the role of residual stresses in the performance of cold-
drawn wires will gain ground with the improvements
of computing power and measurement techniques.
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