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Abstract Residual stresses developed during wire drawing 
influence the mechanical behavior and durability of steel 
wires used for prestressed concrete structures, particularly 
the shape of the stress-strain curve, stress relaxation losses, 
fatigue life, and environmental cracking susceptibility. The 
availability of general purpose finite element analysis tools 
and powerful diffraction techniques (X-rays and neutrons) 
has made it possible to predict and measure accurately 
residual stress fields in cold-drawn steel wires. Work carried 
out in this field in the past decade, shows the prospects and 
limitations of residual stress measurement, how the stress 
relaxation losses and environmentally-assisted cracking are 
correlated with the profile of residual stresses and how the 
performance of steel wires can be improved by modifying 
such a stress profile. 
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Nomenclature 
n Diffraction order 
dkti Lattice spacing for planes of Miller indices 

(hkl) 
26m Scattering angle 
Ehu Longitudinal strain for a given (hkl) set of 

planes 

(fhu Stress-free lattice spacing of the (hkl) 
reflection. 

(T0,2 Yield stress 
crmax Tensile strength 
R=&min/ v-max Nominal stress ratio in fatigue 

Introduction 

Pearlitic cold-drawn wires are the active tendons in pre
stressed concrete structures and support the tensile stresses 
in suspension and stayed bridges. They are also the main 
ingredient in the tyre industry, as reinforcing steel cords. 
The mechanical behavior of the wires, particularly their 
tensile strength and toughness, is mainly controlled by the 
lamellar microstructure resulting from severe cold-drawing. 
In addition, non-uniform plastic deformation associated 
with drawing will produce residual stresses. If these stresses 
are tensile at the wire surface (where the damage processes 
usually begin) the durability may be compromised. This is 
not exclusive to cold-drawn wires, though it can be applied 
to many other materials as well. Consequently, it is very 
important to ascertain the residual stress state in prestressing 
steel wires. 

The role of the microstructure on the mechanical proper
ties of these steels is well known and documented (see, for 
example, [1^1] and references therein). However, this is not 
the case as regards residual stresses and its influence was 
acknowledged some time ago. Nonetheless, difficulties in 
experimental measurement and numerical modeling ham
pered the development of quantitative correlations between 
the presence of residual stresses and mechanical perfor
mance. Consequently, published results for these particular 
steels were barely quantitative (see, for example, [4-6] and 
references therein). 



Work carried out in this field over the last years [7-11] 
has shown that it is now possible to obtain reliable quanti
tative residual stress values and, in addition to this, to 
compute numerically residual stresses by modeling the 
cold-drawing process. Moreover, these results have been 
successfully correlated with the mechanical performance 
and durability of these steels, particularly with fracture due 
to hydrogen embrittlement. The purpose of this paper is to 
update and summarize these results, and will mainly focus 
on the author's contributions to this field. For this purpose, 
the paper is divided in two sections. The first one deals with 
the possibilities and limitations of residual stress character
ization in prestressing steel wires. At present, residual stress 
can be measured almost routinely by X-ray diffraction at the 
surface of polycrystalline materials. However, in-depth in
formation with laboratory diffractometers is rather limited in 
steel due to absorption. If electropolishing is used, residual 
stresses can be measured up to approximately half a milli
meter from the surface, though corrections for layer removal 
must be applied. Consequently, while this technique will not 
provide the complete stress profile, it still can be used to 
check experimental measurements by neutron or high-
energy synchrotron at the wire surface. In such a way, the 
mechanical behavior of prestressing wires can be optimized 
with this tool. In addition, careful monitoring of the residual 
stresses would allow the design of new post-drawing treat
ments with the aim of improving the durability in aggressive 
environments. As a consequence, the measurement and 
control of the residual stresses in cold-drawn wires could 
be part of the standards in the coming years. At the present 
moment, the Spanish Code for Structural Concrete approved 
in 2008 [12] requires that wires and cables for prestressed 
concrete will have axial residual stresses lower than 50 MPa 
at the surface. It is expected that similar ideas will be 
implemented in the new Model Code of the International 
Prestressing Federation (FIP) in the near future. The second 
section is devoted to explaining the influence of residual 
stresses on the mechanical behavior of prestressing steel 
wires. The mechanical performance can be improved by 
modifying the residual stress profile resulting from cold-
drawing; in particular, the tensile, stress relaxation, fatigue 
and hydrogen embrittlement behavior. 

Characterization of Residual Stresses in Prestressing 
Steel Wires 

The most powerful non-destructive procedure to measure 
residual stress in polycrystalline materials is based on dif
fraction, either using X-rays (laboratory or synchrotron 
sources) or neutrons (produced in nuclear reactors or spall
ation sources). When a neutron or X-ray beam reaches a 
polycrystalline material, it is scattered and a constructive 

interference takes place for every set of lattice planes at 
certain scattering angles, obeying Bragg's Law [13]: 

nX = 2dhkisin6hki (1) 

where n is the diffraction order, duel is the lattice spacing for 
planes of Miller indices (hkl), that are perpendicular to the 
scattering vector, and 28hkl is the scattering angle. Hence, 
the lattice spacing can be computed by simply measuring 
the angle at which the reflection occurs for a given wave
length. The strain for a given (hkl) set of planes can be 
obtained from the variation in d-spacing: 

where em is the longitudinal strain in the direction of the 
scattering vector, and dm is the unstressed lattice spacing of 
the hkl reflection. The stress, under the assumption of a 
linear elastic behavior, is then computed through the appro
priate elastic model using suitable values for the elastic 
constants. 

If the material is polyphasic, this procedure can be 
employed for each individual phase. In this way, the total 
residual stress (also called macro residual stress) can be 
obtained from the individual phase stresses. 

Wires for prestressing concrete are made from cold-
drawn eutectoid steel (typical chemical composition: 
0.8 C, 0.6 Mn, 0.2 Cr in mass%). From the micro structural 
point of view, they are a microcomposite of alternating 
ferrite (a-Fe) and cementite (CFe3) lamellae. A typical 
micro structure is shown in Fig. 1. External load is shared 
between each phase and, despite the low volume fraction of 
cementite (around 10%), its contribution to the overall 
mechanical properties of the steel is not negligible. 

However, the non-destructive measurement of residual 
stresses in the cementite phase of severely cold-drawn pre
stressing wires is highly challenging. In addition to the 
relatively low volume fraction of cementite (only 10%), its 
orthorhombic structure spreads the scattering intensity into a 
large number of Bragg reflections. Moreover, the most 
intense cementite reflections overlap with the ferrite ones 
and most cementite peaks are hidden in the background of 
the diffractogram. This is due to both the low volume 
fraction of cementite and the peak broadening caused by 
elastic and plastic strains associated with cold-drawing [10, 
14]. Consequently, the macro residual stress cannot be eas
ily computed in this case because the cementite stress is 
usually lacking. 

A number of studies have been carried out to measure 
residual stresses in the ferrite phase of cold-drawn steels by 
X-ray diffraction [15-17]. However, due to the low pene
tration of conventional X-rays in steel, measurements only 
give information about the stresses near the surface layers. 



modeling tools were tuned with these specimens, the second 
phase was developed. In this case, commercial wires for 
prestressing concrete, i.e. cold-drawn eutectoid steel, were 
investigated. The results corresponding to the first phase are 
summarized below. 

Measurements by laboratory X-rays, neutron and synchro
tron radiation and numerical simulations were performed on 
rods specially fabricated for this purpose [10, 17, 29, 30]. To 
this end, two different steel rods, ferritic (single phase) and 
pearlitic (two phases), of 20 mm diameter were prepared and 
subjected to one drawing pass under precisely controlled 
conditions. The aim of using such a large diameter was to 
obtain a large cross section. This allows a detailed residual 
stress profile to be measured by neutron or high-energy syn
chrotron diffraction along the diameter. Additionally, to avoid 
any change in the residual stress partem generated by drawing, 
the rods were kept straight during the whole process. The 
main results of this work are explained below. 

a) Ferritic (Single Phase) Rods 

Straight rods (20 mm diameter and 6 m length) of 
ferritic steel were specially produced for this research 
by Saarstahl AG (Volklingen, Germany). The rods were 
cold-drawn in one pass to a final diameter of 18 mm (a 20% 
reduction in section). Die geometry was the following: final 
diameter 17.91 mm, bearing length 6.36 mm and die inlet 
angle 2a= 15.36°. Bars were kept straight during the whole 
process. 

Residual stress profiles were measured by neutron dif
fraction (ND) along the rod diameter. Measurements were 
performed with the REST diffractometer, at NFL-Studsvik 
(Sweden). Calibration was performed with a standard iron 
powder. The 110 a-Fe reflection was chosen for the re
search, which produces a Bragg peak at about 28=49.7C 

for the selected wavelength. Strain scanning was carried out 
along one diameter by measuring one point every 1.5 mm. 
Gauge volume was: 1.5x3x 1.5 mm3. Experimental details 
are given elsewhere [30], 

Residual stresses were measured at a number of points at the 
rod surface by X-ray diffraction (XRD). The measurements 

Some authors have also measured residual stresses in ce
mentite by X-ray diffraction [18-20], neutron diffraction [7, 
9, 21, 22] and high-energy synchrotron radiation [10, 14], 
Cementite stresses are frequently averaged over the whole 
cross-section of the sample, in an attempt to improve the 
poor peak statistics. For example, Van Acker et al. [7] 
obtained ferrite and cementite stress values averaged over 
the cross-section of thin wires (cold-drawn from 3.22 to 
1.22 mm) and inferred strain profiles using a layer removal 
technique and subsequent corrections for stress relaxation. 

In addition to experimental measurements, numerical 
simulations of the drawing process have been performed to 
obtain the residual stresses [23-25]. With this technique, the 
residual stress field can be obtained in all points of the cross 
section of the wire. However, experimental validation of the 
calculated residual stress profiles is usually lacking, because 
accurate in-depth measurements are not always available. In 
addition, most numerical simulations assume an isotropic 
mechanical behavior of the wires and consequently use a 
simplified von Mises yield criterion in the finite element 
models. However, it has been shown in the literature that the 
mechanical behavior of cold-drawn eutectoid steel wires is 
highly anisotropic. This is due to the development of a 
<110> fiber texture in the ferrite phase and to the progres
sive alignment of the cementite lamellae along the drawing 
direction [11, 15, 26]. This mechanical anisotropy may have 
a remarkable effect on the deformation processes and the 
forces involved in cold drawing as well as on the final 
residual stress profile [27-29]. Consequently, numerical 
simulations need to be supported by experimental measure
ments and the material behavior must be adequately mod
eled in order to obtain residual stress values which can be 
used for quantitative purposes. 

An important research effort has been undertaken in the 
last years by the authors for the calibration of experimental 
and numerical techniques to characterize residual stresses in 
prestressing steel wires. The research plan was divided in 
two phases. First, laboratory specimens were manufactured 
from ferritic (single phase) and pearlitic (two phases) steel 
rods. Once the experimental techniques and numerical 



were performed with a Rigaku Strainfiex analyzer (30 kV, 
8 mA, CrKa radiation, A=2.2909 A). The a-Fe reflection 
under study was (211), that produces a Bragg peak at 
28=156.1° for the mentioned wavelength. The sin2t|) method 
was employed [30]. The residual stresses at the rod surface in 
different generatrices were approximately constant, in agree
ment with the expected axisymmetric stress state after cold-
drawing. 

In order to check the experimental values with numerical 
predictions, the stress distribution in the rod after drawing 
was computed. A numerical model using the code ABA-
QUS was developed for this purpose [31]. An elastoplastic 
law with strain hardening was chosen to model the rod 
behavior. The constitutive equation employed, as the initial 
data of the model, was the stress-strain curve of the ferritic 
steel before drawing, measured in the laboratory. The draw
ing process was simulated by forcing the wire to pass 
through the die and imposing the displacement of the front 
end of the wire. The die was modeled as an elastic material. 
The contact between the wire and the die was reproduced 
with a Coulomb friction coefficient (ranging from 0.01 to 
0.2). Residual stresses were calculated at the end of the 
process, when the whole rod had passed through the die, 
in a zone where the stationary state had been reached. 
Starting and final parts of the rod were not considered for 
this purpose. 

The experimental results (neutron and X-ray diffraction) 
are compared in Fig. 2 along with the numerical simulations 
[30]. A very good correlation between experimental and 
numerical results was obtained, giving additional validation to 
both techniques. Furthermore, the residual stress distribution 
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Fig. 2 Axial residual stresses in a ferritic (single phase) steel rod after 
one drawing pass. Residual stresses measured by neutron and X-ray 
diffraction are compared with numerical simulations [30] 

(tensile at the surface, compressive at the centre) agrees with 
the experience of steelmakers. 

b) Pearlitic (Two Phases) Rods 

Straight bars (20 mm diameter and 6 m length) of pearlitic 
steel were specially produced for this research by Saarstahl 
AG (Volklingen, Germany). The chemical composition (in 
weight percentage) of the steel was: 0.75-0.8% C, 0.15-
0.35% Si, 0.6-0.9% Mn, <0.025% P, <0.025% S, 0.2-0.06% 
Al, resulting in approximately 10% Fe3C in volume. The rods 
were cold-drawn in one pass to a final diameter of 18 mm (a 
20% reduction in section). Die geometry was precisely mea
sured: final diameter 17.91 mm, bearing length 6.36 mm and 
the die inlet angle 2a= 15.36°. Again, bars were kept straight 
during the whole process. 

Residual stress profiles across the section of cold-drawn 
pearlitic steel rod specimens were determined for both the 
ferrite and cementite phases. In this case, cementite diffrac
tion peaks could be observed because the rods were not 
severely drawn (only one pass, approximately 20% reduc
tion in section) and a highly powerful synchrotron source 
was used. High-energy synchrotron radiation was employed 
for this purpose. The experiments were carried out at the 
ID15A beamline of the ESRF (Grenoble, France). Strain 
scanning was performed along a complete rod diameter 
at 0.75 mm steps. A pseudo-Voigt function was used for 
analysis of the {110} reflection of the ferritic phase. 
Strain scanning in the cementite phase was performed 
using the {122} reflection. The stress-free lattice param
eter for ferrite was measured from iron filings and for 
cementite was calculated by assuming the self-equilibrium 
hypothesis (details are given in [10]). Residual macros-
tresses in the pearlitic material were determined by the 
stress experimentally measured in each phase, weighted 
with their relative percentages (rule of mixtures, in this 
case 90% ferrite and 10% cementite). Ferrite and cement
ite residual stresses in the axial direction are depicted in 
Fig. 3 together with the calculated macrostress profile 
[10]. To the authors' knowledge, this is the first time that 
a complete residual stress profile has been reported in 
both phases (ferrite and cementite) of a cold-drawn eutec-
toid rod. 

The numerical model used for the ferritic rods was also 
used to simulate the cold-drawing in this case. However, a 
correction was employed to include the anisotropy of drawn 
pearlite. As a first approximation to represent the anisotropy, 
the Hill yield criterion was chosen. It is an extension of 
the von Mises criterion and can be expressed in Cartesian 
components as: 

f{a) = [A(<T22 - cr33) +B(a33 - <TU) + C(au - crii) 

2Da23
2+2Fa3i+2Gan

2} 2i V2 

(3) 
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Fig. 3 Axial residual stresses in the ferrite and cementite phases of a 
eutectoid steel rod after one drawing pass as measured by synchrotron 
radiation. Macrostresses were computed from the phase stresses 
weighted with their relative volume fractions (90% ferrite, 10% ce
mentite). In this case the lines only serve as a guide for the eye. Higher 
error bars near the rod core are due to gauge volume effects at the low 
scattering angle employed (20=3.5°) [10] 

where the parameters A, B, C, D, F and G are referred to 
the yield stresses in the different directions. In this work, 
a user's subroutine in ABAQUS was defined to change 
the yield stresses in the different planar directions accord
ing to the progressive alignment of cementite lamellae 
[29, 31]. The rod before drawing was considered isotropic 
and, to obtain an idea of the anisotropic level of the final 
wire, several hardness tests were carried out in different 
directions. 

The experimental results and finite element simulations 
for the macro residual stresses are compared in Fig. 4 [29]. 
The agreement between experimental and numerical results 
is remarkable. The results of the finite element simulation 
without anisotropy are also depicted in Fig. 4. It is shown 
that taking into account the anisotropy does not change the 
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Fig. 4 Axial residual stresses in a eutectoid steel rod (two phases) after 
one drawing pass. A comparison is shown between the residual mac
rostresses calculated from the finite element simulation and those 
computed from the synchrotron measurements. The results of the finite 
element simulation without anisotropy are also shown. Higher error 
bars near the rod core are due to gauge volume effects at the low 
scattering angle employed (20=3.5°) [29] 

shape of the residual stress profiles, but the numerical model 
without anisotropy overestimates the real values of residual 
stresses. These differences were clear even after one draw
ing pass; thus, it seems that they would be significant for 
heavily-drawn steel wires, where the anisotropy level would 
be higher. 

c) Summary: Present Possibilities and Limitations of Resid
ual Stress Assessment in Prestressing Steel Wires 

As explained above, the authors made an effort to 
assess the residual stress state in carefully fabricated 
"laboratory" rods. Once the experimental and numerical 
techniques were demonstrated to work, the following 
step was to apply these techniques to commercial steel 
wires. Residual stress measurements were carried out by 
neutron diffraction in prestressing wires with differing 
post-drawing treatments [26, 32]. In such a way, the 
influence of temperature and tensile stress—during 
post-drawing treatments—on the resulting residual stress 
state was ascertained. It was found that the treatments 
with lower tensile stress (i.e. stretching at less than half 
the rupture load) or lower temperature (below 400°C) 
were not particularly effective in reducing the residual 
stresses. However, when the temperature (up to 460°C), 
or especially the force (up to 0.64 times the rupture 
load) were increased, all residual stress components 
became almost constant and slightly compressive in 
the ferrite phase [32], 



The accurate measurement of residual stress fields in 
heavily cold-drawn steel wires is a challenging task. The 
main difficulties and limitations are the following: 

- The low intensity of the cementite peaks (hardly distin
guishable from the background) prevents strain scan
ning in this phase. The peak to background ratio may 
become so small that the peaks are hidden in the back
ground. In addition, the most intense ones overlap with 
ferrite reflections. Consequently, residual stresses in the 
cementite phase of heavily cold-drawn steel wires are 
extremely difficult to obtain by diffraction methods. On 
the other hand, residual stresses can be obtained in 
ferrite and it is possible to estimate the average contri
bution of cementite (from self-equilibrium of residual 
stresses). In any case, ferrite stresses are useful to es
tablish comparisons among different material treat
ments. However, the authors would argue that a 
method could be developed to estimate the contribution 
of cementite by applying external load while simulta
neously measuring ferrite strain by diffraction [21]. In 
such a way, macro residual stresses could also be 
obtained in this case. Another interesting alternative to 
solve this problem was recently used by Yang et al., 
combining X-ray diffraction with the layer removal 
technique [33, 34]. This way they obtained residual 
stress profiles in the ferrite phase of cold-drawn eutec-
toid wires. The resulting profiles follow the trends ob
served by using neutron and synchrotron diffraction, 
and reported by the authors [10, 26], although the 
measurement errors are considerable for the values near 
the wire core, particularly along the hoop direction [33], 

- In a diffraction experiment, the interplanar lattice spacing 
is calculated from the measured peak position. The resid
ual strain is calculated by using a reference value which 
represents the stress-free configuration. This is a critical 
issue in achieving accurate results, especially with neu
tron and synchrotron diffraction, given that a plane stress 
state cannot be assumed (as is usually the case with 
laboratory X-rays). In fact, the stress-free lattice spacing 
must have accuracy greater than 0.01 %. In such a way, the 
error in strain would be around 0.01%. This would result 
in approximately 20 MPa uncertainty for steel (if the 
Young's modulus is taken as 200 GPa). Several methods 
have been proposed to obtain this parameter with the 
authors having obtained good results with stress-
relieving techniques. Several cuts were carried out by 
electro-discharge machining which left isolated parallele
pipeds in the wire sample. The unstressed lattice spacing 
employed was an average of the results corresponding to 
the different parallelepipeds [32]. Again, this is not a 
crucial issue if what is sought is comparison of the effec
tiveness of different treatments of the same material. 

- Heavily cold-drawn steel wire is noticeably anisotropic. 
This is due to the development of a significant <110> 
fiber texture in the ferrite and the progressive alignment 
of the cementite plates. As a consequence, the interpre
tation of residual stress measurements (especially with 
laboratory X-ray diffraction) is difficult due to both 
elastic and plastic anisotropy. Several authors have de
termined the relationship between measured lattice 
strains and average residual stresses in highly-textured 
materials [see references [35-38]; a review about this 
issue can be found in [39]]. However, this has only been 
applied to the ferrite phase of small diameter wires [16], 
Nothing is said about the cementite phase, although its 
influence on the mechanical behavior of the wire is of 
significant importance. Consequently, the authors de
cided to modify their finite element model to include 
the anisotropy of the bulk material by using the Hill 
criterion. Although this is a simple approach, the 
authors have shown that if the anisotropy on the me
chanical behavior of the wire is not considered, the 
finite element simulations overestimate the actual residual 
stress values [29]. A more refined approach would in
volve using crystal plasticity models to evaluate the effect 
of texture on the anisotropy of the stress state [40, 41], 

- Most of the wires are subjected to bending (coiling) and 
unbending (straightening) processes. This may influ
ence the axisymmetric residual stress state resulting 
from "ideal" cold-drawing. Consequently, it would be 
advisable to perform residual strain scanning measure
ments—by neutron or synchrotron diffraction—along 
several diameters of a given cross-section of the wire. 
However, this is usually not possible due to beam-time 
limitations. Thus, it would be interesting to choose the 
diameter corresponding to the bending plane, where the 
axial strains would present their maximum values (both 
tensile and compressive). Previous surface residual 
stress measurements by X-ray diffraction would provide 
valuable data to characterize the most endangered areas 
of the wire (i.e. those with the highest residual stresses 
at the surface). 

The authors' results have shown that, despite certain 
limitations, diffraction methods provide a compelling tool 
for the control of residual stress in prestressing steel wires. 
By measuring residual stress it was possible to assess the 
effect of the different post-drawing treatments, and hence 
optimize the process parameters [26, 32], 

Although neutron and synchrotron sources are highly 
powerful (because they can provide information on the 
triaxial residual stress state in the bulk of materials), the 
access to them is limited. However, commercial X-ray dif-
fractometers are available in many laboratories. While they 
can only measure residual stresses at the wire surface, this 



information is of significant value since some aspects of the 
mechanical behavior (such as stress corrosion or fatigue) 
depend mainly on what happens at the wire surface, as will 
be explained later. 

Effect of Residual Stresses on Mechanical Properties 

The influence of residual stresses on the mechanical prop
erties requested by standards for commercial steel wires for 
prestressing concrete (tensile, stress relaxation, fatigue and 
stress corrosion tests) is summarized in this section. 

Wire Types according to Their Residual Stresses 
at the Surface 

Prestressing steel wires can be divided in three groups 
according to their residual stresses at the surface (which 
are measurable by X-ray diffraction), as shown in Fig. 5 
[31]: 

a) As-drawn (tensile residual stresses at the surface): the 
term "as-drawn" refers to the wires manufactured by 
cold-drawing, following a commercial procedure. These 
wires, without any post-drawing treatment, were found 
to have tensile residual stresses at the surface and com
pressive ones in the core. 

b) Stabilized (negligible residual stresses at the surface): 
different procedures were devised by the manufacturers 
to alleviate residual stresses generated by cold-drawing. 
The normal procedure, called stabilizing, is a thermo-
mechanical treatment based on a combination of heat
ing and stretching of the wire (the actual parameters of 
this treatment depend on each producer). Stabilized 
wires, also called "low relaxation wires" because of 
their very good behavior in the stress relaxation test, 
were obtained by applying the stabilizing treatment to 

the as-drawn wires, and are the kind currently used in 
prestressed concrete structures. As can be seen in Fig. 5, 
this treatment is highly effective in removing the resid
ual stresses generated by drawing. 

c) Rolled wires (compressive residual stresses at the sur
face): The third set, termed "rolled", can be obtained by 
rolling the surface (see, for example, [42] for a descrip
tion of this procedure). This produces a small plastic 
deformation on the wire surface, comparable to a "mas
sage". Compressive residual stresses can be induced on 
the wire surface by this procedure. A small plastic 
deformation on the wire surface, due to the rolling 
procedure, induces compressive residual stresses which 
are balanced by tensile ones at the wire core (see Fig. 5). 
The effect of this process is similar to the use of a 
specific last drawing die, yielding a very small reduc
tion of area [31], 

Tensile Test 

Residual stresses may change the shape of the stress-
strain curve of the wires obtained in a tensile test [43, 
44]. During a tensile test for a wire without residual 
stresses, the stress distribution is uniform along the cross 
section (Fig. 6(a)); initially the stress remains within the 
elastic regime and finally it reaches a yield value and 
from this point the stress-strain curve is no longer a straight 
line. 

In a tensile test on an as-drawn wire (with residual 
stresses), the stress distribution is not uniform across the 
section, as is shown in (Fig. 6(b)). Upon loading, stress 
increases and the first yielding appears on the surface where 
initially there were tensile residual stresses. This local plas-
tification produces the loss of linearity in the stress-strain 
curve at an early point. As load increases, yielding extends 
towards the wire centre and the stress-strain curve starts 
deviating from a straight line. It should be noted that this 

Fig. 5 Typical profiles of residual 
stresses (in the axial direction) 
along the wire diameter for 
as-drawn (after drawing), 
stabilized (after a stress relieving 
treatment) and rolled (after a 
surface treatment) wires [31] 
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Fig. 6 Calculated axial stresses as a function of relative depth during a tensile test of a cold-drawn steel wire (elastic limit approximately equal to 
1,100 MPa): (a) wire without residual stresses; (b) wire with residual stresses due to cold drawing. Stresses in both figures correspond to the same 
loading steps [31] 

may happen with a low level of tensile stresses in the wire 
core or even with compressive stresses in that area (Fig. 
(b)). A similar reasoning can be made regarding the rolled 
wires, though on this occasion the yield point is reached in 
the wire centre first. 

The presence of residual stresses is reflected in the shape 
of the stress-strain curve. In Fig. 7 the results of a tensile 
test for the three kinds of wires are compared [43]. In 
practical terms, the presence of residual stresses (whether 
they are tensile at the surface or in the core) decreases the 
yield stress—usually measured as cr0 2—as regards values 
without residual stresses, and has almost no influence on the 
tensile strength crmax. Therefore, the presence of residual 
stresses will affect the ratio 002/ o~max, a figure that appears 

in most standards for steels for prestressing concrete [45], 
More precisely, these standards recommend that cr0 2/ crmax 

should be in between 0.85 and 0.95, with some suggesting 
optimum values of about 0.90-0.93. 

In summary, the presence of residual stresses favors the 
onset of yielding. The higher the residual stresses, whether 
tensile or compressive at the surface, the lower the yield 
stress in a tensile test. The ratio cr0 2/ crmax decreases with 
increasing values of residual stresses. Given the deleterious 
effect of tensile residual stress at the surface on fatigue and 
stress corrosion [5, 6], it was reasonable to require a lower 
limit to cr0 2/ crmax. The ratio cr0 2/ crmax can be increased by 
relieving residual stresses, a common procedure after draw
ing, based on thermomechanical treatments. 

2000 

STABILIZED 

STRAIN, (%) 

Fig. 7 Comparison between the tensile behavior of as-drawn, stabi
lized and rolled wires [43] 

Stress Relaxation Test 

Cold-drawn steel wires and cables are subjected to high 
tensile stresses in prestressed concrete structures. However, 
this stress decreases with time, mainly due to stress relaxa
tion. Stress relaxation losses in steel reinforcement are of 
paramount importance to structural safety, given that the 
prestressed compressive load of the concrete is reduced. 
Design codes place limits to keep these losses within safe 
margins [45]. Stress losses are measured according to a 
standardized test (ASTM E328, ISO15630/3) and the values 
should be provided by the manufacturer for the acceptance 
of the steel reinforcements. Those with a stress loss smaller 
than 2.5% of the initial stress—after 1,000 h at room tem
perature and stressed at 0.70 of the tensile strength—are 
called "low relaxation" wires and are those used at present 
in prestressing. 

It is well known that in prestressing steel the higher the 
initial stress the greater is the relaxation loss [46]. Furthermore, 



some researchers have studied the influence of post-drawing 
treatments on the stress relaxation behavior of the wires [47]. 
Specimens subjected to different thermomechanical treatments 
(applied stress and temperature) were used for this purpose. It 
was found that the lowest relaxation values corresponded to 
samples treated at the highest temperatures (around 400°C) and 
loaded to the highest stresses (around half the tensile strength) 
[47]. In fact, these figures agreed quite remarkably with those 
provided by the authors in [32] for the best stress relieving post-
drawing treatments. Although it seems clear that existing resid
ual stresses will modify the actual stress state in the wire when it 
is loaded in service, there was no clue about their effect on 
stress relaxation when the authors started this investigation 
[48]. 

Figure 8(a) shows stress relaxation losses after 250 h in 
stabilized wires [48], with negligible residual stresses, ini
tially loaded at different percentages of the ultimate tensile 
stress (from 50% to 98%). The losses are small at low values 
of initial stresses and increase suddenly when these stresses 
approach the yield stress (approximately 85-90% of 
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Fig. 8 Stress relaxation losses (at 250 h) as a function of the initial 
load (both expressed as a percentage of the ultimate tensile stress): (a) 
stabilized wires, and (b) as-drawn and rolled wires [48] 

maximum load). Stress relaxation losses after 250 h in as-
drawn and rolled wires, again loaded at different percen
tages of their respective ultimate tensile stresses, are shown 
in (Fig. 8(b)). The behavior of these two types of wires— 
whose residual stresses are by no means negligible—is quite 
different from that of stabilized wires (Fig. 8(a)). 

The role of residual stresses can be explained as follows 
[48, 49]. The actual stress distribution in the section of the 
wires during the test is significantly different in the three 
types of wires. For stabilized wires the stress distribution 
across the section is almost uniform, so the wire is subjected 
to the same initial load all over the cross section. For as-
drawn wires, the stress distribution across the section at the 
beginning of the relaxation test is not uniform across the 
section; once loaded, the outer regions of the wire are 
subjected to higher stresses than the inner part, so the stress 
relaxation in these regions is higher, as can be inferred from 
(Fig. 8(a)). The stress relaxation losses of the wire are the 
sum of the losses produced along the whole cross-section 
and the effect of approaching the yield stress is not so 
important, because yielding does not occur at the same time 
over the section. Similar reasoning can explain the experi
mental results for the rolled wires, shown in (Fig. 8(b)). In 
summary, when dealing with stress relaxation losses, the 
behavior of the whole section is relevant. From this point 
of view, the best behavior is obtained for wires with small 
residual stresses (stabilized). The presence of residual 
stresses, regardless of whether they are tensile or compres
sive at the surface, will increase the stress relaxation losses 
of the wires. 

Another result, which merits particular attention, is that at 
high initial loads the stress relaxation behavior of the three 
types of wires becomes very similar. At high applied 
stresses, the role of residual stresses is not so important 
because most of the wire section will have yielded and the 
stress gradient across the section becomes smooth, so the 
stress profiles across the wire sections for stabilized, as-
drawn and rolled wires are almost identical. Thus, the better 
stress relaxation behavior of stabilized wires is lost when 
stressed at high loads, i.e. greater than 0.80crmax. 

Fatigue Test 

Standard requirements regarding the fatigue behavior of 
prestressing steels include specifications on the fatigue limit 
and the fatigue life [50]. As the development of a dominant 
crack from the wire surface under high-cycle fatigue occu
pies the major part of the fatigue lifetime, an accurate 
calculation of the fatigue life requires an accurate knowl
edge of the surface stresses, which are dependent on the 
external loads and on residual stresses [51], 

An experimental and numerical investigation of the in
fluence of residual stresses in cold-drawn eutectoid steels on 



the fatigue limit and on the fatigue life was undertaken some 
years ago [6, 52-55]. Llorca and Sanchez-Galvez [52, 53] 
performed fatigue tests at a constant stress range and at 
different nominal stress ratios (R=crmin/ crmax) on wires with 
different residual stresses. Fatigue tests were also modeled 
numerically, as described in [6]. The fatigue life in the high 
stress ranges showed little influence of residual stresses. In 
ranges close to the threshold, fatigue behavior was strongly 
dependent on the residual stresses and the shape of the initial 
flaws. The influence of residual stresses on the fatigue 
threshold was important at small stress ratios. 

Recent work by Katagiri et al. [54, 55] with cold-drawn 
eutectoid steel wires of 0.3 mm diameter showed similar 
results, i.e., the residual stress is one of the controlling 
factors of the fatigue limit (as measured by S-N curves). 
The residual stress in the as-drawn wires was extremely high 
(around 1,000 MPa) and the fatigue limit around 780 MPa. 
However, when the samples were shot peened, the residual 
stress became compressive (around -300 MPa) and the 
fatigue limit reached its maximum (1,200 MPa). 

Stress Corrosion Test 

The combined action of the prestressing load and an aggres
sive environment may produce the fracture of the steel rein
forcement, a phenomenon known as stress corrosion cracking. 
This is an important issue, both from the point of view of 
structural safety (loss of bearing capacity of the structure) and 
durability (need for costly maintenance) [56, 57]. 

There is general agreement that hydrogen embrittlement 
plays an important role in the environmentally-assisted 
cracking of eutectoid cold-drawn steels [58]. To control 
the susceptibility of these steels to hydrogen embrittlement, 

the International Federation for Prestressing Concrete (FIP) 
proposed a simple test—the ammonium thiocyanate test—in 
1978 [59, 60]. Despite its disadvantages (mainly the scat
tering in experimental data and the extremely aggressive 
environment used), it remains widely accepted for the con
trol and acceptance of these steels [61]. In the FIP78 test, 
samples are loaded at 80% of their tensile strength in an 
aqueous solution of ammonium thiocyanate (NH4SCN) at a 
constant temperature of 50±1°C, and rupture times are 
recorded. 

Several works have shown that in cold-drawn eutectoid 
steel wires there are two factors which influence the scatter
ing in rupture times: the surface defects and the residual 
stresses at the surface region of the wires [5, 62-64]. How
ever, until now, it has been hard to correlate the results of the 
FIP test with the profile of residual stresses because of the 
difficulties in the residual stress characterization. The advent 
of powerful experimental and numerical tools to character
ize residual stresses has helped researchers to see this prob
lem in a new light [42, 65], 

Recently, the authors have found a good correlation be
tween the residual stresses at the wire surface and the 
rupture times measured by the FIP78 test. The main results 
obtained are the following: 

a. The difference in rupture times in cold-drawn eutectoid 
steel wires—with the same microstructure, surface quality 
and similar mechanical properties—seem to be associated 
with residual stresses. It was found that the "as-drawn" 
wires (with tensile residual stresses at the surface) show the 
lowest rupture times, as compared to those where the 
residual stresses are either negligible ("stabilized") or even 
compressive ("rolled"). This can be seen in Fig. 9 [42], 
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Fig. 9 Rupture times, in the NH4SCN test at different initial loads, for as-drawn, stabilized and rolled wires [42] 



b. The load used in the FIP78 test, 80% of the tensile 
strength (tensile strength is around 2.000 MPa for this 
kind of prestressing wires) may conceal the effect of 
residual stresses. Upon loading the wire sample, if the 
residual stress at the wire surface is tensile, the elastic 
limit will be reached first in this region. An additional 
increase of the testing load will not significantly change 
the stress at the wire surface (which will have already 
yielded). This effect is shown in Fig. 9, where tests at 
loads different from the standard one were performed in 
the three types of wires. If the testing load is decreased, 
the differences in rupture times between the wires are 
amplified. 

c. The results from the FIP78 test show that the post-drawing 
treatment which produces compressive residual stresses at 
the surface improves in a dramatic fashion the wire be
havior in aggressive environments, as can be seen in 
Fig. 9. This is explained by the fact that crack initiation, 
which is mainly controlled by what happens at the wire 
surface, is the dominant step in this type of test. 

Summary and Final Comments 

The measurement of residual stresses using diffraction tech
niques is at present a reliable and well established technique. 
Additionally, computing residual stresses after wire drawing 
using numerical procedures is feasible thanks to the avail
ability of general purpose finite element analysis tools. Such 
advances have shown that these techniques can now be used 
almost routinely and that they are ready to be quoted in 
standards for quality control and acceptance of cold-drawn 
wires. 

Moreover, it has been shown that residual stresses affect 
significantly the mechanical performance of cold-drawn 
wires: particularly the shape of the tensile stress-strain 
curve, the stress relaxation behavior, and the durability 
through its susceptibility to fatigue and environmentally-
assisted cracking. Thanks to these findings it is now possible 
to justify some empirical rules established by the design 
codes (related with the shape of the stress-strain curve, the 
relaxation behavior or with durability) and based on previ
ous experience. 

A better understanding of the residual stress profiles may 
help in improving the performance of cold-drawn steel 
wires. Residual stresses are not always detrimental; it was 
shown that surface compressive residual stresses enhance 
durability (with respect to fatigue or stress corrosion crack
ing) albeit its stress relaxation worsens. It may happen that 
for each specific application a suitable profile of residual 
stresses should be selected. It is believed that these results 
may provide valuable insights for producers and researchers 
in this field. 
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