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The effects of the temperature and stretching levels used in the stress-relieving treatment of cold-drawn eutectoid 
steel wires are evaluated with the aim of improving the stress relaxation behavior and the resistance to hydrogen 
embrittlement. Five industrial treatments are studied, combining three temperatures (330, 400, and 460 °C) 
and three stretching levels (38, 50 and 64% of the rupture load). The change of the residual stress produced 
by the treatments is taken into consideration to account for the results. Surface residual stresses allow us 
to explain the time to failure in standard hydrogen embrittlement tests. 
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1. INTRODUCTION 

Appropriate composition and thermal treatment provide 
the fine pearlitic microstructure necessary to produce wires 
for prestressing concrete by the cold-drawing process. Dur
ing this manufacturing process, an intense plastic deforma
tion is generated in the wires and the resulting microstructure 
is highly dislocated and meta-stable, with macro- and micro-
residual stresses being present [1]. Some additional treat
ment is necessary to stabilize the microstructure, to avoid 
uncontrolled static strain aging, and to optimize the as-drawn 
wire properties. Initial thermal treatment and very short 
thermo-mechanical treatment are at present used at an indus
trial level. The thermal treatment takes advantage of the 
static strain aging (SSA) phenomena, and the thermo
mechanical treatment, called stabilization, is supposed to be 
based on dynamic strain aging (DSA). SSA has garnered 
more attention than DSA in the literature on pearlitic steel 
wires, and the effect of a few seconds of DSA on subsequent 
room temperature properties does not seem to have been sys
tematically studied, in spite of its high industrial importance. 

Yamada [2-4] carried out the first detailed work on the 
heat treatment effects on SSA of carefully cold-drawn eutec
toid steel wires. He proposed three stages of strain aging: a 
first stage below 150 °C without noticeable consequence on 
the mechanical properties, a second stage from 150 °C to 
roughly 200 °C or 250 °C where yield stress and strength 

increase, and a third stage for higher temperatures with a 
decrease of both mechanical properties, though accompa
nied by a better ductility. Recovery and recrystallization of 
the cold worked structure happen at temperatures of 400 °C 
and above. Other authors [5,6] confirmed the details put 
forth by Yamada with minor variations that were probably 
due to differences of composition or strain drawing intensity 
of the used wires. In their review of 2001, Phelippeau et al. 
[7] summarized the knowledge on the micro-structural 
mechanisms in the first stage of SSA (diffusion of interstitial 
C atoms to dislocations) and second stage (diffusion of C 
atoms liberated by the partial decomposition of cementite). 
Though the third stage was hardly included, they cited the 
decrease of ferrite micro-strains and the increase of cement
ite crystallite size in the 200-400 °C range [8], and the recrys
tallization of ferrite and spheroidization of cementite between 
400 and 600 °C [5], as the main features of this stage. 

The change in engineering mechanical properties for ther
mal treatments over 250 °C has also been an area of much 
research. Fracture toughness, threshold stress intensity factor 
for stress corrosion cracking (SCC) and elongation all 
increased for treatments over 250 °C, though yield strength 
and tensile strength decreased [9,10]. A window between 
300 °C and 400 °C has been proposed as the point of opti
mum combination of strength and toughness [10]. Unfortu
nately, the treatments were of large duration, far from the 
short time treatments usual in industrial practice. 

Information in the literature on short time treatments of 
pearlitic wires has been published infrequently and is usually 
restricted to thermal treatments without simultaneous stress-



ing [11-13], though evidence is provided of softening mech
anisms such as the spheroidization of cementite lamellae 
after 30 s at 500 °C [11], or even at 450 °C, together with 
recovery at 425 °C [12,13]. The tensile strength seems to 
have a complex dependence on heating time, temperature, 
and silicon content. 

DSA in pearhtic steels has been studied for cold-drawn 
[14] and undrawn wires [15]. The conclusion is similar in 
both cases: the decomposition of the cementite controls the 
dynamic strain aging in pearlitic steels, as formerly observed 
for the second stage of static strain aging. However, authors 
of the above studies did not examine the wire behavior after 
DSA treatment. Closer to industrial practice, Zeren and 
Zeren [16] carried out laboratory thermo-mechanical treat
ments (250 °C to 400 °C temperatures and stretching level 
between 20 % and 50 % of the RT strength, though during 
an unspecified time interval). They obtained a continuous 
increase in yield and tensile strengths, and a decrease of 
relaxation, with an increase of the temperature or the stretch
ing level of the treatments. 

The published literature is hardly representative of the cur
rent industrial practices, as can be inferred from the quoted 
references, which provide well accepted temperature win
dows for static treatments, and some understanding of the 
mechanisms of age hardening and age softening that are active 
in the appropriate temperature ranges. Nonetheless, quoting 
a conclusion of the cited review by Phelippeau et al. [7], 
"The high level of residual stresses measured, at different 
scales, must certainly be taken into account for better under
standing, even though the links with the mechanical proper
ties are not clearly evidenced". In this sense, the work on 
residual macro-stress in the ferrite phase has examined the 
stress distribution along the wire diameter [17] and the resid
ual stress evolution during tensile loading and unloading 
[18] or as a result of thermo-mechanical treatments [19,20]. 
The aim of the present work is to explore the possibilities of 
optimizing the properties of prestressing wires by means of 
the modification of the residual stress by short thermo-
mechanical treatments, not only the properties such as yield 
or ultimate strength and ductility, but also those of relaxation 
and hydrogen embrittlement. To this end, tensile, stress 
relaxation and hydrogen embrittlement tests were performed 
and residual stresses at the surface were also measured by X-
ray diffraction. Information on the residual stress distribution 
in the bulk of the five materials, measured by neutron dif-

Table 1. Parameters of the stabilizing ta 

Stretching stress 
(% <7„) Low: 330 
Low: 38 

Standard: 50 LT (low temperature) 
High: 64 

fraction, has been published previously [20]. Those results 
will be taken into account. 

2. MATERIALS AND EXPERIMENTAL 
METHODS 

2.1. Materials and treatments 
Commercially cold-drawn eutectoid steel wires were used 

in this study. Their chemical composition was: 0.815 C, 
0.231 Si, 0.642 Mn, 0.012 P, 0.008 S, 0.044 V and 0.221 Cr 
(wt.%). The initial rods (12 mm diameter) were subjected to 
six drawing passes to reach a final diameter of 7.0 mm; thus, 
the accumulated true strain was 1.08. The drawing velocity 
was 44 m min , and the temperature, controlled during the 
process, reached a maximum value of 197 °C on the wire 
surface at the exit of the last die. 

After drawing, the wires were subjected to an industrial 
thermo-mechanical stress relieving treatment. To ascertain 
the role of temperature and stretching in the stabilization, 
five treatments were selected for this research, combining 
three temperatures of 330, 400 and 460 °C and three stretch
ing levels 38, 50 and 64 % of the RT nominal maximum ten
sile stress Rn(1860 MPa). The time duration was equal for 
all treatments and the concrete value was not precisely 
known, though this value was anticipated to be short as is 
usual in industrial practice, in the range of a half second, 
which is the time needed to reach the treatment temperature, 
to a few seconds [21]. These treatments and their notation 
are summarized in Table 1. The treatment S is a standard 
procedure in the cold-drawing industry. The microstructure 
was fine pearlite with the lamellae mainly oriented along the 
drawing axis; this structure did not seem to be affected by 
the treatment at a level that can be appreciated under scan
ning electron microscopy. 

2.2. Residual stress measurements 
Residual stresses were measured at the surface of the wires 

by X-ray diffraction. The interplanar lattice spacing between 
the (hkl) planes was calculated, using Bragg's Law, by mea
suring the 29 angle at which the reflection occurs for a fixed 
wavelength of the incident beam. From that, it was possible 
to obtain the residual stress in the ferrite phase from the gra
dient of the well known "d" vs. sin \|/ plot. The a-Fe reflec
tion under study was (2,1,1), which produced a Bragg peak 
at 29=156.08° for the CrKa radiation employed (A=2.2909 

íents and names of the resulting batches 

Temperature (°C) 
Standard: 400 High: 460 
LF (low force) 

S (standard) HT (high temperature) 
HF (high force) 

<T„ is the specified characteristic value of maximum stress (1860 MPa) at room temperature 
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Fig. 1. Surface axial residual stress after five different post-drawing 
thermo-mechanical treatments. Section average of inner axial residual 
stress, after [20], is included too. 

A). Experiments were performed in Q-mode with parallel 
beam optics. In addition, the single crystal elastic constants 
for the (2,1,1) reflection of a-iron were used to calculate 
E=211 GPa, and v =0.25. More details about the method can 
be found elsewhere [22]. 

Measurements were performed with a Rigaku Strainflex 
analyzer (30 kV and 8 mA). A 5 mm diameter mask was used 
to focus the gauge volume. With the aim of improving the 
measurement precision, a special experimental set-up was 
designed for the wires. It consisted of an XY table (±0.01 
mm precision) with two wire supports specially designed for 
turning the wire around its axis at 45° steps. This allowed the 
collection of measurements in large samples without having 
to cut them into small pieces. Samples were 550 mm in 
length, the required size for standardized hydrogen embrit-
tlement tests. Residual stresses were measured on four points 
situated on the 0-90-180-270 degree orientations of the 
perimeter of the central cross section (see Fig. 1). 

2.3. Tensile, stress relaxation and hydrogen embrittle-
ment tests 

The standard mechanical properties were obtained from 
tensile tests performed on treated wire specimens of 20 cm 
gauge length at an elongation rate of 3 mm min , in accor
dance with ISO 15630-3 [23]. A universal testing machine 
with a 100 kN load cell and a 12.5 mm resistive extensome-
ter was used for this purpose, and a minimum of three valid 

tests were carried out on each type of wire. 
Stress relaxation was measured as the loss of stress in a 

material held at a constant strain during a conventional time 
interval after loading. All the tests were performed in the 
same electro-mechanical universal testing machine and in 
accordance with ISO 15630-3 [23]. Wires were initially loaded 
at 70, 80 and 90 % of the ultimate tensile load, maintained at 
constant load for 120 seconds, and held at constant elonga
tion at room temperature (25±2 °C) for 120 hours. The load 
evolution was continuously measured with a load cell and 
the initial F0 and final F120 values of the 120 h interval were 
used to classify the stress relaxation behavior using as an 
index the percentage of initial load loss 100(/vFi2o)^o . 

In 1978, the International Federation for Prestressing (FIP) 
proposed the ammonium thiocyanate test to control the sus
ceptibility of such steels to hydrogen embrittlement. Nowa
days, there is general agreement that hydrogen embrittlement 
plays an important role in environmentally assisted cracking 
of cold-drawn eutectoid steels [24]. The FIP test, now assumed 
by ISO 15630-3 [23], ranks the wire susceptibility to hydro
gen embrittlement by the time to fracture of a steel wire 
loaded at a constant tensile force of 0.8 Fm (where Fm is the 
maximum tensile load) and immersed in an NFI4SCN solu
tion (200 grams of NH4SCN in 800 ml of distilled water) at a 
constant temperature of 50=1=1 °C. The hydrogen susceptibil
ity of the five batches of wires was measured following the 
FIP recommendations, though additional tests were performed 
in the same environmental conditions at a constant tensile 
force of 0.65 Fm, as this load is more representative of the 
working load of the prestressing wires and to achieve a better 
understanding of the stress effect. The HT material was also 
tested at a force level of 0.72 Fm to better determine its 
behavior. Four to eight samples per batch were tested at each 
load level. The test set-up and procedure are described in 
detail elsewhere [25]. 

3. RESULTS AND DISCUSSION 

3.1. Residual stress 
The axial residual stress of the ferrite phase next to the sur

face was measured in two specimens per wire class, prior to 
test the wires for stress relaxation and hydrogen embrittle
ment. Four measurements were made on positions regularly 
distributed on the perimeter of a cross section in the central 
part of the specimen. The residual stress seemed to follow a 
wavy variation along the perimeter. This asymmetry may 
have been due to some coiling-straightening operation of the 
wires [26] or to a certain degree of asymmetry in the cold-
drawn process. The positions were named 0°, 90°, 180° and 
270° in reference to their angles, in relation to an arbitrary 
point on the cross section contour. The effect of the thermo-
mechanical treatments on the residual stress as measured on 
the ferrite phase can be seen in Fig. 1, in which the repre-



sented values are affected by a standard deviation ranging 
from 16 to 32 MPa (not included in the figure for the sake of 
clarity). 

Even though the adjusting lines are speculative and the 
stress peak may be higher than can be inferred from the fig
ure as a result of the smoothing effect of the tested area 
extension, no significant differences can be expected given 
that the values compare well with near surface residual 
stresses measured with neutron diffraction [20]. It can be 
appreciated that after the milder treatments, in which load or 
temperature are low, the residual stresses are still locally 
high. The axial residual stress on the surface is clearly 
reduced by the standard treatment, though more aggressive 
treatments in force or temperature, such as HF and FIT, are 
necessary for higher reductions to be achieved. The inner 
axial residual stress in ferrite, averaged on the section of the 
wire, has been taken from [20] and is included in Fig. 1 to 
facilitate readability in the results discussion. 

These surface stress results may be rationalized by consid
ering how the tensile stress applied during stabilization is in 
relation to the yield stress at the treatment temperature. Tak
ing into account the published tensile test results [27] for 
wires of the same manufacturer and with the same composi
tion as the present wires (the composition reported in that 
paper is erroneous), it can be estimated that the yield strength 
of a cold drawn wire at 330, 400 and 450 °C, dropped to 
about 0.65, 0.53 and 0.43 of its RT ultimate strength (Rm), 
respectively. Then, the stabilization stress is in the elastic 
zone in the LT (330 °C, 0.50 Rm) and LF (400 °C, 0.38 Rm) 
cases; it is at the beginning of the plastic range in the S (400 °C, 
0.50 Rm) treatment; and, for the HT (460 °C, 0.50 R ^ and 
HF (400 °C, 0.64 Rm) situation, the applied stress is higher 
than the yield stress. This would imply that the as-drawn dis
location density and distribution, hence the macro-stresses, 
would be nearly unchanged in the LT and LF treatments. 
However, the residual stress present in the as-drawn wire 
was tensile and ranged from 100 to 500 MPa at the surface 
(the residual stress radial profile can be seen in [20]). Its 
superposition to the applied stress increases the stress level at 
the wire surface and the Von Mises criterion is complied 
with at the surface zones of LT and LF material. This allows 
local plastic straining and a global residual stress reduction. 
When the applied stress is near or higher than the yield 
strength, as in the S, HF and HT cases, plastic deformation 
spreads to the inside of the wire. After cooling and unloading 
the wires, the residual stress obtained is reduced for the S 
treatment, or inverted to compressive stress for the HF and 
HT treatments. 

In the former reasoning, the residual stress in ferrite and 
applied stress are not expressly distinguished, something 
which clearly merits justification. In the recent literature [18, 
28], it has been shown that, during the axial elastic straining 
of cold-drawn pearlitic wires, ferrite and cementite follow a 

linear Hooke's law of apparent Young's moduli close to the 
macroscopic moduli. Furthermore, it has also been shown 
that in the elastic range any applied stress produces an 
increase in phase strain in both phases that accumulates to 
their residual phase strain. In consequence it is an admissible 
simplification to add the applied stress and the residual stress 
to estimate the phase stress. In fact, a stress partitioning anal
ysis using the iso-strain model does not substantially change 
the stress in the ferrite with regard to the value predicted with 
simple addition. A similar need for caution may also arise 
when associating the onset of macroscopic yielding with the 
fact that the ferrite stress is equal to the macroscopic yield 
strength; however, it has been a common assumption that 
pearlite yielding is controlled by the onset of plastic defor
mation in the ferrite [29,30] and the simultaneous beginning 
of specimen and ferrite yielding has been recently docu
mented for pearlitic wires with residual stress and after stress 
relieving treatment [18]. 

An additional implicit assumption is that plastic straining 
of peripheral wire material with initial tensile residual stress 
promoted residual macro-stress reduction. Tomota et al. [18] 
tested the evolution of averaged ferrite lattice strain in the 
axial direction as a consequence of a loading-unloading pro
gram in the macroscopic plastic zone. They found that a 
compressive residual strain appeared in the ferrite after each 
unloading if the average initial residual strain was tensile or 
moderately compressive, and that the compressive residual 
strain increases in successive cycles until saturation. If the 
initial residual strain was high and compressive, it did not 
change significantly after unloading. Because of the force 
equilibrium requirement, cementite must result in tensile 
residual stress, something that in fact has been measured 
[31]. These results seem to support the present rationale, 
given that plastic straining reduces the tensile residual stress 
existing in the as-drawn surface. However, the results also 
seem to be in opposition to the evolution of the average val
ues of axial residual stress for these materials, as published 
by Ruiz-Hervias et al. [20], in which a compressive averaged 
residual stress in the as-drawn wire is reduced or inverted to 
tensile average residual stress by simultaneous plastic strain
ing and heating. The same discrepancy exists in the evolution of 
the residual stress in the center of the wire; this residual 
stress changes from highly compressive in the as-drawn wire 
to virtually null in the HT material. From the Tomota et al. 
results [18], a reduction of tensile surface stress or a com
pressive stress would be expected in the present materials, 
but without a change in the compressive stress at the wire 
center (that is to say, the smoothing of the radial distribution 
of the axial stress with the wire center compressive stress as 
base level). This smoothing would facilitate relaxation of the 
macro-stress by relaxation of the tensile ferrite and compres
sive cementite stresses, though that did not happen in the 
material studied by Tomota et al. [18]. A possible cause that 



would explain this apparent discrepancy lies in the thermal 
part of the treatment that does not exist during the plastic 
straining studied by the above cited authors. Since raising 
the temperature in tensile tests lowered the yield strength of 
the wires (that is to say, it facilitated the dislocation mobil
ity), the simultaneous heating and stressing would promote 
dislocation rearrangement to lower energy configurations, 
and this would be manifested as a residual macro-stress 
relaxation. In fact, a study of the reduction of ferrite micro-
strain by thermal treatment in the present temperature range 
has been published [8], and this reduction was interpreted as 
a sign of dislocation rearrangement or destruction. A consid
eration of the evolution of the radial distribution of ferrite 
micro-strain could help in understanding the detailed mech
anism of residual stress reduction, though such a study has 
not yet been performed due to the experimental difficulty. 

Because heating also facilitated the diffusion of carbon to 
dislocations, it is expected that after cooling there will exist a 
variation of the grade of dislocation pinning as an effect of 
the temperature used in each treatment. This aspect will be 
considered in the interpretation of the results of the tensile 
tests. 

3.2. Tensile properties 
Whereas the engineering stress-strain representative curves 

of the five wire classes, together with the relevant mechani
cal parameters, are shown in the Fig. 2, the effect of stretch-
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Fig. 2. Stress-strain curves of steel wires after the five post-drawing 
thermo-mechanical treatments. 
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Fig. 3. Influence of stretching stress, at 400 °C, on the tensile proper
ties. 

ing stress and temperature are displayed in Figs. 3 and 4, 
respectively. To the naked-eye, the five materials showed a 
cup and cone type fracture, though the cone was a complete 
cone (shear lips began at the wire center) in the LF and HF 
wires, whereas it was a frustum of cone of medium height in 
the HT material and of shorter height (smallest shear lips) in 
the S and LT cases. The area reduction was in an inverse cor
respondence with the shear lip size of the fracture surfaces, 
namely higher lips implied a smaller area reduction. 

From Fig. 3 it can be seen from the S, LF and HF results 
that the proof stress, tensile strength Rm and strain at maxi
mum load are not affected by the stretching level at 400 °C, 
while the area reduction increases when stretching stress is 
raised from 0.36 Rm to 0.50 Rm and decreases further on at 
0.65 Rm. Because the treatment temperature is the same in 
these materials, any difference in the mechanical behavior 
must be an effect of the stretching level. As the residual 
stresses in these three materials are different, whether sur
face stress or averaged values of axial residual stress, as seen 
in in Fig. 1, the results may indicate that not all the residual 
stress contributions (elastic interaction between surface and 
core zones, elastic interaction between phases, and phase 
micro-stress) are important in the first three mechanical 
parameters. An alternative interpretation is that residual 
stress does have not particular importance in considerations 
of proof stress, tensile strength or uniform strain since then-
values are practically the same in S, LF and HF materials. It 
seems that the temperature level of the treatment, probably 
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by controlling the pinning of dislocations, dominates the 
final behavior of the wires. Then, the grade of pinning of dis
locations, controlled by the diffusion of interstitials and 
hence temperature dependent, may be more important than 
the dislocation density; alternatively, this density could be 
similar in the three materials, contrary to what could be 
anticipated due to the different plastic strain associated with 
the different stretching levels. The evolution of the area 
reduction is intriguing and it is difficult to explain why the 
critical conditions to failure, related to area reduction, are 
similar in the LF and HF cases and are different from those 
of the S material. Such a dependence on the stretching force 
merits future research. 

The temperature of stabilization has an appreciable influ
ence on proof stress, as shown in Fig. 4, giving rise to a sys
tematic decrease as temperature increases; however, this has 
little influence on tensile strength except at 460 °C. A more 
marked effect is detected on area reduction and strain 
at maximum load, namely a monotonous decrease of the 
former and a continuous rising of the latter with the increase 
of the temperature of stabilization. 

Some of the effects of the temperature on mechanical 
properties can be justified by considering that the heating of 
the wires during stabilization treatment affects the carbon 
diffusion and location and the dislocation mobility. Hinch-
liffe and Smith [11] have located in a more precise way the 

three exothermic reactions first envisaged by Yamada [4]. 
Given the reaction temperature ranges (estimated from their 
graphics) from 100 °C to 230 °C, 130 °C to 400 °C, and 
270 °C to 610 °C, some degree of overlapping exists. The 
analysis of the reaction kinetics permitted Park et al. [22] to 
identify the apparent activation energy of each reaction. The 
second and third reactions are of interest in the present stabi
lization treatments, and are active during the treatments at 
330 °C and at 400 °C, though only the third could operate in 
the 450 °C treatment. The second reaction is identified with 
the partial cementite dissolution [32] and the supply of car
bon atoms to lock dislocations [11]. The third is associated 
with the re-precipitation of carbon and the spheroidization of 
cementite [32], together with the recovery of ferrite [4,12], 
with the consequence being a mechanical softening due to 
the decrease of obstacles to dislocation mobility. Bearing in 
mind the simultaneous application of stretching during stabi
lization, the sequence could be the following: pipe diffusion 
of carbon atoms swept by the moving dislocations to ferrite-
cementite interface, their inhomogeneous re-precipitation to 
produce the cementite globulization and the rearrangement 
of dislocations to lower energy patterns. The constant 
decrease of proof stress is in accordance with the common 
experimental fact that the proof stress increases to a maxi
mum at about 300 °C with static thermal treatments and 
decreases for higher temperatures, as in [9,10]. This indi
cates that the softening due to the third reaction predomi
nated over the strengthening of the second reaction. With 
regard to the tensile strength, the 330 °C and 400 °C treat
ments produced nearly the same values, suggesting that there 
are no significant changes in the microstructure. The drop 
with the 460 °C temperature may be associated with the 
beginning of the cementite globulization, which has been 
documented as observable after short treatments at this tem
perature level [13]. This is probably linked to some degree of 
microstructure change made possible by a reaction rate that has 
increased due to the higher temperature. However, the effect 
is slight, especially if the true stress instead of engineering 
stress is considered. 

The rise of the strain at maximum load with the tempera
ture can be qualitatively analyzed with Considere 's criterion 
for necking onset that, supposing a strain-rate insensitive 
material of Hollomon's type, can be written as sm=n, where n 
is the strain-hardening exponent. From the data in Fig. 2 or 
by comparing the difference between the proof stress and the 
tensile strength in Fig. 4, it is clear that the work hardening 
increases, hence n, as the treatment temperature increases. 
The strain at maximum load also increases as predicted. 
With regard to the area reduction, dependence on the stabili
zation temperature again merits future research. 

3.3. Stress relaxation 
The influence of the temperature and stress imposed dur-
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ing the stabilization treatment on stress relaxation behavior 
is summarized in Fig. 5. At the left side of the figure can be 
seen the effect of the temperature when a simultaneous 
stretching stress of 0.50 Rm was used in the treatment. For an 
initial applied stress of 0.70 Rm, the stress loss is nearly the 
same as that for the three temperatures. On the contrary, the 
differences are clear if the initial applied stress is 80 % of the 
tensile strength; the stress loss increases suddenly when the 
temperature of stabilization increases from 400 °C to 450 °C. 
Some authors have also reported a remarkable increase of 
the stress relaxation on patented, cold-drawn wires after ther
mal treatments [33], or of the room temperature creep strain 
after thermo-mechanical treatments [34], if the heat treating 
temperature and the initial stress exceed certain values. The 
present results for the 0.90 Rm level show a clear tendency of 
the stress loss to decrease to lower values as the treatment 
temperature rises. 

The dependence of the stress relaxation on the stretching 
level of the treatments at 400 °C is shown on the right side of 
Fig. 5. At an initial stress level of 70 % of tensile strength, 
the relaxation is low and nearly independent of the stretching 
level, and has a value similar to that in LT and HT materials 
at the same initial stress. For the level of 80 % of tensile 
strength, stress losses increase with regard to the results 
obtained at 0.70 Rm, as expected, and the higher values 
appear for the lower stretching stress (0.38 Rm). If a 0.90 Rm 
initial stress level is imposed, the relaxation increases again 
and appears to be slightly dependent on the stretching stress, 
decreasing when this increases. 

It is known that residual stresses due to cold-drawing 
influence the stress relaxation losses in ferritic steel [35]. In a 
recent paper, Atienza and Elices [36] showed the dependence of 

stress relaxation on post-drawing processes in pearlitic wires; 
the wires were tested as-drawn, with a thermo-mechanical 
treatment of stabilization alone, or were stabilized and sur
face rolled, with the intention of generating a small plastic 
surface deformation. Such processes produced different inner 
axial residual stress distributions, both in form and particu
larly in maximum value: high tensile residual stress at the 
subsurface region of the section and compressive stress at 
the central zone for the as-drawn wires, or low residual stress 
on the whole section in the stabilized wires, or high com
pressive stress at the subsurface region and moderately ten
sile stress at the remainder in the rolled wires. When these 
samples were tested for stress relaxation, the results were 
interpreted by the authors in considering the superposition of 
the applied and residual stresses and comparing this total 
stress with the yield strength. However, the residual stress 
distributions are not the sole difference among the wires 
because the stabilized wires were the only ones that were 
heat treated simultaneously with any plastic straining. In the 
as-drawn or rolled wires, the whole section or the subsurface 
zone was plastically deformed without concurrent or later 
heat treatment. Then, differences could be expected in the 
pinning of the dislocation population between the last two 
wires classes and the former ones, which were not taken into 
account and which could have increased the relaxation when 
the total stress was still lower than the yield strength. In the 
present work, all the materials were stabilized, that is to say 
dynamic strain aged, and the differences in residual stresses 
were not so marked; major differences in the microstructure, 
such as recovery, recrystallization and spheroidization, are 
possibly produced only in the higher temperature materials. 
The present results may serve as a more exigent test for the 
effect of residual stress on the relaxation behavior of pearlitic 
wires and will be analyzed with such an aim. 

As a general trend, stress loss increases with the initial 
applied stress, but the amount is higher when the stress is 
raised from 0.80 Rm to 0.90 Rm than when it is raised from 
0.70 Rm to 0.80 Rm. This may be because at the higher stress 
level, the applied stress is equal to the 0.1 proof stress in the 
LT material and is higher than the 0.2 proof stress in the 
other four cases. Then, all the materials were under plastic 
strain in their whole sections. It seems that the LT material 
might be an exception because the total stress, that is to say 
the stress with the inclusion of the section averaged residual 
axial stress (-150 MPa), is lower than 0.1 proof stress. How
ever, there is no exception because the data in Fig. 2 were 
obtained from specimens with the same residual stress and 
the whole section must be under plastic flow if the applied 
stress exceeds the Ro.i value. In consequence, the initial 
residual macro-stress distributions of the five materials have 
been smoothed and the maximum stress in all of them is a 
function of the sub-microstructure, produced by the cold-
drawing operation and by the stabilization treatment, and by 



the plastic straining produced at the start of the relaxation 
test. Consequently, the residual macro-stress does not seem 
to be a cause of the differences in stress relaxation at the 0.90 
Rm stress level. 

The nearly null effect at 0.7 Rm initial stress of the temper
ature or stretching stress variations suggests that different 
residual macro-stresses do not produce significant differ
ences in relaxation at this applied stress level. Moreover, the 
stress loss at the 0.80 Rm initial stress is clearly higher for the 
HT treatment than for the treatments at lower temperatures, 
despite the fact that the residual stress is very low in this 
material. The relaxation is also high for the LF treatment, 
though the residual stress is very high in the surface and it is 
tensile on average in the wire bulk. However, part of the sec
tion in the HT case must be plastically strained because, 
even though the applied initial stress is slightly under the 
onset of the plastic zone of the tensile behavior, there is 
enough tensile residual stress in the central part of the section 
(50 MPa of section averaged residual stress). This also hap
pens in the case of the LF material if the residual stress is 
superposed to the applied one. Here a wide subsurface zone 
is plastically strained. On the contrary, the LT material, which 
shows a higher tensile residual stress at the surface and a 
highly compressive stress on average in the wire bulk, has a 
stress loss similar to those of S and HF materials. In this 
case, only a narrow ring below the surface could be under 
plastic flow, and its relaxation grade is similar to that shown 
by S and LT materials. 

From the above analysis it is clear that the stress relaxation 
is increased over the normal value (calling as such the S, LT 
and HF values) for actual applied stress if the superposition 
of residual macro-stress and that applied stress overcome the 
local yield threshold. Determination of the quantitative rela
tion between the stress loss increment and the section area 
under yielding will not be attempted here. Then, what remains 
is an examination of those so-called normal values of stress 
relaxation in relation to the applied stress. This will be addressed 
next. 

Many phenomenological expressions have been proposed 
to relate the stress relaxation of cold-drawn pearlitic wires 
with time, though expressions for the effect of initial stress 
have been scarce. Stiissi [37], in a formula that included time 
and stress effects, has shown a complex dependence that 
Magura, Sozen and Siess [38] adapted to an expression that 
is linear on the time logarithm and on the quotient of initial 
stress by 0.1-offset stress, though their experimental results 
showed disagreement with such a law. Reynolds, quoted by 
O'Malley [33], introduced an exponential dependence that 
seems to show better agreement with the trend of the exper
imental fact of an accelerated increase of the stress relax
ation as the initial stress is increased. 

The results shown in Fig. 5, replotted in Fig. 6 in a semi-
logarithmic representation, show a quite linear dependence 
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Fig. 6. Stress relaxation as a function of the initial applied stress for 
the five stabilization treatments. 

of the natural logarithm of the relaxation on the initial stress 
in the S, LT and HF materials. Furthermore, and of signifi
cant importance, their results may be represented by a unique 
curve, suggesting that the respective treatments are similarly 
effective for the relaxation behavior if this behavior is corre
lated with the absolute applied stress. Low force LF and high 
temperature HT materials depart from that trend for the 
lower stresses, though they return to the general trend when 
the initial test stress is higher than the conventional limit 
stress, that is to say when the whole section yields. Satura
tion of the relaxation may be expected at higher stresses, as it 
occurs with similar materials [36]. 

Then, it can be assumed that these relaxation results can be 
interpreted as the addition of a stress loss part, exponentially 
dependent on initial applied stress, and a stress loss incre
ment in some way related with the area of the section zone 
under yielding by the contribution of the residual stress. The 
result for the HT material at the lower applied stress is some
what higher than that anticipated with this guideline, since 
no part is expected to yield at that applied stress level. This 
suggests that the HT microstructure may introduce an addi
tional contribution to the relaxation. 

3.4. Hydrogen embrittlement 
The results of the hydrogen embrittlement tests are shown 

in Fig. 7 in the form of time to failure as a function of the 
treatment of stabilization (stretching stress and temperature) 
and the applied tensile load (0.65 Rm and 0.80 Rm). It can be 
seen that the effect of treatment is more evident when the 
applied load was lower, whichever treatment parameter was 
considered. Time to failure seems to follow a linear depen
dence with the stretching load in the explored range. As for 
the temperature, the effect is moderately beneficial up to 
400 °C, though a sudden increase happens between that tem
perature and 460 °C. Taking into account both figures, it is 
apparent that the test ranked the environment resistance pro
duced by the treatments in the order LF, LT, S, HF and HT, 
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Fig. 7. Time to failure in the hydrogen embrittlement test as a func
tion of the stabilization treatment (stretching stress and temperatures) 
and applied tensile loads (0.65 Rm and 0.80 Rm). 

with the last being the most resistant to the failure in the 
hydrogen producing environment. Fractographic observa
tions of the fracture surfaces showed that, in all the cases, 
failure proceeded through the growth of a fissure on a slant
ing orientation to the wire axis and nucleated at the wire sur
face, in keeping with previously published results for similar 
materials [25]. 

There is no unanimously accepted microscopic mecha
nism of hydrogen assisted metal failure; however, at a mac
roscopic level, it is assumed that a critical couple of tensile 
stress and hydrogen concentration must occur at a finite size 
material zone for failure initiation or propagation [39], with 
the critical concentration decreasing if the stress is increased. 
According to this, a crack is initiated or its growth is pro
moted when the concentration of hydrogen at a pre-existing 
stressed defect exceeds some critical value. 

Because the stress is constant for the FIP tests, the time to 
failure initiation depends on how the hydrogen concentration 
is built up and how high the critical concentration is at the 
initiation site. As the velocity of crack propagation is very 
high in these high strength materials (about 10" ms~ ) [40], 
time to initiation and time to failure are practically equal. 
Hence the results in Fig. 7 can be interpreted as the time to 
build up a critical concentration on a finite size initiation zone. 

The question is where the hydrogen concentration may be 
higher. As the hydrogen is charged from the environment 
over the duration of the test (dynamic charging), a high 
hydrogen concentration is maintained constantly on the sur
face. However, the concentration distribution at the inner 
part of the wire depends on diffusion and trapping processes. 
The flux of hydrogen in metals is promoted by negative con
centration gradients and by positive hydrostatic stress and 

plastic strain gradients [41]. As the steel wires will have been 
charged dynamically, the concentration of hydrogen must be 
higher in the neighborhood of the surface at any time, and 
local accumulation is favored by the strain and residual 
stress distributions if these decrease from the surface to the 
axis, as is the case for S, LF and LT materials [20]. Then, a 
near surface location for the initiation zone is compatible 
with the hydrogen dynamic charging and the strain and 
residual stress distribution; this is confirmed by the fracto
graphic observations cited above. 

It is also known that increasing the axial stress applied to 
the wires decreases the time to failure in pre-cracked wires 
[42] and smooth wires [43,44]. This raises the issue of what 
stress is critical to the failure. The applied stress has a dual 
role: it increases the tensile stress at the initiation site over 
the axial residual stress, and it promotes the hydrogen loca
tion near the surface of the wire because it increases the 
hydrostatic stress over the hydrostatic residual stress level. In 
this analysis the hypothesis is made that, as for smooth 
wires, failure initiation happens at a subsurface site where 
the local axial stress is the highest. The results seem to con
firm this, as will be discussed later. Because of residual 
stresses, the superposition of the surface residual axial stress 
and the externally applied axial stresses must be considered 
when analyzing these results. And, as was shown in section 
3.1, this superposition can be carried out by adding the 
applied and residual stresses. Consequently, it seems appro
priate to represent the time to rupture versus the maximum 
total local stress in the ferrite at the surface of the wire, cal
culated as the sum of the applied axial stress and the maxi
mum measured residual axial stress in the ferrite at the wire 
surface. 

This has been done in Fig. 8, using the results from Figs. 1 
and 7, and an additional result for the HT material at 0.72 Fm 

load. Clearly, whereas the results for S, LF, LT and HF mate
rials roughly define a unique curve, the HT results seem to 
be placed on a similar curve, shifted to longer lives. This 
behavior suggests that the main difference between most of 
these materials, excluding the HT material, and at least for 
the high range of stresses tested here (65 % to 80 % of ten
sile strength), is the maximum axial residual stress in the fer
rite at the surface of the wires. At high stresses, some yielding 
of ferrite occurs because the flow stress has been surpassed 
on the surface and the actual total stress may be lower than 
the simple superposition of residual and applied stresses, 
though this fact would not significantly change the tendency 
shown in Fig. 8. 

The results in Fig. 8 can be analyzed from the point of 
view of the dual role of stress components that was empha
sized above (the hydrostatic component as a factor in the 
build-up of the local hydrogen concentration and the axial 
component as mechanical agent of the local break of the 
material). The correlation between the total stress at the sur-
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Fig. 8. Time to fracture in hydrogen embrittlement tests as a function 
of the total maximum axial stress (sum of residual and applied stress) 
at the wire surface, for the five stabilization treatments. 

face and the time to rupture, practically insensitive to the S, 
LF, LT and HF treatments, suggests the following: the axial 
component of stress is the controlling parameter, and the 
effects of the hydrostatic component are not so important 
because they are small or overshadowed by the proximity 
between the hydrogen source and the failure initiation site 
(this assures a high hydrogen concentration at the subsur
face, whatever the hydrostatic stress level in the zone). Then, 
the results support the above hypothesis of failure initiation 
in smooth wires happening at a subsurface site where the 
local axial stress is the highest. It seems probable that the S, 
LF, LT and HF treatments affect the cold-drawn pearlitic 
microstructure in a mode that does not alter significantly the 
critical couple of tensile stress and hydrogen concentration 
needed for failure initiation. 

In such a rationale, the atypical behavior of the material 
treated at 460 °C may be a consequence of changes in the 
microstructure, as was noted in the discussion of the tensile 
test results, which bring in other factors apart from the resid
ual stress, such as the integrity of the cementite lamellae 
[13]. These changes could act to reduce the diffusion and the 
local hydrogen accumulation rates, or to increase the critical 
value of hydrogen concentration for a given axial stress. 

The measured time to reach the saturation concentration of 
as-drawn pearlitic wires in standard FIP tests (0.8 Fm) is 
nearly 20 h [45]; it can be expected that this time would 
increase if the total stress were smaller. Then, the times to 
failure obtained here for all treatments are compatible with 
the failure happening while the mean hydrogen concentra
tion is still increasing. Therefore, differences in hydrogen 
availability associated with dissimilarity in the diffusion pro
cess would be the cause of the improved efficiency of the 
HT treatment in increasing the lifetime of the wires. How
ever, the local concentration depends also on the trapping 

action of some microstructural sites, which increase the 
harmful hydrogen effect if the site is an easily fractured cen
ter or reduce the harmful hydrogen effect if the site is of an 
innocuous type [46]. Tramps in the cold-drawn pearlitic 
wires have been investigated by thermal desorption spec
trometry and two peaks of desorption, in the range of 100-
200 °C and 300-400 °C, have been detected by many authors. 
The first peak has been attributed first to harmful diffusible 
hydrogen, and the second peak to innocuous trapped hydro
gen [47-49]. Takai and Nozue [50] found that, after 24 hours 
of charging, total and trapped hydrogen content decreased 
with the temperature of the post-drawn thermal treatments, 
but diffusible hydrogen has a maximum value at 400 °C, 
and, by interpolating their results, the value for 330 °C was 
similar to the one for 460 °C. Their results did not seem to 
support that harmful diffusible hydrogen availability, hence 
differences in the diffusion process, were the cause of the 
better behavior of HT wires and not of the LT wires. This 
would leave a change in the critical couple between hydro
gen concentration and axial stress at failure initiation site as 
the reason for the longer survival time of the HT wires, that 
is to say, the need for a higher concentration for a given 
stress. 

It is necessary once again to note that whereas treatments 
in the hterature are usually only thermal treatments, the present 
wires have been subjected to very short thermo-mechanical 
treatments and the sub-microstructural consequences that 
such treatments have have yet not been studied. The discus
sion of the present results through knowledge of thermal 
treatments effects may be plausible, though necessarily incom
plete. It is clear that more work is needed on such an aspect 
for a better understanding of the behavior of thermo-mechani-
cally treated pearlitic wires. 

4. CONCLUSIONS 

In this work the effects of temperature and stretching level, 
in the range of the commercial stress-relieving treatments of 
prestressing steel wire, have been evaluated, with the aim of 
reducing stress relaxation losses and increasing hydrogen 
embrittlement resistance, without reduction of tensile mechani
cal properties. From this research the following conclusions 
can be made: 

1. Increasing the stretching force during the stabilization 
procedure has no effect on the proof stress, tensile strength, 
strain at maximum load, or stress relaxation at usual initial 
stress (0,7 Rm), though it improves the hydrogen resistance 
moderately. 

2. Increasing the temperature during the stabilization pro
cedure decreases the tensile properties of the wires, espe
cially the proof stress. The strain at maximum load increases. 
The hydrogen resistance increases moderately with the stabi
lization temperature up to 400 °C and increases significantly 



above this temperature. Temperature has little influence on 
relaxation at initial stress of 0.7 Rm and is harmful at the 0.8 
Rm level if it approaches 460 °C. 

3. These stress-relieving treatments seem to have a similar 
effect on relaxation, with the exceptions of the high temper
ature treatment and the low stretching treatment. Except in 
these cases, the relaxation appears to depend exponentially 
on the applied stress. 

4. The effect of these stress-relieving treatments on time to 
failure in hydrogen promoting medium seems to be con
trolled by the total (applied plus residual) stress at the sur
face, at least for applied stresses higher than 0.65 Rm, with 
the exception of the high temperature treatment, which may 
induce changes in the pearlite microstructure that increase 
significantly its resistance to hydrogen. 
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