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Effects of hydrogen assisted stress corrosion on damage tolerance of a high-strength duplex 
stainless steel wire for prestressing concrete 

M. de Abreu, M. Iordachescu, A. Valiente 

Materials Science Dpt., E.T.S.I. Caminos, Canales y Puertos, Universidad Politécnica de Madrid, 
C/Profesor Aranguren s/n, 28040 Madrid, Spain 

Highlights 

• Hydrogen assisted stress corrosion cracking in cold drawn duplex steel wires. 
• Effects of hydrogen on damage tolerance of cold drawn duplex steel wires. 
• Tensile failure mechanism of damaged cold drawn duplex stainless steel wires. 

Abstract 

The study brings new insights on the hydrogen assisted stress corrosion on damage tolerance of a 
high-strength duplex stainless steel wire which concerns its potential use as active reinforcement 
for concrete prestressing. The adopted procedure was to experimentally state the effect of hydrogen 
on the damage tolerance of cylindrical smooth and precracked wire specimens exposed to stress 
corrosion cracking using the aggressive medium of the standard test developed by FIP 
(International Prestressing Federation). Stress corrosion testing, mechanical fracture tests and 
scanning electron microscopy analysis allowed the damage assessment, and explain the synergy 
between mechanical loading and environment action on the failure sequence of the wire. In 
presence of previous damage, hydrogen affects the wire behavior in a qualitative sense, 
consistently to the fracture anisotropy attributable to cold drawing, but it does not produce 
quantitative changes since the steel fully preserves its damage tolerance. 

Keywords: 

High-strength duplex stainless steel; Prestressing wire; Hydrogen assisted damage; FIP stress 
corrosion test; Damage tolerance 

1. Introduction 

Prestressing concrete is a major finding in civil engineering, based on artificially induced internal 
stresses to prevent concrete from tensile stresses when external loads act. Since this occurs at the 
expense of prestressing steel, which is heavily tensile loaded during prestressing concrete, the 
technique requires steels of extremely high tensile strength and moderate cost. Today, these two 
conditions are satisfied by applying cold-drawing as manufacturing technique to high-carbon 
eutectoid steels. Therefore, most of the currently produced prestressing steels with tensile strength 
ranging from 1600 to 1800 MPa are cold-drawn wires and strands, and to a less extent, quenched 
and tempered bars. 

Prestressing steel is the most critical component of prestressing concrete structures. Often, its 
failure involves the collapse of the whole structure. Then, damage resistance and damage tolerance 
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are properties that must be required from prestressing steel to the same extent that damage is 
propitiated by the service conditions of the structure. In practice, the minimum 3.5% of uniform 
elongation required to cold-drawn wires for prestressed concrete [1] assures the damage tolerance 
level intrinsic to ductile steels [2]. In contrast to reinforced concrete, prestressed concrete is free of 
cracks due to the absence of tensile stresses, but this does not suppress the risk of corrosion damage 
of prestressing steel by environmental attack. The collapse of prestressing concrete structures 
originated by corrosion has occasionally occurred for years [3,4]. Once disregarded the cases 
originated by defective steel or underestimated environmental aggressiveness, the susceptibility to 
stress corrosion cracking is the feature that governs the corrosion failure of the prestressing steel 
products [3]. 

Stress corrosion cracking is a localized damage process resulting from the combined action of 
tensile stresses and environmental attack. Models of stress corrosion cracking range from the 
cracking dissolution of the metal to its local embrittlement due to the uptake of damaging species, 
as dissociated hydrogen. There is a general agreement that hydrogen uptake is the dominant and 
most dangerous stress corrosion cracking mechanism for prestressing steels [5–7]. 

Protection systems consisting of mechanical or electrochemical barriers to the aggressive media are 
available, but experience shows that they are doubtfully effective, if not counterproductive [8]. As 
consequence, two technological testing procedures, FIP and DIBt, were respectively developed by 
FIP (International Pre-stressing Federation) and DIBt (German Institute of Structural Engineering), 
in order to assess the resistance to stress corrosion cracking of prestressing steel [6,9]. Both tests, 
designed to promote hydrogen uptake into prestressing steel, are standardized [9]. Even though 
their discriminating power is similar, they differ in the aggressiveness of the employed media and 
consequently in the test duration [10]. 

Stainless steel is a structural metallic material with great potential of being used in prestressed 
concrete due to its excellent corrosion resistance and its ability to be cold worked. Furthermore, 
stainless steel products are widely used in the construction industry as passive reinforcements of 
concrete and as mechanical connectors for constructional details [11]. Then, strength and ductility 
levels typical of prestressing steel can be obtained by deep cold drawing of stainless steel up to 
80% reduction in cross sectional area [12–14]. 

However, cold drawing can give rise to the transformation of austenite into martensite, in both 
austenitic and duplex stainless steels [15]. Then, strain-induced martensite reduces the corrosion 
resistance of stainless steel in two ways [16]: by forming with austenite a galvanic corrosion micro-
cell that favors pitting corrosion and by providing to hydrogen both a penetration path and a micro-
structural component easy to embrittle. In austenitic stainless steels the alloying elements such as 
Ni, Mn and Cu are austenite stabilizers and mitigate the volume fraction of strain-induced 
martensite [16,17]. In duplex grade steels, strain-induced martensite fraction depends on the 
volume fractions of austenitic and ferritic phases and the cold drawing level [18]. Their corrosion 
resistance is considerable improved by additional alloying elements such as Mo and N [18,19]. 

So far, more attention has been paid to pitting corrosion of cold-drawn austenitic and, to a less 
extent, to duplex stainless steel, when exposed to the most aggressive environment found in 
prestressed concrete, given by the carbonated concrete with high concentration of chlorides. 
However, previously reported results on corrosion resistance of duplex steels wires are highly 
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satisfactory, especially when containing fractions of Mo ranging from 2% to 3%, are enhancing 
their potential use as prestressing steels [13,14]. 

In contrast to pitting corrosion resistance of cold-drawn wire of stainless steel [11,16,18], few data 
concerning its resistance to hydrogen assisted stress corrosion cracking are available; four 
austenitic and one duplex steel wire of different Mo content have been FIP tested [16,17]. Only the 
tests performed with the austenitic steel, Mo free, resulted in catastrophic failure; even though, the 
wire lifetime was much longer than that expected from any existent eutectoid prestressing steel 
[16,17]. 

In this research, the previously assessed results of [2] regarding the damage the tolerance of cold 
drawn duplex 1.4462 stainless steel wires are extended to damage caused by hydrogen 
embrittlement as stress cracking corrosion mechanism. The serious risk that this damage process 
entails to the integrity of prestressing concrete structures, the potential use of cold drawn duplex 
steel wire as prestressing steel, and the scant available data impelled the investigation. 

The FIP testing method is adopted as the basic means of producing the hydrogen assisted damage 
to the examined duplex steel wire. Subsequent tensile testing and Scanning Electron Microscopy 
(SEM) analysis were used for the damage assessment. Fatigue pre-damaged wire specimens were 
also subjected to the FIP test in order to separate the hydrogen effects in the initiation and 
propagation stages of the damage process. 

2. Experimental details 

The tested high strength stainless steel is a 1.4462 duplex grade [20], industrially manufactured as a 
4 mm diameter wire, by several passes of cold-drawing up to producing about 70% of cross section 
reduction. Such a cold-drawing process gives rise to a strongly orientated microstructure along the 
drawing direction and pro-vides a mechanical resistance comparable to that of the eutectoid 
prestressing steels. The chemical composition of the tested 1.4462 duplex steel is given in Table 1. 

Table 1. Chemical composition of the tested 1.4462 duplex steel (% weight). 

C Si Mn P S N Cr Mo Ni Fe 
0.03 0.614 1.779 0.029 0.001 0.178 22.8 3.33 4.8 Bal. 

Tensile properties of the wire were determined at room temperature [9], on samples of 450 mm 
length, as benchmark on evaluating its resistance to hydro-gen assisted damage. The tensile tests 
were performed with a 200 kN servohydraulic universal testing machine using a constant crosshead 
speed of 1 mm/min. Elongations were measured on a gauge length of 12.5 mm with a conventional 
clip-on extensometer. Table 2 shows the mechanical characteristics of the wire. 

Three wire specimens (Fig. 1) were fatigue precracked from sharp notches of 0.5 mm depth, 
machined with a straight front perpendicular to the longitudinal axis of the wire. Fatigue 
precracking was performed by applying cyclic tensile loads ranging between 1 and 4 kN. An 
average number of 10,000 load cycles was applied to each specimen, at a frequency of 5 Hz. To 
produce cracks of nominally equal size, a conventional clip-on extensometer, of 12.5 mm gauge 
length, was monitoring the fatigue crack growth through the elastic compliance of the notched 
zone. One of the precracked specimens was used to determine, by direct measurement, the wire 
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bearing capacity in this damaged condition. The other two precracked specimens and a number of 
undamaged specimens, of same length, were dedicated to stress corrosion testing. 

Table 2. Mechanical properties of the tested 1.4462 wire. 

Elastic 
modulus, E 

Yield 
strength, Rp0.2 

Tensile 
strength, Rm 

Maximum 
uniform 

elongation, A5 

Reduction in 
area, Z 

160 GPa 1420 MPa 1660 MPa 2.2% 70% 

 

Fig. 1. Sketch of the fatigue precraked wire specimen showing the position and dimensions of the starter 
notch: R – wire diameter; a – crack depth; 2b – distances between crack front ends; c – semiaxis of the 

ellipse to which crack front is assimilated. 

The damage tolerance of this wire steel had been previously obtained [2] by tensile breaking wire 
specimens, similarly precracked for a range of crack depths from 0.2 to 0.6 times the wire diameter. 

The FIP test method was used to assess the susceptibility to stress corrosion of the prestressing 
steel wires [3]. It consists of constant tensile loading the wire specimen, immersed in a non-
circulating corrosive solution of ammonium thiocyanate, maintained at constant temperature. The 
load is set to produce a constant stress equal to 0.8 times the tensile strength of the wire. The 
corrosive solution, of approximate 4.5 pH, contains 200 g of NH4SCN for each 800 ml of distilled 
H2O is kept at 50 ºC. The hydrogen embrittlement of the wire steel results from a cathodic stress 
corrosion mechanism [6]. The test result is the lifetime to fracture of the specimen. Normally, the 
test is stopped if fracture does not take place within 240 h. 

The specimens to be tested were rubbed with cotton dipped in butanone (CH3COCH2CH3) and 
washed with isopropyl alcohol (C3H8O). Deionized water, of conductivity less than 0.5 μS/cm, was 
used for preparing the corrosive solution. The tests were performed in double-walled thermostatic 
corrosion cells containing about 1 l of the corrosive solution. An exposed length of about 20 cm 
was delimited at the central part of the wire specimen; an adhesive tape was used to avoid the 
differential aeration of the cell. The solution temperature was maintained at 50 ± 1 ºC through a 
continuous water flow, pumped in the external chamber of the cell from a thermostatic bath. The 
specimen was mechanically fastened to the load train with prestressing commercial anchorages and 
sealed in place. Once vertically anchored the specimen, the inner chamber of the cell was filled 
with the corrosive solution. The tensile load was immediately applied by hanging dead weights to a 
lever machine coupled to the loading train. A timer, which automatically stops once the specimen 
breaks, registered the testing time. The experimental arrangement is depicted in Fig. 2. 

Three undamaged wire specimens and two precracked ones were tested according to the FIP 
procedure with the following variations regarding the applied load: two undamaged specimens 
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were tensile stressed to 80% of the tensile strength of the wire, while the third was only stressed to 
60%. The precracked specimens were loaded to 80% of the failure load of an equally cracked wire, 
obtained by tensile testing, in air, the third precracked specimen. 

 

Fig. 2. Experimental arrangement for stress corrosion FIP test. 

The test procedure and the equipment used for tensile testing the cracked wire specimens as well as 
the cylindrical smooth wires, in as received or modified conditions, were the same as required in 
[9]; the clip-on extensometer, of 12.5 mm gauge length, was attached to the specimen in front of 
the crack. 

3. Results and discussion 

3.1.  Effect of FIP testing on undamaged wire 

The FIP tests of the three undamaged – cylindrical smooth – specimens were stopped after 285 h 
without them having col-lapsed. Once removed from the aggressive solution and cleaned, they 
were examined by optical microscopy to detect corrosion pits that could activate the crack initiation 
mechanism described in [16] for cold drawn stainless steels. No significant signs of pitting 
corrosion related to crack initiation were found. Next, the specimens were tensile tested to 
determine eventual changes of mechanical behavior, as consequence of presumable damage 
induced by hydrogen. 

Fig. 3 brings forward the experimentally obtained stress–strain curves of the previously FIP tested 
wires. For comparison, it also includes the stress–strain curve of the wire in the as received 
condition. The differences shown in Fig. 3 are better due to the plastic yielding and strain 
hardening of the wires, instead of attributing them to a presumable hydrogen induced damage that 
do not pro-duces corrosion pits capable to initiate cracks. The points A and B plotted in Fig. 3 on 
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the stress–strain curve of the wire in the as received condition correspond to the stresses applied in 
the FIP tests, i.e., 0.60Rm and 0.80Rm (Rm is the wire tensile strength). These stresses do not 
exceed the conventional yield strength of 0.85Rm, but they do exceed the stress from which the 
curve deviates from linearity. This occurs well prior to the conventional yield strength because 
plastic yielding and strain hardening gradually develop in stainless steels, even cold-drawn. Then, 
the stress of 0.60Rm applied in the FIP test is insignificantly modifying the original pattern of the 
strain–stress curve, showing only a slight strain hardening of the steel, meanwhile the stress of 
0.80Rm indicates a more severe strain hardening, which sensitively increases the yield strength and 
drastically decreases the maximum uniform elongation. However, as presented in Fig. 3, the 
different loading levels applied in the FIP tests does not change the bearing load capacity of the 
wire, in accordance with a strain hardening process rather than a damage one, induced by 
hydrogen. This is also supported by the measured reductions in area, since the value of 70%, given 
in Table 2 for the wires in the as-received condition, does not change in case of FIP tested 
specimens. This behavior strongly contrasts with that found in eutectoid prestressing steels, whose 
reduction in area decreases by more than a factor of 4 after 10 h of FIP test [21]. 

 

Fig. 3. Strain–stress curves of 1.4462 duplex steel wires: 1 – in as received condition; 2 – after 285 h of FIP 
tests made at 60% Rm; 3 – after 285 h of FIP test made at 80% Rm; (A and B –plots of FIP loadings on the 

wire strain–stress curve; Rm – wire tensile strength). 

3.2. Effect of FIP testing on fatigue precracked wire 

Fracture occurred in cold-drawn austenitic stainless steels during FIP testing or in subsequent 
tensile testing was observed to propagate from surface microcracks or brittle areas previously 
produced in presence of hydrogen [17]. This supports the rational of the above presented results, 
when assuming that hydrogen is not able to initiate the damage of the duplex tested wire, but it 
might contribute to the propagation stage of an existent one. 

To gain an insight into this last issue, FIP test capacity to induce hydrogen damage in the duplex 
steel wire was further investigated by testing the two specimens previously fatigue precracked. The 
two specimens were loaded at 0.80 times the tensile failure load Pm of a wire damaged by an equal 
crack. This load was obtained by tensile testing up to fracture the third precracked specimen. The 
test was carried out in air, at room temperature, as previously described. 
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The FIP tests were stopped and the specimens were removed from the ammonium thiocyanate 
solution after 240 h without them having collapsed. They were examined by optical microscopy 
with the same results concerning pitting corrosion as the non-cracked specimens. However, their 
visual inspection revealed some crack growth perpendicularly to the initial plane, i.e., the fatigue 
crack was propagated and deflected by 90º as damage induced by FIP testing. The crack extensions 
and their effect on the elastic compliance of the two specimens near the cracked cross section can 
be seen in Figs. 4 and 5, respectively. The compliances were obtained from tensile tests interrupted 
in the elastic region by measuring the inverse slope of the crack opening load curves, as shown in 
Fig. 5. As expected from crack configurations that only differ along the load direction, the recorded 
difference of compliances is so small that hardly overpasses the experimental error. 

        

Fig. 4. Images showing the deflected crack growth experienced by transversally precracked wire specimens 
during FIP testing. 

 

Fig. 5. Elastic compliance of the same fatigue precracked wire specimen prior to and after 240 h of FIP 
testing. 

To assess the structural effect of the detected damage, the two specimens were tensile tested up to 
failure in the condition resultant from FIP testing. Their load-crack opening curves are shown in 
Fig. 6. 
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According to Fig. 6, the damage induced during the FIP test pro-duces a slight loss of tensile 
bearing capacity, less than 5%, probably due to the small deviations between the fatigue cracks of 
the specimens. Their failure occurs by plastic instability of the ligament of the cracked cross 
section, but the final fracture requires less plastic deformation. Images comparing the fracture 
surfaces of the specimens, FIP tested or not, are presented in Fig. 7. As previously found [2] the 
plastic instability which causes the tensile failure of the fatigue precracked wire specimens is 
preceded by the extension and the arresting of the crack along the load direction. Fig. 7a illustrates 
such type of crack extension developed in the specimen not subjected to FIP test. Then, it results 
that the hydrogen-induced damage consists in anticipating this stage of the failure mechanism 
found in case of simply cracked wires. 

 

Fig. 6. Load–crack opening curves of the fracture tests performed on fatigue precraked wire specimens: 1 – 
no FIP; 2 and 3 – after 240 h of FIP testing. 

          

Fig. 7. Fracture surfaces of fatigue precracked specimens: (a) no FIP tested and (b) after FIP test. 
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3.3. Physical mechanisms of hydrogen assisted damage 

Stress corrosion cracking did not occur during the FIP testing of the studied duplex wire in the 
undamaged condition because initiation stage did not take place, and consequently it provides no 
information about the physical mechanisms of hydrogen uptakes in promoting damage. Since 
corrosion pits have been found to act as damage initiators in cold-drawn austenitic stainless steel 
[16], their absence might explain why stress corrosion cracking does not initiate in FIP tested 
cylindrical smooth specimens. Further, the pits absence agrees with previously reported results 
concerning the corrosion resistance of various cold-drawn duplex stainless steel wires as: 1.4162 
[18], 1.4362 [17,18] and 1.4462 [18]. It seems that Mo content is determinant in preventing the 
corrosion pits formation, whence stress corrosion cracking can nucleate. 

Then, stress corrosion cracking was activated in the FIP tested wire specimens by introducing the 
fatigue cracks as artificial damage initiators. The effect is shown in Fig. 4 and consists of crack 
extension, which follows a different path from that one traced out by fatigue. Cold drawing 
markedly influences the wire microstructure, consisting of longitudinal bands of ferrite and 
austenite oriented along the wire axis. The microstructure orientation weakens the interface 
between the two phases and induces an anisotropic decohesion resistance, of minimum in planes 
parallel to the wire axis. This explains the perpendicular extension of the fatigue crack observed in 
[2], prior to the wire tensile failure. As it can be seen in Fig. 7a, the fatigue crack axially prolongs 
and arrests by tensioning the cracked wire. The detail presented in Fig. 8 captures this type of crack 
extension produced by the decohesion of the drawing texture, i.e., in the absence of hydrogen 
assisted damage. 

The hydrogen damage localizes at the existent fatigue crack tip, in the axial direction of the wire, 
due to three factors. First, hydrogen atoms trapped in the grain boundaries produce the 
embrittlement of the interface between ferrite and austenite, favoring their transgranular 
decohesion. Secondarily, the interface between ferrite and austenite is the preferential region for 
trapping of hydrogen atoms in duplex stainless steels, explained by their relative low diffusivity 
when comparing to fully ferritic steels [22]. Lastly, hydrogen transport stands in with the high 
stresses developed at the fatigue crack tip by concentrating hydrogen atoms in this region. 

 

Fig. 8. Mechanically induced decohesion of the drawing texture at room temperature. 

crack propagation 
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Fig. 9. Axial crack growth during FIP testing due to hydrogen induced decohesion of the drawing texture. 

 

Fig. 10. Axial secondary cracks developed from the faces of the fatigue crack during FIP testing. 

The convergence of the above mentioned factors with the lowest decohesion resistance of the axial 
planes due to cold drawing explains why FIP testing anticipates in case of cracked specimens the 
type of crack extension that precedes, in the absence of hydro-gen damage, plastic instability and 
subsequent tensile failure of the wires. The SEM close-up view given in Fig. 9 is showing the 
hydro-gen assisted decohesion of the drawing texture. Hydrogen attack fronts are clearly marked, 
indicating that decohesion occurs in a series of successive local fractures, then the crack growth is 
axial and intermittent. Each new growth is produced by the applied load when hydrogen 
redistribution and concentration sufficiently embrittles the tip of the previous growth. This axial 
extension of the crack occurred at an average rate of 1.75‧10-9 m/s, which is 1000 times lower than 
that observed in the tensile testing of fatigue cracked specimens, hydrogen free. 

Hydrogen damage concentrates at the crack tip, but it is not con-fined to this region. Fig. 10 shows 
axial secondary cracks developed from the fatigue fronts of the cracked surface during FIP testing. 

3.4. Effect of hydrogen assisted damage on damage tolerance 

The tensile testing of cracked wires shows that tensile failure is preceded by the axial extension of 
the crack. The posterior increase of the tensile load accelerates the plastic flow of the un-cracked 

crack propagation 
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ligament until plastic instability and necking are activated. The final fracture occurs by 
overloading, consisting of a ductile rupture on an inclined plane, as shown in Fig. 7a and b. 

The damage tolerance of the wire does not change by the axial extension of the crack which 
develops as a preliminary stage in a purely mechanical failure process, or as hydrogen assisted 
damage in a stress corrosion process. The results of the above presented damage tolerance tests, 
added to those given in [2], provide a quantitative empirical basis to support this assertion. Table 3 
contains the experimental data necessary to obtain the damage tolerance of the wires of which 
fracture tests are presented in Fig. 6, i.e., the dimensions of the cracks, and the tensile bearing 
capacities Pm. As previously indicated and reported in [2], the crack front was assimilated to a 
semiellipse with a symmetry axis tangent to the wire circumference (Fig. 1). 

Table 3. Crack dimensions and failure loads of cracked wire specimens 

Crack dimensions 
Specimen 

Hydrogen 
damaged 

Hydrogen 
damaged 

No hydrogen 
damage 

a – Crack depth (mm) 1.65 1.54 1.58 
2b – Distance between crack front ends (mm) 3.52 3.53 3.40 

Af  – Cracked area (mm2) 4.09 3.84 3.79 
Pm – Failure load (kN) 14.2 14.1 14.8 

The damage tolerance curve presented in Fig. 11 is the experimental tensile bearing capacity of the 
cracked wires given as a function of the cracked area Af. It is plotted in dimensionless terms, by 
using the cross sectional area A0 of the wire and its tensile bearing capacity P0 in the undamaged 
condition as units of the abscissa and ordinate axis, respectively. As it can be seen, all data follow 
the same trend, without any significant deviation between the hydro-gen damaged specimens and 
the other ones. 

The data plotted in Fig. 11 can be linearly fitted with a correlation coefficient of 0.991: 

𝑃𝑃𝑚𝑚 = �0.995− 1.05 𝐴𝐴𝑓𝑓
𝐴𝐴0
� 𝑃𝑃0                                       Eq. 1 

The option of using the ratio Af/A0 to describe the relative crack size and the linear relationship, 
given by Eq. (1), suggest another upper bound of the damage tolerance than that presented in [2], 
based on an elementary plastic collapse model of the cracked cross section. The previous model, 
which considers the bending moment induced by the asymmetry of the resistant ligament with 
respect to the wire axis, predicts an upper bound of damage tolerance in good agreement with that 
of eutectoid prestressing steel wires. According this plastic collapse model, expressed in terms of 
the ratio Af/A0, the predicted collapse load PL for crack fronts ranging from circular to straight can 
be approximated by: 

𝑃𝑃𝐿𝐿 = �1 − 𝐴𝐴𝑓𝑓
𝐴𝐴0
�
2.1
𝑃𝑃0                                        Eq. 2 

Eq. (2) is graphically represented in Fig. 11; it underestimates the experimental damage tolerance 
results of the tested cold drawn duplex steel wires, also plotted in Fig. 11. 
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Fig. 11. Experimental damage tolerance of the tested cold-drawn 1.4462 steel wire including hydrogen 
damaged specimens and plastic collapse limits given by Eqs. (2) and (3). 

In case of duplex steel wires, the collapse model can be modified by ignoring the bending moment, 
since the axial crack extension prior to the plastic instability of the resistant ligament provides the 
wire with enough local flexibility to transversally deflect until the centroid of the ligament lays on 
the wire axis. The ligament would plastically collapse in simple tension under the tensile load PL 

given by: 

𝑃𝑃𝐿𝐿 = �𝐴𝐴0 − 𝐴𝐴𝑓𝑓�𝑅𝑅𝑚𝑚 = �𝐴𝐴0 − 𝐴𝐴𝑓𝑓�
𝑃𝑃0
𝐴𝐴0

= �1 − 𝐴𝐴𝑓𝑓
𝐴𝐴0
� 𝑃𝑃0                         Eq. 3 

where A0, Af and P0 have the same meanings as in Eq. (1), and Rm is the tensile strength of the 
wires. The load PL of Eq. (3) differs less than 5% from the load given by Eq. (1). 

According to Figs. 3 and 11, hydrogen assisted stress corrosion requires the aid of severe 
geometrical imperfections, such as the fatigue cracks used in this research, to induce macroscopic 
damage in the wire. Even so, the added damage does not produce quantitative changes in the 
mechanical behavior of the wires, since the steel is practically preserving its damage tolerance, as 
failure occurs by the plastic collapse of the resistant ligament. 

4. Conclusions 

The previous assessment of damage tolerance presented else-where for high strength wires made 
by deep cold drawing 1.4462 duplex stainless steel was extended for hydrogen assisted damage. 
Regarding the wire sensibility to this type of damage, the experimental results of the mechanical 
and FIP tests here provided show that: 
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- Damage does not initiate in un-cracked wires when loaded at 80% of tensile strength and 
exposed to the strongly hydrogen promoter FIP medium. The only detected effect was the strain 
hardening produced by the applied stress. 

- The wires with artificially induced fatigue cracks long exposed to FIP environment and loaded 
up to 80% of their bearing capacity do not experience tensile failure. However, the cracks deflect 
along to the wire axis as a consequence of local hydrogen embrittlement and fracture anisotropy 
induced by cold drawing. This axial damage does not reduce the tensile resistance of the cracked 
wires. Its only effect is to shorten the process of tensile collapse, by reducing it to the plastic 
instability and necking of the resistant ligament. 

The damage added by hydrogen assisted stress corrosion to the wires in as received condition and 
to the fatigue precracked ones does not alter their damage tolerance, i.e., the absolute upper bound 
of damage tolerance, given by the plastic collapse load of the resistant ligament in simple tension. 
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Abstract  

The paper presents a comparative analysis of the failure behaviour of duplex and eutectoid cold-
drawn wires carried out from the experiments performed to produce the failure of the wires when 
damaged. The failure mechanisms at micro and macro scales are described according to relevant 
optical and scanning electron microscopy observations, and modelled analytically on the basis of 
elementary theory of mechanical behaviour. The microstructure orientation is the determinant 
factor of the fracture anisotropy, which governs the failure mechanism of both duplex, and 
eutectoid cracked wires. The damage tolerance exhibited by the duplex cracked wires agrees with 
the load upper bound given by the plastic collapse of the resistant ligament in simple tension, 
whereas the damage tolerance exhibited by the eutectoid wires deviated from this upper bound, 
with failure occurring under combined tension and bending plastic collapse. 

Keywords: High-strength duplex stainless steel wire, prestressing wire, fracture anisotropy, 
damage tolerance 

Highlights: 

• Comparative analysis of the failure behaviour of damaged duplex and eutectoid wires 
• Fracture anisotropy governs the failure mechanism of both type of wires 
• Damaged eutectoid wire fails under combined tension and bending plastic collapse  
• Damaged duplex steel wire fails by plastic collapse in tension 

1. Introduction   

High-strength wires are used for prestressed concrete and incorporated into complex construction 
and rehabilitation applications such as bridges, oil and gas storage tanks, and singular buildings, 
among others, due to their mechanical characteristics that combine high-tensile strength with 
moderate ductility and relaxation [1-3]. Normally, these prestressing wires are made from eutectoid 
steel by deep cold drawing. The cold deformation process increases the tensile strength of the steel 
by stretching and strongly orientating the microstructure, composed of pearlite colonies [4, 5]. It 
also influences the grain boundary resistance, which becomes a directionally dependent function, 
with a minimum along the planes parallel to the wire axis. As a consequence, this determines the 
failure mechanisms and bearing capacity of the wire in the presence of surface cracks induced by 
fatigue or stress corrosion [1-4].  

The main issue to be overcome when eutectoid prestressing steel wires are used in structural 
application is related to hydrogen embrittlement in the presence of external loads, which limits the 
stress corrosion resistance. The pearlite bands act as a barrier to hydrogen diffusion through the 
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surface of the wire when stress free [6], and fail progressively when tensile stresses increase 
hydrogen up-taking in such way that the local grain boundary resistance is drastically reduced [2, 7, 
8]. 

Consequently, the use of eutectoid prestressing wires in a potentially aggressive environment is less 
appropriate and alternative solutions should be considered for applications entailing a severe risk of 
hydrogen embrittlement. 

According to recent research, high-strength duplex steel wire might be a promising solution, since 
it can be manufactured by maintaining equal volume fractions of austenitic and ferritic phases 
despite cold drawing [1, 3, 9]. Alloying elements, such as Ni, Mn and Cu, are austenite stabilisers 
and mitigate the volume fraction of strain-induced martensite. Furthermore, the coexistence of Mo 
and N exerts a synergistic effect on improving pitting corrosion resistance [7, 10]. Published 
research has shown that these wires are comparable with eutectoid ones in terms of tensile 
behaviour, and are better damage tolerant [1, 3]. In addition, they are highly resistant to pitting 
corrosion and insensitive to stress corrosion cracking [3, 10, 11].  

This paper brings into focus comparative analysis of the failure behaviour of damaged duplex and 
eutectoid cold-drawn wires as the critical factor in explaining the differences in damage tolerance 
and susceptibility to stress corrosion and hydrogen embrittlement. Special attention is paid to the 
effects of cold drawing on wire microstructures for determining the failure modes.  

The comparison of two highly resistant cold-drawn wires, a eutectoid and a duplex one was carried 
out from the experiments performed to produce failure of the wires when subjected to damage. The 
failure mechanisms at micro and macro scales are described according to relevant optical and 
scanning electron microscopy observations and, then analytically modelled on the basis of the 
elementary theory of mechanical behaviour. 

2. Experimental details 

2.1. Materials 

The tested materials (the chemical composition is given in Table 1), were industrially manufactured 
by multiple passes of cold-drawing as 4 mm diameter wires from eutectoid steel (ES) and duplex 
stainless steel (DS), respectively. The former wire is a commercial product for prestressing 
concrete, Y1670C, and the latter is an experimentally produced one of duplex steel grade 1.4462.  

The analysis of the wires microstructures was performed in the transverse and longitudinal sections 
by scanning electron microscopy (SEM) after prior polishing and selective etching of standard 
metallographic specimens with aqua regia and nital 2,5%.  

As shown in Fig. 1, cold drawing markedly orientates both wire microstructures. Continuous fine 
ferrite/austenite bands characterise the DS microstructure along the wire axis (Fig. 1a, DS-L), 
whereas in the transverse direction fine austenite grains of a quasi-elliptic shape appears to be 
embedded in a semi-continuous ferrite matrix (Fig. 1b, DS-T), [12, 13]. The microstructure features 
of the ES wire in the drawing direction (Fig. 1a, ES-L) consist of discontinuous fine pearlite 
colonies axially oriented and randomly distributed curled pearlite colonies of different inter-
lamellar spacing in transverse direction (Fig. 1b, ES-T), [4, 7]. In both steels, the differences 
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between the longitudinal and transverse microstructures are indicators of cold-drawn induced 
anisotropy. 

Table 1. Chemical composition of the tested wires (% weight). 

 C Si Mn P S N Cr Mo Ni Fe 
1.4462 (DS) 0.03 0.614 1.779 0.029 0.001 0.178 22.8 3.33 4.8 Bal. 

Y1670C (ES) 0.78 0.21 0.67 0.012 0.022 - - - - Bal. 

     

    

Fig. 1. Microstructures of the tested duplex (DS) and eutectoid (ES) wires: (a) along the drawing direction, 
DS-L and ES-L; (b) in transverse direction to drawing, DS-T and ES-T. 

 

Fig. 2. Stress–strain curves of tested eutectoid (ES) and duplex (DS) steel wires and images showing their 
distinct area reduction at failure. 
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The mechanical properties of the wires were determined by tensile testing samples of 250 mm 
length at room temperature, as a benchmark on evaluating their damage tolerance. The tests were 
performed with a 200 kN servohydraulic machine, using a constant crosshead speed of 1 mm/min. 
Elongations were measured on a gauge length of 12.5 mm with a conventional clip-on 
extensometer. The mechanical characteristics of the wires are given in Table 2.  

Table 2. Mechanical properties of the tested wires. 
 

Elastic modulus  
E, [GPa] 

Yield strength 
Rp0.2, [MPa] 

Tensile strength 
Rm, [MPa] 

Maximum uniform 
elongation, A5 [%] 

Reduction in 
area, Z [%] 

  1.4462 (DS) 160 1420 1660 2.2 % 70 % 
  Y1670C (ES) 205 1640 1745 3.2% 50 % 

By comparing the mechanical characteristics of the wires it should be noted that the ES slightly 
surpasses the DS in tensile strength. Then, although the maximum uniform elongation of ES is 
slightly higher than that of DS, the reduction in area at fracture of the latter is significantly higher. 
Images showing this difference are presented in Fig. 2 together with the wires stress-strain curves, 
which better reflect their distinct yielding behaviour than the data given in Table 2.  

2.2. Induced damage 

Fig. 3a shows the sketch of the wire specimens from which the comparative analysis of the damage 
tolerance is obtained. 15 DS and 16 ES specimens were fatigue precracked starting from sharp 
notches of a straight front perpendicular to the wire axis. Cyclic tensile loads, initially ranging from 
1 and 4 kN were applied to initiate and further propagate fatigue cracks of various depths, a (Fig. 
3a). The maximum load of this range was gradually decreased to values well below the plastic 
collapse load of the cracked cross-section, after estimating its size by elastic compliance 
measurement. A resistive clip-on extensometer, of 12.5 mm gauge length, embracing the notched 
zone, was used in a similar way to detect the crack growth during the cyclic loading. The average 
number of load cycles applied to each specimen was approximately 10,000 at a frequency of 5 Hz.  

 

Fig. 3. (a) Sketch of the fatigue precracked wire specimen showing the position and dimensions of the starter 
notch; (b) flat specimen configuration where a is the fatigue crack depth; 2b – distance between the crack 

front ends; c – semiaxis of the ellipse to which crack front is assimilated; R – wire radius. 
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Then, 12 DS and 14 ES fatigue precracked wire specimens were tensile loaded up to fracture. The 
main crack dimensions were obtained by direct measurements on the fracture surface, through 
SEM microscopy, and associated with the correspondent load and crack opening data.       

As a different number of cyclic loadings were applied to each specimen, fatigue crack depths 
ranging from 0.5 to 2.6 mm were obtained in the DS, the maximum cracked area, Af, being 0.58A0 
(A0 is the initial area of the wires). In ES, these figures were from 0.5 to 2.19 mm for the fatigue 
crack depths and 0.5A0 for the maximum cracked area. It should be noted that the same linear fit 
approximates the dependency of the fatigue crack area, Af, with the crack depth, a, of both DS and 
ES wires, as shown in Fig. 4 in dimensionless terms; Af/A0, is the fraction of the cracked cross 
section and a/2R the crack severity (R is the wires radius).  

The remaining fatigue precracked DS and ES wires were converted to flat specimens, as shown in 
Fig. 3b. A video image correlation system (VIC-2D) was used to acquire and analyse the series of 
digital images taken by a fixed camera, at every 0.5s, from the precracked surface of the flat 
specimens during tensile testing up to fracture. A revealing insight into the fracture macro-
mechanisms that governs the failure of DS and ES wires was gained from the sequential field 
images.  

 

Fig. 4. Cracked cross section of DS and ES wire specimens vs. crack depth, a (in normalized units); Af – 
cracked area; A0 – cross section area of the wire; R –wires radius. 

The testing procedure and equipment used for tensile testing the DS and ES cracked wires, as well 
as for the flat specimens, were the same as required by ASTM E8. The crack opening data were 
documented during the fracture tests by means of a clip-on extensometer and a virtual one, 
provided by the VIC dedicated software, on the basis of a cross-correlation algorithm which tracks 
the speckle pattern movement on the flat surface of the specimens. 

Lastly, in order to reveal the damage micro-mechanisms of the wires, a fracto-metallographic 
analysis was performed on samples cut out along a plane containing the wire axis, perpendicular to 
the crack front of the broken DS and ES specimens. 
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3. Results & Discussion   

3.1. Failure macro-mechanisms of the wires 

Fig. 5 shows the fracture load variation with the crack depth of the DS and ES fatigue precracked 
wire specimens, in normalised units. A clear tendency of data alignment is evident in the case of 
DS, whereas a higher dispersion was found in the ES wires, indicating distinct failure macro-
mechanisms. 

 

Fig. 5. Experimental fracture load PY vs. crack depth a (in normalised units); P0 – tensile failure load of the 
undamaged wires; R – wire radius. 

      

Fig. 6. (a) Load–crack opening curves of DS and ES specimens that have the same fatigue precracked area; 
(b) images showing the deflected crack growth previous to the precracked wire specimens fracture. 

(b) 

(a) 
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In order to substantiate the accuracy of this indication, the load-crack opening data of DS and ES 
specimens with the same fatigue precracked area were plotted together. As shown in Fig. 6a, the 
failure load of the wires decreases with the increase of the cracked area; the ES breaks at small 
yields, whereas the DS fails well beyond plastic collapse.  The difference is illustrated by the 
images presented in Fig. 6b that shows that the deflected crack growth precedes the fracture of both 
precracked specimens. The images obtained by longitudinal cutting of the broken specimens show 
that the resistant ligament of the cracked DS fails in tension, while that of the ES fails in combined 
tension and bending. 

 

Fig. 7. Load–crack opening curves of the fracture tests performed on fatigue precracked flat specimens and 
images captured by the video image correlation system, VIC–2D, showing the failure sequence of the wires: 

IDS – axial cracking during crack blunting; IIDS – tensile instability initiation; IIIDS– right before post-
necking fracture; IES – axial cracking during crack blunting; IIES– right before unstable cracking fracture. 

More indications of the macro-mechanisms of failure were found by using the video image 
correlation technique, VIC-2D. Fig. 7 presents the load–crack opening curves of the fracture tests 
performed on fatigue precracked flat specimens, together with images captured by VIC-2D. As 
shown, the final failure of the two wires is preceded by the extension of the fatigue crack, parallel 
to the wire axis. This axial crack extension occurs when the resistant ligament is practically 
collapsed in bending and is consistent with the anisotropic fracture resistance produced by cold 
drawing. However, the failure sequence of the wires diverges. In case of ES, the axial crack 
extension is interrupted by the catastrophic fracture that occurs along a shear band (Fig. 6b). In the 
DS, the axial crack extension is arrested without having exhausted its bearing capacity (Fig. 7, 
image IDS), with this allowing the tensile plastic collapse of the resistant ligament. Then, as shown 
by the images IIDS and IIIDS (Fig. 7), the DS failure occurs later by ligament necking. This 
behaviour can be attributed to the austenite-ferrite interface of the duplex steel [3]. The bearing 
capacity of the DS wires is mainly preserved, since the resistant ligament breaks by plastic collapse 
in simple tension rather than in bending, which is the case of the ES. The sideway compliance 
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provided to the DS wire by the axially extended crack favours the lateral displacement of the 
resistant ligament centroid up to the wire axis, where the bending moment vanishes and tensile 
instability initiates.  

3.2. Fractography: effects of anisotropy  

As can be seen in Fig. 8a and Fig. 8b, the micro-mechanisms that produce the axial crack extension 
of the DS and ES wires are strongly dependent on the microstructure anisotropy induced by cold 
drawing. In the DS the longitudinal crack, which develops at the interface between austenite and 
ferrite grains and is finally arrested in the austenite phase (shown in white in Fig. 8a), leads to the 
load be fully taken up by the resistant ligament under simple tension [1, 3]. However, a different 
micro-mechanism governs the ES failure. In this case, an axial crack also initiates at the interface 
of the axially oriented pearlite colonies, though its longitudinal propagation is distorted / deflected 
by the discontinuous distribution in the pearlitic matrix and eventually interrupted when the stress 
field readjusts to the new crack configuration, giving rise to a kinked path fracture (Fig. 8b). 

     

Fig. 8. Fracto-micrographs in axial direction of wires showing the axial crack tip: (a) in the DS wire; (b) in 
the ES wire. 

       

Fig. 9. Failure features of the DS wire: (a) front view of the fracture surface; (b) detailed image of the axial 
crack and the post necking fracture initiation; (c) higher magnification images showing void coalescence in 

the fractured ligament. 

The failure features associated with the DS wires given in Fig. 9 substantiate the axial crack of the 
wire, the necking of the resistant ligament and its ductile fracture by void coalescence. Fig. 10 
illustrates the failure characteristics of the ES wires, the fracture initiation of the ligament that 
shows the so-called tearing topography surface [2, 4] and the deflected fracture propagation by 
pseudo cleavage, respectively. 
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Fig. 10. Failure features of the ES wire: (a) front view of the fracture surface; (b) detailed image that 
captures the fracture initiation of the resistant ligament; (c) higher magnification images showing pseudo 

cleavage in the broken ligament. 

3.3. Comparative analysis of the duplex and eutectoid wires damage tolerance 

The comparative analysis of the DS and ES wires damage tolerance uses two damage models as 
upper bounds. Both models assume that the tensile strength of the wires, Rm, is the yield strength of 
a perfectly plastic (non-strain hardening) material.  

 

Fig. 11. Sketches of the theoretical models used for the analysis of the wire damage tolerance: (a) combined 
tension and bending plastic collapse; (b) tensile plastic collapse. 

The first model, described by the combined tension and bending plastic collapse of the wire is 
illustrated in Fig. 11a, [1, 14]. The predicted failure load, Pm, is a fraction of the bearing capacity, 
P0, of the undamaged wire and depends on the crack shape, determined by the fraction Af/A0 of the 
cracked cross-section and the aspect ratio a/b. As the influence of a/b is insignificant, Pm/P0 can be 
expressed as a power function of Af/A0 as given by Eq. 1, [3]: 

𝑃𝑃𝑚𝑚
𝑃𝑃0

= 𝑓𝑓 �𝐴𝐴𝑓𝑓
𝐴𝐴0

; 𝑎𝑎
𝑏𝑏
�⇔ 𝑃𝑃𝑚𝑚

𝑃𝑃0
= �1 − 𝐴𝐴𝑓𝑓

𝐴𝐴0
�
2.1

                    (1) 

The second one, presented in Fig. 11b, ignores the bending moment on the basis of the axial crack 
extension prior to the plastic instability of the resistant ligament. This provides the wire with 
enough local flexibility to be deflected transversally until the centroid of the ligament lies on the 
wire axis. The plastic collapse load of the model is the tensile load capacity of the resistant 
ligament [3]: 

𝑃𝑃𝑚𝑚
𝑃𝑃0

= 1 − 𝐴𝐴𝑓𝑓
𝐴𝐴0

                              (2) 

(a) 

(b) 
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Fig. 12. Comparative analysis of the wires damage tolerance. 

The experimental failure loads of the damaged DS and ES wires are compared in Fig. 12 with the 
predictions of the models, as upper bounds of damage tolerance. The DS wire almost preserves its 
damage tolerance, as its experimental data closely follow the linear trend of the tensile collapse 
model. The damage tolerance of the ES wire is strongly influenced by the presence of the bending 
moment when the cracked area surpasses 20%. From this value onwards, its damage tolerance is 
well described by the combined tension bending plastic collapse model.  

4. Conclusions 

Microstructure orientation is the determinant factor of fracture anisotropy that governs the failure 
mechanisms of deep-drawn duplex and eutectoid cracked wires. The absence of strain-induced 
martensite in the duplex wires and presence of fine pearlite colonies axially oriented in the 
eutectoid wires are plausible explanations of detected differences in damage tolerance. 

The damage tolerance exhibited by the duplex cracked wires agrees with the load upper bound 
given by the plastic collapse of the resistant ligament in simple tension. In contrast, the damage 
tolerance exhibited by the eutectoid wires deviates from this upper bound, the failure mainly 
occurring under combined tension and bending plastic collapse. 
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Abstract 

Wire manufactures have recently started to produce a less-expensive class of high-strength wires 
referred to as lean-duplex. They are more attractive to the construction industry, which seeks 
alternatives to eutectoid prestressing steel and are able to enhance structural durability at a 
reasonable cost. Their suitability for prestressing is still poorly addressed in terms of sensitivity to 
hydrogen embrittlement, the root cause of stress corrosion damage. Hence, this paper assesses the 
resistance to hydrogen-induced stress corrosion (H-SCC) of one of this new generation of wires. In 
order to determine such resistance, two types of tensile tests were carried out with wires in the 
asreceived condition and fatigue precracked, in air and in an aqueous solution of 20% ammonium 
thiocyanate (FIP solution) at 50 °C. The former was used to set out the collapse time under 
constant load in FIP solution and the latter (that is to say, the slow strain rate test) to observe and 
assess the failure mode in inert and aggressive environments. This provided additional insights 
from the damage mechanisms that govern the failure of the wires. Lastly, the damage tolerance of 
the tested lean-duplex wires was analyzed in the as-received condition and embrittled by hydrogen. 
Comparisons with similar data corresponding to cold-drawn eutectoid and high-alloyed duplex 
stainless steels wires were made. Although the lifetime of lean-duplex wires is limited (contrary to 
that of high-alloyed duplex wires), it exceeds that of eutectoid wires, currently used for prestressing 
purposes, by more than 10 times. 

Keywords: Cold-drawn lean-duplex stainless steel; Hydrogen-induced damage; Damage 
micromechanisms; Damage tolerance 

Highlights: 

• H-SCC of high-strength cold-drawn lean-duplex wires (LDS) is assessed 
• H-SCC resistances of LDS and eutectoid prestressing wires differ by a factor of 10 
• Hydrogen action induces transversal and longitudinal cracking of LDS wires 
• H-cracking of LDS wires only involves local cross-section losses on damage tolerance 

1. Introduction 

Use of the prestressing technique has led the construction industry to arriving at a more ambitious 
structure design era, allowing building of structures that were hitherto unthinkable. However, the 
susceptibility to hydrogen embrittlement of eutectoid prestressing steel entails significant structural 
risks, especially when materialized as stress corrosion cracking (SCC). This is sustained by both 
old and recent information on structural failure cases involving prestressing steels with root causes 
being attributed to environmentally induced damage, mostly hydrogen embrittlement (HE) and 
SCC [1–5]. 



      Maricely de Abreu Rodrigues 

81 

In order to mitigate these risks, many corrosion prevention methods for prestressing steel have been 
developed [6], with some entailing use of protective coatings. As shown in previous works [7,8], 
such protection techniques are unsuitable for certain service conditions. For example, in concrete or 
cement grout with high-alkaline medium the risk of the HE of high-strength eutectoid steels 
increases when galvanized. 

Although they remain costly, alternative options to mitigate these corrosion-related problems of 
prestressing wires are available. They reside in the newly developed classes of cold-drawn 
stainless-steel wires that provide excellent resistance against corrosion and assure similar strength 
levels and higher damage tolerance than the eutectoid steels wires, so far used for structural pre- or 
post concrete tensioning [9–13]. 

Nevertheless, the high strains developed by cold-drawing in stainless steel wires has given rise to 
deformation-induced martensite of the previous austenite phase [14,15] which reduces the pitting 
corrosion resistance by enhancing hydrogen damage [16–19] Another factor that increases 
hydrogen damage in duplex steel is the proportion of austenite and ferrite phases. Cracking tests 
performed with notched specimens in a low-pressure hydrogen gas atmosphere revealed a clear 
influence of the phase proportion and the local distribution on HE [20]. This effect is strongly 
limited by an adequate addition of alloying elements that propitiate equal contents of austenite and 
ferrite phases in duplex steels. Furthermore, when high alloyed, current cold-drawn duplex 
stainless steel wires also exhibit immunity to pitting corrosion [9, 21] In these steels wires, the 
hydrogen uptake might propitiate axial cracking [9] due to microstructure orientation in the axial 
direction. 

Some wire manufactures have started to produce a less-expensive class of cold-drawn high-strength 
wires with lower-alloyed duplex steel, often referred to as lean-duplex. This offers a more attractive 
option to the construction industry that seeks alternatives to eutectoid prestressing steel, in order to 
enhance structural durability at a reasonable cost. Suitability for this use remains poorly addressed 
in the published literature in terms of sensitivity to HE, possibly the greatest weakness of eutectoid 
prestressing wires and root cause of stress corrosion damage. Hence, this paper assesses the 
resistance to hydrogen induced stress corrosion (H-SCC) of one of this new generation of cold-
drawn wires. In order to determine this resistance, two types of tensile tests were carried out with 
wires in the as-received condition and fatigue precracked, in air and in an aqueous solution of 20% 
ammonium thiocyanate (FIP solution) at 50 °C. The former was used to set out the collapse time 
under constant load in FIP solution and the latter (the slow strain rate test) to observe and assess the 
failure mode in inert and aggressive environments. This provided additional insights from the 
damage mechanisms that govern the failure of the wires. Lastly, the damage tolerance of the tested 
lean-duplex wires was analyzed in the as received condition and hydrogen embrittled in 
comparison with similar data corresponding to cold-drawn eutectoid and high-alloyed duplex 
stainless steels wires. 

2. Materials and testing methods 

2.1. Materials characteristics 

The material used in this study was a high-strength, lean-duplex stainless steel wire, of 4mm 
diameter, produced by cold drawing (named LDS). Two other high-strength cold-drawn wires of 
distinct materials, made from high-alloyed duplex stainless steel (DSS) and eutectoid steel (ES) 
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were used for comparison in presenting some of the research results. Their suitability as 
prestressing steels justifies selection as reference materials [8,11,13,18]. Table 1 gives the chemical 
composition of the wires, as provided by the manufacturers. The differences in the alloying level of 
LDS and DSS wires are reflected by the pitting corrosion resistance number, PREN [16], (PRENDSS 
= 37, PRENLLDS= 27), which in combination with the singularities induced by the strong 
microstructural anisotropy of the wires, detailed in Fig. 1 and discussed below, might indicate 
unequal responses to hydrogen action [16–21]. Table 2 summarizes the mechanical properties of 
the three steel wires obtained by tensile testing them, according to ISO 15630-3 [22]. 

Table 1. Chemical composition of studied wires (percentages by weight) 

 C Si Mn P S N Cr Mo Ni Fe 

LDS (1.4482)  0.03 1.00 5.00 0.035 0.015 0.11 20.50 0.60 2.25 Bal. 
DSS (1.4462)  0.03 0.61 1.78 0.03 0.001 0.18 22.80 3.33 4.80 Bal. 
ES (Y1670C)  0.78 0.21 0.67 0.012 0.022 - - - - Bal. 

Scanning electron microscopy (SEM) images that show the microstructure features of the three 
wires in longitudinal and transverse directions are presented in Fig. 1. These were obtained from 
standard metallographic samples after polishing and etching with modified Groesbeck reagent 
(LDS, DSS) and Nital 2.5% (ES). 

Table 2. Mechanical properties of studied wires 

 
Elastic 

modulus, 
[GPa] 

Yield 
strength, Rp0.2 

[MPa] 

Tensile 
strength, Rm 

[MPa] 

Maximum uniform 
elongation, Agt 

[%] 

Reduction of 
area, RA 

[%] 

LDS (1.4482)  180 1350 1820 2.3 51 
DSS (1.4462)  160 1429 1660 2.2 70 
ES (1.4482)  205 1640 1740 3.2 50 

 

Fig. 1. Microstructures of the tested wires: a1–3) in axial direction, LDS, DSS and ES; b1–3) in a transverse 
direction, LDS, DSS and ES. 
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As illustrated in Fig. 1-a1 and Fig. 1-a2, the microstructures of LDS and DSS wires in an axial 
direction show a highly textured biphasic morphology formed by longitudinally elongated grains of 
austenite (light gray) and ferrite (dark gray). These images, together with Fig. 1-a3, display the 
anisotropy induced by the fabrication process in the three steels. However, Fig. 1-b1 and Fig. 1-b2 
show significant differences in transversal directions: DSS contains a more refined austenite phase 
closely compacted into the ferrite matrix, whilst larger and tortuous austenite grains are filling up 
the LDS matrix. The ES wire microstructure consists of discontinuous fine pearlite colonies, 
paralelly oriented in the axial direction (Fig. 1-a3) and highly curled in the transverse direction 
(Fig. 1-b3) [10]. 

2.2. Testing methods 

The first testing method used in this work is known as FIP accelerated corrosion test (named FIP-
CLT). It was designed to determine the sensitivity to HE of prestressing wires from the collapse 
time of a wire sample loaded at 80% of its tensile strength exposed to an aqueous solution of 20% 
ammonium thiocyanate (FIP solution) at 50 °C without electrochemical polarization [9, 21–25]. 
This solution is a strong hydrogen promoter used to discriminate the sensitivity to HE of current 
prestressing steel classes. The ammonium decomposition provides the hydrogen, with its further 
absorption into the metal being propitiated by the free electrochemical potential generated. The 
main test result was the time elapsed until each specimen broke or infinite lifetime when a 
predetermined number of testing hours have passed without breaking. 

In this research, LDS, DSS and ES smooth and fatigue-precracked wires were subjected to FIP-
CLT for comparative purposes: nine specimens of LDS (seven smooth and two precracked), five 
specimens of DSS (three smooth and two precracked), and six specimens of ES (four smooth and 
two precracked). In order to ascertain on the H action well before exhausting the wire lifetimes, 
three of the FIPCLT tests made with smooth specimens (1 LDS, 1DSS, 1ES) were interrupted and 
the H-pre-charged wires were immediately broken in simple tension, in air, to contrast the results 
with those corresponding to the as received condition. The criterion for choosing the interruption 
times is explained in § 3.1. 

The testing load of precracked specimens was 80% of their failure load in an inert environment; it 
was obtained from seven fracture tests of fatigue precracked LDS wires carried out in air, and from 
analogous tests of DSS and ES wires reported elsewhere [12,13]. 

The experimental arrangement for FIP-CTL testing of smooth or precracked wires is schematically 
presented in Fig. 2a. It is usually employed to assess the stress corrosion resistance of prestressing 
steel wires. The double walled thermostatic corrosion cell, mounted on the wire specimen assured 
its exposure to the aggressive solution on about 200 mm length. The heated-water circuit 
maintained the testing temperature of 50 °C. The specimen ends were mechanically clamped to a 
vertical loading train coupled to a lever machine, which applied the required constant testing load 
by the attached dead loads. A time counter registered the test duration; it was programmed to stop 
automatically when the specimen broke. 

The second testing method, the slow strain rate test made in air and FIP solution (named Air-SSRT 
and FIP-SSRT) was used to evaluate the sensitivity to environmentally assisted crack growth 
during tensile loading of fatigue-precracked LDS wires. The sketch of the experimental 
arrangement made for the FIP-SSRT tests is shown in Fig. 2b. A modified thermostatic corrosion 
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cell, partially double walled was fixed to the wire specimen in order to maintain the testing 
temperature. In this case, only three quarters of the aggressive solution chamber were directly 
water-heated, to keep transparent the remaining wall. Thus, direct vision of specimen thru the 
aggressive medium was gained. A servo-hydraulic testing machine was used to tensile load the 
specimen at a constant strain rate of 10−6 s−1. A modified resistive clip-on extensometer of 210mm 
gauge length was employed for registering the percentage elongation whereas an optical-
acquisition system VIC-2D [23] captured the corresponding image sequences from the precracked 
zone, during testing. The images were acquired through the transparent area of the cell chamber. 
The Air-SSRT tests of the fatigue precracked LDS wires were made using the same experimental 
arrangement without aggressive solution. Thus additional insights from the mechanisms that 
govern the failure of LDS wire were obtained. 

 

Fig. 2. Experimental arrangements for: a) FIP-CLT testing of smooth and precracked wires; b) Air-SSRT 
and FIP-SSRT of LDS precracked wires. 

The fatigue precracking of tested wire samples was performed by starting from a mechanized 
transversal surface notch by applying cyclic tensile loads between 1 and 7 kN at 5 Hz. The crack 
size was controlled by elastic compliance measurements and repeated each 2500 loading cycles. 
For this, the notched area was instrumented with a resistive clip-on extensometer of 12.5mm gauge 
length. The number of the applied blocks of 2500 loading cycles varied from three to six. Thus, 11 
LDS, 2 DSS and 2 ES specimens were prepared for the FIP-CLT, Air-SSRT, FIP-SSRT and FT 
tests. 

Lastly, SEM analyses of the fracture surfaces were performed in order to identify the hydrogen-
induced stress corrosion features and the corresponding damage mechanisms of LDS wires. 
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3. Results and discussion 

3.1. Effect of hydrogen action on the wires lifetime 

The effect of hydrogen action on the studied wires was firstly assessed by comparing the stress-
strain curves obtained by tensile testing wire specimens previously subjected to interrupted FIP-
CLT tests, with those corresponding to all three wire classes in the asreceived condition. The times 
of 5 and 40 h respectively chosen to interrupt the FIP-CTLtests of the ES and LDS wires were: the 
former was the minimum lifetime specified by current standards for prestressing eutectoid steels 
[24]; and the latter was one order of magnitude higher. The minimum FIP-CTL time of 215 h 
experimentally found as infinite lifetime for practical purposes [25] was used in the case of DSS 
wire. The graphs shown in Fig. 3 show that all the wires were strain hardened under the previous 
combined action of applied constant load of 0.80 Rm (white dots in Fig. 3) and FIP solution 
exposure. Due to redistribution and localization of precharged hydrogen during the wires 
tensioning [26–28], the maximum uniform elongations with respect to those corresponding to the 
as-received conditions decreased (Fig. 3). Moreover, although LDS and DSS undergo changes in 
the reduction of area, RA, only LDS experiences a 6% reduction in the bearing load capacity (Fig. 
3a, and Fig. 3b). 

 

Fig. 3. Stress-strain curves of all tested materials in the as-received condition and after interrupted FIP-CTL 
tests: a) LDS; b)DSS; c) ES; (RA – reduction of area). 

In all the analyzed wires (Fig. 3), the exposure times to FIP solution are consistent with the 
reductions of area, RA, found after breaking the specimens in simple tension. This is because the 
hydrogen accumulated at necking during tensile testing increases with the exposure time and 
uptake occurred during previous FIP-CL testing. Necking acts as a plastic stress concentrator and 
hydrogen propitiates its earlier collapse for a given wire. On the contrary, the decrease of the three 
maximum uniform deformations, Agt, is similar despite the large differences in the exposure times; 
this is because Agt, is determined by the necking onset (highly influenced by the surface condition) 
rather than its plastic collapse. The testing method designed by the FIB (International Federation 
for Structural Concrete) has been used here because of its capacity to discriminate in terms of time 
to failure the susceptibility to SCC and HE of cold-drawn prestressing wires of similar mechanical 
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properties [29]. Fig. 4 illustrates all the FIP-CTL results. The plot includes the tests interrupted for 
subsequent tensile testing, as well as those resulting in practical infinite lifetime. 

Regarding the discrimination capacity of the FIP-CLT tests, the failure times of the smooth and 
precracked wires shown in Fig. 4, are meaningful. They indicate that in the presence of tensile 
stresses as high as 0.8 Rm, hydrogen action rapidly deteriorates and localizes at the surface of the 
ES wires, initiating subcritical cracking. The failure time of smooth ES wires (Fig. 4) hardly 
exceeds by three hours the minimum lifetime required by [25], namely, the exposure time of the 
interrupted test. Such a delay is much greater for LDS and DSS wires (Fig. 4), though only DSS 
wires hold a high level of resistance to hydrogen action when fatigue precracking replaces the 
cracking initiation phase in the environmentally assisted failure. Furthermore, by comparing the 
data given in Fig. 4 it is evident that the lifetime of smooth LDS wire exceeds that of currently used 
prestressing ES wire by more than 10 times. 

 

Fig. 4. Timeto failure of the wires subjected to FIP-CTL testing (the arrows denote interrupted tests). 

 

Fig. 5. Macroscopic fracture features of tested wires: a) failure in tension after an interrupted FIP-CTL of a 
fatigue precracked DSS sample; b) longitudinal cracking in FIP-CTL of a LDS sample, fatigue precracked; 

c) assisted cracking and collapse of as mooth LDS sample in FIP-CTL. 
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3.2. Damage and collapse macro mechanisms 

Fig. 5 illustrates the macroscopic fracture features of hydrogen-induced damage that produced the 
collapse of smooth and fatigue precracked LDS and DSS wires when subjected to FIP-CLT testing. 
The image shown in Fig. 5a belongs to an interrupted FIP-CLT test of a fatigue precracked DSS 
wire subsequently broken in tension. In this case, the transversal compliance provided to the 
specimen by longitudinal cracking allowed the resistant ligament to move towards the loading line 
and to collapse in simple tension, by plastic instability and necking. 

In contrast, the precracked LDS wire (Fig. 5b) broke in the FIP-CLT test due to unstable 
propagation of a large longitudinal crack initiated at the fatigue crack tip. This longitudinal crack 
covered almost the entire length of the wire specimen immersed in the aggressive solution. 
Previously discussed subcritical cracking mechanisms of DSS wires [12] do not fully explain the 
cracking events found in LDS, given that hydrogen uptake does not only weakens the austenite-
ferrite interface but also anodically dissolves the longitudinal walls of elongated grains of ferrite (as 
discussed in the following section). 

FIP-CLT also produces the failure of smooth LDS wires (Fig. 5c). In this case, a transversal crack 
initiates at the wire surface and propagates by the combined action of the applied load and 
hydrogen uptake. The specimen fails by overloading when the transversal crack becomes a kinked 
crack that propagates longitudinally. At a macroscale, the collapse mechanism does not differ much 
from that of the fatigue precracked DSS specimens when tensile tested in air up to fracture after 
having been subjected to the FIP-CLT test. 

In order to obtain additional insights into the mechanisms that govern the failure of LDS wire, 
fatigue precracked wires were tensile tested under a small strain rate condition, in air (Air-SSRT) 
and in FIP solution (FIP-SSRT). In this view, to distinguish clearly the purely mechanical fracture 
events from the hydrogen effects, the specimens had equal initial elastic compliances: the fatigue 
cracked area Af was 39% of the wire cross-section, A0. Fig. 6a and Fig. 6c show the load-
percentage elongation curves obtained from direct measurements with the modified resistive 
extensometer of 210mm gauge length. Additionally, relevant image sequences acquired during the 
tests are presented in Fig. 6b and Fig. 6d together with the strain maps resulting from post-
processing the image data with VIC-2D dedicated software [23, 30]. 

According to the sequence of images captured during Air-SSRT (Fig. 6b), the longitudinal cracking 
initiates at about 70% of maximum load after an appreciable blunting of the fatigue crack. The 
longitudinal cracking is activated by the tensile and bending loadings that the remote applied stress 
produces on the resistant ligament. This stress must be high enough to break the plastically 
deformation zone developed ahead the crack front (A-1 image of Fig. 6b). As suggested by the 
images late acquired, longitudinal cracking is also activated by the tensile and bending loadings of 
the resistant ligament. The crack front stops advancing when the newly gained transversal 
compliance of the specimen allows the ligament centroid to be laterally displaced up to the loading 
line. 

Afterwards, the load reaches a maximum and the ligament remains subjected to simple tension 
until plastic instability occurs (A-2 image in Fig. 6b). The necking and unloading that take place 
from this point forward end with ligament rupture (A-3 image of Fig. 6b), far from the fatigue 
crack. 
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The aforementioned failure mode changes in the FIP-SSRT case. Definitely, hydrogen uptake 
produces an earlier onset of the subcritical longitudinal cracking. Again, it starts by kinking the 
fatigue crack to the wire axis direction, once the crack front is well blunted (B-1 image of Fig. 6d).  

 

Fig. 6. LDS precracked wire behavior in Air-SSRT and FIP-SSRT tests: a) load-percentage elongation 
curves in air; b) image sequences and corresponding strain maps in air (A-1 - 70% of maximum load; A-2 – 

maximum load; A-3 - just before failure); c) load-percentage elongation curves in FIP solution; d) image 
sequences and corresponding strain maps in FIP solution (B-1 – 70% of maximum load; B-2 – maximum 

load; B-3 – necking initiation; B-4 – just before failure). 

At a rude approximation, the longitudinal cracking rate is 13.1 μm/s in air (interval A-1–A-2 in Fig. 
6a) and 20.3 μm/s in FIP solution (interval B-1–B-2 in Fig. 6c). This means that hydrogen 
increases the crack propagation rate by 50%. Furthermore, in the FIP-SSRT, the crack propagation 
plane slightly deviates from the longitudinal direction. As a consequence, the resistant ligament is 
progressively smaller and its bearing capacity decreases continously (B-2 image of Fig. 6d). This 
also explains the difference between the maximum loads, in this case 10% smaller than that found 
in the AIR-SSRT (Fig. 6a). The subcritical longitudinal cracking continues during the subsequent 
unloading of the specimen (interval B-2–B-3 in Fig. 6c) because of the hydrogen action at the crack 
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front, combined with the tensile and bending loadings of the resistant ligament. As previously 
found in AIR-SSRT, the load alignment with the centroid of the resistant ligament by the 
progressively gained lateral compliance reduces the bending loading to zero. Thus, plastic 
instability in simple tension and necking replaces the slightly inclined longitudinal sectioning of the 
wire as unloading mechanism until its failure (interval B2–B4 in Fig. 6c). This final part of the test 
was captured only by the modified resistive extensometer because the longitudinal crack length 
exceeded the visual field of the digital image acquisition system. 

 

Fig. 7. Resistant ligament cross-sections of fatigue precracked LDS wires FIP-SSRT tested: a) near to the 
fatigue crack; b) adjacent to necking but not affected by it; (Ar– initial resistant ligament area; Af – fatigue 

cracked area; A′r- resistant ligament close to necking). 

In order to ascertain the occurrence of plastic instability at B-3, average stresses were calculated 
from the loads in B-3 and A-2 points and the respective resistant ligament areas. The two results 
were the tensile strength of the LDS wires. Fig. 7 illustrates the variations of the resistant ligament 
cross-section in the FIP-SSRT test given in Fig. 6c. The cross-sections shown in Fig. 7a and Fig. 7b 
were obtained once the specimen was broken: the former contains the initial resistant ligament (the 
same in the AIR-SSRT or FIPSSRT tests) and the latter the resistant ligament just before necking 
(B-3 testing instance). The areas Ar and A´r are 0.61 and 0.52 times the wire cross-section A0. This 
difference in the areas fully agrees with the 10% reduction of maximum load in FIP-SSRT. 

3.3. Damage micromechanisms 

The damage micromechanisms related to the hydrogen embrittlement of LDS wires when subjected 
to tensile loads in aggressive environments are discussed in this section on the basis of 
microfractographs obtained from the wire surface, and from transverse and longitudinal 
metallographic samples extracted from a smooth specimen broken in FIP-CLT (Fig. 8 and Fig. 9). 
These correspond to evidently damaged areas that did not originate in the wire collapse. 

 

Fig. 8. Surface pit initiated by ferrite dissolution in smooth LDS wire during FIP-CTL: a) wire surface view; 
b) pit features in axial direction and; c) in a transverse direction. 
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As can be seen in Fig. 8a and Fig. 8b, surface pits form after local depassivation of the wire surface 
that further allows the hydrogen to penetrate (Fig. 8c). Their depth, when high enough, might 
produce the direct exposure of the austenite grains to the hydrogen attack, that breaks or eventually 
dissolves them [26–28]. However, in spite of the limited number of pits observed on the wire 
surface, it was concluded that they did not promote subcritical cracking since their relative large 
radius when compared with corresponding depth (Fig. 8b) can only moderately increase the tensile 
stresses at the pit bottom. 

 

Fig. 9. Subcritical cracking sequences in the smooth LDS wire failed in the FIP-CTL test: a) subsurface 
cracking initiation by ferrite dissolution; b) transverse crack propagation ahead ferrite dissolution; c) crack 

blunting followed by deflectionin the wire axis direction. 

 

Fig. 10. Fracture features of smooth LDS wire failed in the FIP-CTL test: a) general view of the wire 
rupture; b) elliptical crack configuration for the damaged area; c) higher magnification view of the H-SCC 

zone; d) higher magnification view of the ductile collapse by void coalescence. 

Nonetheless, the local stress concentration produced by the hydrogen uptake in the presence of 
external tensile loads can initiate assisted cracking. This occurs when the hydrogen trapped at the 
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dissolved ferrite-austenite interfaces succeeds in breaking the boundaries of austenite grains instead 
of extending the interface dissolution parallel to the wire axis. Fig. 9 gives a valuable insight on the 
assisted cracking sequences that occur prior to the plastic collapse of the LDS wire: first, dissolved 
ferrite interfaces in the depassivated areas initiate the subsurface axial cracking (Fig. 9a); 
subsequently, and second, transverse cracking takes place by breaking the axial barriers of 
austenite, weakened by the strong hydrogen adsorption (Fig. 9b) from the already altered austenite-
ferrite interface. Anodic dissolution of ferrite accompanies the crack growth at this stage. This fully 
agrees with previous published research [31–35] concluding that the selective dissolution of ferrite 
and the formation of hydrogen traps at the austenite-ferrite interface determine the SCC 
susceptibility of duplex steels. Lastly, Fig. 9c shows the change from transverse to axial cracking 
after crack blunting. The tensile failure of a considerably smaller resistant ligament formed in this 
manner gives rise to the collapse of the specimen. 

Fig. 10a is the macrofractograph of the smooth LDS wire failed in FIP-CTL testing and shows two 
areas of well differentiated morphologies, consisting respectively of a mixture of intergranular and 
transgranular decohesion (Fig. 10c), and void coalescence (Fig. 10d). The first is the zone damaged 
by hydrogen during subcritical cracking and the second is the resistant ligament, which failed by 
plastic collapse after necking. The anodic dissolution of ferrite grains and the hydrogen trapping at 
the ferrite-austenite interface weakens the intergranular and transgranular cohesion, which is the 
basic source of damage. Its role in the transversal cracking mechanism of Fig. 9 is critical. The 
longitudinal cracking whose effects are shown in Fig. 7 occurs by a stepped growth, consisting of 
small jumps between two contiguous weakened ferrite/austenite interfaces, axially oriented. Fig. 
10b shows the elliptical crack configuration to which the first zone in the subsequent damage 
tolerance analysis was assimilated. 

The damage micromechanisms above described account for the higher susceptibility to hydrogen 
embrittlement of LDS wire when compared with the DSS one although the similitudes in the 
microstructures anisotropy (Fig. 1) produced by cold drawing. This is due to less refinement of 
austenite grains contained in the ferrite matrix of LDS, detected at a microstructure level only in 
transverse direction (Fig. 1-b1), which propitiates an easier subcritical cracking and contributes to 
the earlier collapse of the wires (Fig. 4 and Fig. 5). 

The alloying elements of DSS wires together with the manufacturing process are responsible for 
the grain refinement of the austenitic phase and a stronger cohesion at the interface between 
austenite and ferrite than in LDS case. Thus, no signs of depassivation and H-SCC being found 
after FIP-CLT testing smooth specimens of DSS wire (Fig.4), contrary to LDS wire. However, 
when fatigue precracking replaces the cracking initiation phase in FIP-CLT, subcritical assisted 
cracking occurred parallel to the DSS wire axis (Fig. 5a), propitiated by the microstructure 
anisotropy. It was attributed to the hydrogen concentration at the crack tip that, despite the alloying 
effect, locally reduced the cohesion of the austenite-ferrite interface. According to previous 
research [12], the longitudinal subcritical cracking initiates at the fatigue crack tip and advances 
between the austenite-ferrite phases. It is arrested when the stresses are not high enough to break 
the interface. The process is repeated by new hydrogen accumulation, resulting in a stepped 
cracking parallel to the wire axis. This cracking process definitely stops for crack lengths 
considerably smaller than that observed in LDS wire. The remaining ligament of DSS fails by 
plastic collapse when tensile tested in air after FIP-CTL (Fig. 5a). 
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The ES wires exhibit the lowest resistant to H-SCC than the other analyzed wires, their lifetime in 
the FIP-CLT being considerable smaller (Fig. 4). As previously presented in [13], the origin of the 
damage micromechanisms that govern the wire collapse is due to the propensity to fracture of the 
interfaces between the pearlite colonies, enhanced by cold drawing. In this case, a transversal 
surface crack initiates and after some subcritical growth, it produces the brittle fracture of the tested 
wire. Due to the combined tension and bending actions, the fracture follows an initial path parallel 
to the wire axis, from which it deviates when jumping between the interfaces of adjacent pearlite 
colonies. The jumps occur because these interfaces are much more dispersed in the longitudinal 
planes of the ES wires than the austenite-ferrite interfaces are in the LDS and DSS wires (Fig. 1). 

3.4. Damage tolerance 

The influence of hydrogen uptake on the damage tolerance of LDS steel wire was assessed and 
compared in terms of two elementary plastic collapse models for cracked wires that provide the 
damage tolerance upper bounds for the ES and DSS wires [13]. The loading and crack 
configuration are depicted in Fig 10b and Fig. 11. The wires are subjected to an axial tensile force 
eccentric with respect to the cracked area. The material is assumed to be perfectly plastic, the 
tensile strength Rm being the ideal yield strength. 

 

Fig. 11. Experimental data of damage tolerance obtained by testing in tension the LDS wires in air and FIP 
solution vs. theoretical damage tolerance limits given by the model of combined tension and bending plastic 
collapse (ES wires) and the model of plastic collapse in tension (DSS wires); P0 – maximum failure load; Pm 

– failure load of the cracked wire; A0 – initial crosssection; Af – damaged area (fatigue precracked or 
assimilated). 

In the combined tension and bending model the eccentricity acts up to plastic collapse. In the 
tension model the eccentricity gradually cease its influence well before the plastic collapse, because 
the previous axial cracking of the wire provides enough local flexibility to displace the centroid of 
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the uncracked ligament on the wire axis. Eq. (1) and (2) give the predicted collapse load for the 
combined tension and bending case and simple tension [9, 12]: 

𝑃𝑃𝑚𝑚 𝑃𝑃0⁄ = �1 − 𝐴𝐴𝑓𝑓 𝐴𝐴0⁄ �2.1,                              (1) 

𝑃𝑃𝑚𝑚 𝑃𝑃0⁄ = 1 − 𝐴𝐴𝑓𝑓 𝐴𝐴0⁄                                (2) 

where: Pm is the collapse load, P0 is the collapse load of the uncracked wire, Ar/A0 is the quotient 
between the cracked area Af and the wire cross section A0. 

The experimental damage tolerances of ES and DSS wires are in full agreement with the 
predictions of Eq. (1) and (2), respectively [9, 12, 13]. 

The tolerance boundaries derived from these models are presented in Fig. 11 together with the 
experimental failure data obtained by testing the LDS wires in air and FIP solution, namely FT, FI-
SSRT and FIP-CLT tests. In all the experimental data, collapse loads and damaged areas are 
measured. The damaged-area measurements were performed by SEM, once the limits of fatigue 
precracking and/or hydrogen damaging action had been determined (Fig. 7 and Fig. 10a). Thus, 
Fig. 11 shows that the tensile plastic collapse model provides a reliable and accurate upper bound 
damage tolerance not only for the DSS cold-drawn wires but also for the LDS cold-drawn wires. 

4. Conclusions 

Present research, mainly based on standard and modified FIP tests, supports the potential use of 
cold-drawn, high-strength LDS wires in the construction industry for prestressing concrete 
structures exposed to aggressive environments. The standard FIP test results showed that the 
lifetime of LDS wires is limited, contrarily to DSS wires, though it exceeds that of currently used 
cold-drawn eutectoid wires by more than 10 times. 

Although the LDS wires are as damage tolerant as the DSS wires, they are more susceptible to 
hydrogen-induced stress corrosion. The two types of wires fail due to tensile plastic collapse of the 
resistant ligament when transversally cracked, regardless of the crack origin (i.e. fatigue or 
hydrogen action). In both cases, the transverse crack acts as an initiator of a subsequent 
longitudinal cracking that propitiates the tensile plastic collapse of the wires. However, in DSS 
wires transversal cracking does not initiate by hydrogen action, though longitudinal cracking does, 
at much lower rates than in the case of LDS wires. 

In LDS wires, the selective dissolution of ferrite and the enhanced trapping of hydrogen at the 
austenite-ferrite interface reduce the dissimilar steel phase cohesion and explain the damage 
micromechanisms by which hydrogen-induced stress corrosion takes place. 
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Influence of transversal loading on tensile and fatigue behaviour of high-strength lean duplex 
stainless steel wires 

Maricely de Abreu, Mihaela Iordachescu, Andrés Valiente 

Materials Science Dpt., E.T.S.I. Caminos, Universidad Politécnica de Madrid, España 

Abstract 

The research addresses the failure behavior of a high-strength lean duplex stainless steel wire 
simultaneously subjected to static transversal and static and cyclic axial loadings. Such bi-axial 
loadings are experienced by the wires when incorporated into strands for structural tendons of 
cable-stayed systems or prestressing concrete structures. The experiments were made with a 
specially designed device assuring the control of the locally applied transversal force during the 
axial loading in simple or cyclic tension of the wire. Thus, a static fracture criterion and fatigue 
endurance limit locus for the stress range of 200 MPa were found on an empirical basis for the 
analyzed wires when subjected to biaxial loading. The resulting data were compared with those 
obtained from identical tests of eutectoid steel wires currently used in prestressing applications. 
Additionally, scanning electron microscopy was employed to determine how the static transverse 
loads modify the failure and fatigue damage mechanisms, when combined with static and cyclic 
tensile loading. 

Keywords: High-strength lean-duplex stainless steel; transverse loading; biaxial static loading; 
static compression-tensile fatigue resistance; Damage micromechanisms;  

Highlights: 

• Static fracture criterion of high-strength wires under transversal loading  
• Fatigue resistance of high-strength duplex steel wires under transversal loading 
• Fatigue endurance limit locus of duplex steel wires under transversal loading  

1. Introduction 

Since the late 1970s extensive research, testing and development efforts were made in the field of 
pre and post-tensioning concrete and stay cable applications. Hence, structural tendons with 
multiple strands are incorporated today into a vast array of structures like bridges, building roofs, 
wind towers and others lightweight wide-span structures [1-5]. The most used strands are made 
from 7 individual high-strength, cold-drawn eutectoid wires, six of them helically wound outer the 
central straight one [4, 6].  

The structural tendons are usually designed to carry high tensile loads without explicitly accounting 
the transverse contact loads that may occur in a permanent or transient form, from different sources 
such as anchorages and coupling systems, construction tolerances and misalignments, wind actions 
or differential temperature changes. The transverse loads entail risks for the structural integrity of 
the tendons because they are generally accompanied by local stresses high enough to significantly 
influence the tensile and fatigue strength of the strands from which the tendons are configured [1 - 
3, 7-10].  
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Despite that, information addressing the influence of transverse loading on the progressive failure 
of strands and tendon-breaking scenarios is scarce and briefly presented in the existing codes and 
guidelines [4, 6]. 

Nevertheless, service failures due to transverse loading of structural tendons have occurred. For 
instance, one multi strand tendon of the Guangzhou Haiyin stay-cable bridge, China was broken by 
transverse overloading in 2002 due to a vehicle collision [10]. 

In practice, the risk associated with transverse loading is compensated by the use of less sensitive 
strands and coupling systems, assessed from technological tests based on simplified reproductions 
of the service conditions [1-4, 6, 11]. This approach may be effective for structural design 
purposes, but it is excessively simplistic for contributing to the development of new generation of 
strands, with higher corrosion resistance, like those made from cold drawn duplex stainless steels 
wires.  

This research work aims assessing the sensitivity to transverse loading, concerning tensile and 
fatigue performance, of three types of cold drawn wires, two made from distinct duplex stainless 
steel classes. The third is a conventional eutectoid prestressing steel wire included as a reference 
wire, for comparison. The assessment criterion follows the approach that in the last years has 
provided significant advances in understanding of fatigue and fracture behavior of the eutectoid 
prestressing wires used in current high strength strands. In this line, multiscaling and mesoscopic 
Fracture Mechanics was employed to design and perform fracture and fatigue tests of these wires 
[8 -17], from which their fracture toughness and fatigue resistance were found to be highly 
anisotropic and surface condition dependent, respectively. Likewise, it may be mentioned recent 
researches comparing the damage tolerance and the susceptibility to environmentally induced 
damage of high strength eutectoid wires with those of high strength duplex steel [18-22]. The 
differences between them regarding damage tolerance were quantitatively assessed on the basis of 
an elementary plastic collapse model for axially tensioned wires in presence of transverse cracks, 
and the microstructural effects of cold-drawn induced anisotropy on their failure mechanisms were 
shown to be fully consistent with the macroscopic behaviour. Regarding hydrogen embrittlement 
and stress corrosion cracking, the currently addressed duplex steel wires are less sensitive to these 
risks than the eutectoid steel one, though their significant differences in the weight of the alloying 
elements [19, 20]. The first stainless steel wire is a classical duplex one, here referred as DSS, and 
the second wire, made from lower alloyed duplex steel is referred as lean duplex, LDS. The last 
wire being more attractive for the construction industry because of the production cost, 
considerable lower than that of the higher alloyed DSS wire.  

The present paper gives new insights on the failure behaviour of these two types of high-strength, 
heavily cold-drawn duplex stainless steel wires, when simultaneously subjected to transversal and 
longitudinal loadings, the former being applied in static regime and the latter in both static and 
cyclic regime. These news insights are extended to the conventional eutectoid prestressing wire ES, 
as essential assessment factor and comparison. The experiments were performed with a specially 
designed device that holds constant the locally applied transversal compression load during the 
static or cyclic tensile loading of the tested wires. The results concerning the static loading of the 
duplex stainless steel wires were found to obey the same empirical fracture criterion as the 
currently used prestressing eutectoid wires. From the fatigue tests, a 200 MPa endurance limit locus 
for the duplex steel wires is proposed. Further, scanning electron microscopy (SEM) was employed 
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to determine the differences induced by the transversal loading in the fracture and fatigue damage 
micromechanisms. 

2. Wire materials and testing methods    

The studied high-strength wires, of 4 mm diameter, were manufactured by cold drawing from two 
distinct classes of duplex stainless steels: the first a low-alloyed (LDS) and the second a high-
alloyed (DSS) one. In addition, a current prestressing eutectoid steel wire (ES), of the same 
diameter, was used in the experiments for comparative purposes. The chemical composition of the 
studied wires, as provided by the manufacturers is given in Table 1 and details regarding their 
microstructural features can be found elsewhere [18-20]. The mechanical properties of the wires 
are presented in Table 2. These were experimentally obtained by tensile testing wire samples of 
350 mm length, at room temperature. The tests were performed with a 200 kN servo-hydraulic 
machine by using a constant crosshead speed of 1 mm/min, the elongations being measured with a 
conventional resistive extensometer on a gage length of 12.5 mm. The data were further used as 
reference for the tensile bearing evaluation of wires under static bi-axial loading.  

The first testing method employed in the study, namely the tensile test under transverse loads (here 
referred as T-QL), was aimed at assessing the sensitivity of the tensile bearing capacity of the wires 
to transverse loading induced by the contact with a rigid boundary. In this view, two constant 
compression forces were applied on the wire during its tensile tensioning up to failure. One of the 
situations that the test sought to reproduce was the mutual compression that may occur in service 
between the wires of a loaded stay cable strand.  

Table 1. Chemical composition of studied wires (percentages by weight) 

 C Si Mn P S N Cr Mo Ni Fe 

LDS (1.4482) 0.03 1.00 5.00 0.035 0.015 0.11 20.50 0.60 2.25 Bal. 
DSS (1.4462) 0.03 0.61 1.78 0.03 0.001 0.18 22.80 3.33 4.80 Bal. 
ES (Y1670C) 0.78 0.21 0.67 0.012 0.022 - - - - Bal. 

Table 2. Mechanical properties of the studied wires 

 

 
 

Elastic 
modulus, 

[GPa] 

Yield strength, 
Rp0.2 

[MPa] 

Tensile 
strength, Rm 

[MPa] 

Maximum uniform 
elongation, 

Agt [%] 

Reduction of 
area, 

RA [%] 
LDS (1.4482) 180 1350 1820 2.3 51 
DSS (1.4462) 160 1429 1660 2.2 70 
ES (1.4482) 205 1640 1740 3.2 50 

The test arrangement used for the T-QL experiments is shown in Fig. 1. Commercial wedge grips 
for prestressing wires were used to fix the specimens, of 350 mm length, in the vertical loading 
frame of the 200 kN servo-hydraulic machine which provided the tensile loading. The transverse 
compression load was applied and held constant by the actuator and the support plate of a small 
loading frame, which remained attached to the wire through the compressive action, without sliding 
or axial force transmission. This was assured by a pulley counterweight system designed to 
maintain the horizontality of the frame and to balance its weight (Fig 1a). The actuator of the small 
loading frame is a hydraulically driven piston connected to an air-oil pressure converter that assures 
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controlled thrust through an air-pressure regulator mounted to the outlet of a compressed air 
cylinder. Thus, on the piston side, the compression force was applied perpendicularly to the tested 
wire axis by using a small sample of the same wire (Fig 1b); the opposite side of the tested wire 
was longitudinally supported on a V-shape die, of 30 mm length. The die shape and the 
counterweight system of the horizontal frame prevented the lateral displacement of tested wire, 
once fixed in wedges (Fig. 1c). Details capturing the main testing sequences, namely the wire 
fixing, bi-axial loading and failure are given in Fig. 1c, Fig. 1d-1 and Fig. 1d-2. These were 
acquired with an optical acquisition system VIC-2D [20, 22], also used to measure the tensile 
elongation of the wire, on a 12.5 mm gauge length centred at the action line of the compression 
forces. 

 

Fig. 1. a) General view of the arrangement used for the tensile test under transverse loading of the wires; b) 
loading mode sketch; c) detail capturing the transverse loading of the wire; d-1) compression actuator 

before loading; d-2) wire´s failure in the compressed zone 

The second testing method used in the present research, namely the fatigue test under transverse 
loading (here referred as F-QL), was designed to assess the fatigue behaviour of the wires when 
simultaneously subjected to cyclic tensile loading and static compressive transversal loading. The 
same test arrangement given in Fig. 1 was employed, with the only difference being given by the 
cyclic nature of the tensile load. The tests were performed for a unique stress range of 200 MPa and 
different combinations of the maximum tensile fatigue load and the transverse load PFmax – Q. 
According to the certification tests of FIB [6], the test duration assumed as boundless fatigue life 
2∙106 load cycles. Despite this, most of tests were prolonged up to 5∙106 load cycles. At the end of 
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the tests, several survival wires were loaded in simple tension up to failure to determine their 
remaining tensile resistance. 

Further, the fracture surfaces were analyzed to determine how the fracture and fatigue damage 
micromechanisms are conditioned by the transversal loading of the wires. 

3. Experimental results 

3.1 Effect of the transverse compression load on the tensile resistance of the wires 

The effect of the transverse compression load Q on the tensile behavior of LDS, DSS and ES wires 
is presented in Fig. 2. The plot of each T-QL test was obtained by coupling the recorded tensile 
load with the corresponding percentage elongation up to maximum load, as measured by post-
processing the test image sequence captured with the video image correlation software VIC-2D, 
[20, 22]. The measured elongation corresponds to a virtual 12.5 mm gage length centered at the 
contact of the tested wire with the wire used for applying the transverse load, Q. As can be seen in 
Fig. 2 the tensile bearing capacity of the wires decreases as Q increases whilst the elongation under 
maximum load exhibits an opposed trend.  

 

Fig. 2. Tensile load P vs. percentage elongation δ of wire specimens subjected to distinct constant transverse 
compression loads Q: a) LDS; b) DSS; c) ES 

Fig. 3a shows how the bearing capacity Pm of the wires depends on the applied transverse load Q. 
A unique linear dependence with a negative slope of 0.56, 

𝑃𝑃𝑚𝑚
𝑃𝑃0

= 1 − 0.56 𝑄𝑄
𝑃𝑃0

                             (1) 
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is found when the test results of the three wire classes are plotted together and the load unit used 
for Pm and Q is the maximum tensile load P0 that each wire class (LDS, DSS and ES) can sustain in 
simple tension. This linear dependence between the tensile and transversal loads at failure was also 
found by Maupetit et al [11] for eutectoid cold-drawn wires.  

3.2. Fracture mechanisms of wires under transverse loading and axial tensioning  

The fracture features corresponding to relevant values of the transverse load Q can be observed in 
Fig. 3b. Accordingly, the fracture path initiates at one longitudinal end of the compression induced 
contact area and roughly propagates along an inclined plane.  

 

Fig. 3. a) Tensile bearing capacity of the wires vs. transverse load; b) Macroscopic fracture features of the 
LDS wire subjected to axial tensioning and transverse loading (T-QL) 

Fig. 4 gives some insights regarding the transverse loading effect on the axially tensioned LDS 
wire. The transversal actuator ends as a short sample of the LDS wire, which is oriented 
perpendicularly to the tested specimen. As a consequence of the symmetries of this configuration, 
and regardless the wire plastic anisotropy, the boundary of the imprint on both sides of the contact 
(Fig. 4a) is practically a circumference (Fig. 4b) whose diameter increases with the transverse load 
(Fig. 4c). The fracture occurs along a planar surface inclined about 40º to the wire axis (Fig. 4d). 
Fig. 4e presents the macrographs of the longitudinal cross-section of a LDS wire transversally 
compressed and axially tensioned up to maximum load, together with the corresponding transverse 
cross-section of the wire actuator; the macro etching attack reveals in dark grey the plastically 
deformed area consisting of a strongly texturized zone with microcracked ferrite-austenite 
interphases that propitiate the final tensile failure of the wire. 

The fracture of all T-QL tested wires (LDS, DSS and ES) is triggered by the same mechanism of 
shear plastic collapse. Pure tensile necking coexists with this failure mechanism for low values of 
Q, which fully disappears as the compression load increases. Fig. 5a shows at macroscale the 
fracture surface of one of the broken LDS wires in the T-QL test. The ductile morphology at the 
fracture initiation site is presented at distinct magnifications in Fig. 5b and Fig. 5c, while that of the 
propagation path is shown in Fig. 5d. This consists of shear broken ferrite and austenite grains and 
secondary longitudinal interfacial microcracks. Lastly, Fig. 5e reveals the fine dimples of the final 
ductile shear lip fracture morphology.  
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Fig. 4. a) Sketch of the circular contact during T-QL; b) Macroscopic view of the imprint of circular 
boundary for Q = 11 kN, and c) for Q = 23 kN; d) Fracture path of the wires under tensile and transversal 

loading; e) Macrographs of the plastic deformation as occurred at the longitudinal cross-section of the tested 
wire and at the corresponding transverse cross-section of the actuator wire for Q = 23 kN and P = 10 kN ; f) 
Higher magnification showing the strong texturizing and the interphase microcraking of the wire material. 

 

Fig. 5. a) Macroscopic image of the LDS wire broken under tensile and transverse loading (T-QL); b) 
Ductile fracture initiation; c) Higher magnification detail of b); d) Fracture path revealing shear ruptures of 

ferrite and austenite grains and interphases microcraks; e) Final ductile shear lip fracture morphology. 
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3.3. Effect of transverse compression load on the fatigue life of the LDS wires 

The effect of transverse compression load Q on the fatigue tensile behavior of the LDS wires was 
also experimentally assessed; the LDS wire specimens were simultaneously subjected to cyclic 
tensile and static transverse loads F-QL. Fig. 6a graphically illustrates the test sequence, designed 
in accordance with the stress range of 200 MPa and the fatigue life higher than 2∙106 load cycles 
required for prestressing steel wires [6]. The tests were performed for different combinations of the 
maximum value PFmax of the axial cyclic load and the static transverse load Q. When the limit value 
of 2∙106 load cycles was reached (some tests were stopped at 5∙106 cycles) the wire specimen was 
subsequently broken in pure tension. One of these tests is depicted in Fig. 6a, together with an 
identical one carried out with an ES wire specimen, and with a fatigue test of a prestressing strand, 
made of 7 ES wires of 4 mm diameter, of one manufacturer [2, 3]. This latter test provides a 
reference for the other two, because of the transversal loading produced by the contact between the 
wires of the strand when this is tensile loaded. A maximum fatigue load of 0.6 P0 and a transversal 
load of 0.35 P0 were applied in the F-QL tests to the LDS and ES wires, while the maximum 
fatigue load applied to the 7-wire strand was 0.45 P0. Their respective tensile bearing capacities 
measured after fatigue testing were 0.98 P0, 0.98 P0 and 0.95 P0 in the case of the strand, P0 being 
the guaranteed ultimate tensile load. Therefore, neither the damage due to the tensile fatigue cycles 
nor due to the transverse load produced significant resistance losses in the tested LDS and ES 
wires. These testing performances are in agreement with the FIB acceptance criteria for the ES wire 
strands and provide a first benchmark result regarding the behavior of LDS wires for use in 
prestressing strands fabrication.  

 

Fig. 6. a) Tensile loading sequence applied in the fatigue tests with transverse load [3]; b) Fatigue test 
results of LDS wires in the non-dimensional axial cyclic – transverse static load diagram (Q - applied 

transverse compression load, PFmax - maximum applied tensile fatigue load, P0 - tensile strength in load 
terms) 
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However, the results of Fig. 6a do not enlighten about the sensitivity of the fatigue endurance of the 
LDS wires to transverse loads. Additional information of LDS wires tests regarding the transverse 
load influence on the axial fatigue life, in the stress range of 200 MPa, is given in Table 3. 
Accordingly, the number of cycles at failure depends on the applied combination of PFmax- Q, the 
earliest failure being registered after only 2.5∙104 cycles for the loading couple of 16.54 - 9.6 kN, 
but safe life results when Q decreases to 5 kN, although the slight increase of PFmax to 17 kN, Early 
failures at 7.8∙104 and 8.6∙104 cycles also occur for lower tensile fatigue maximum loads of 11.18 
kN and 12.96 kN when Q is 13.4 kN and 11.6 kN, respectively. Fig. 6b gathers the fatigue test data 
of LDS wires in the non-dimensional axial – transverse load diagram PFmax/P0 – Q/P0 for all the 
chosen combinations of values Q – PFmax. For comparison purposes, the diagram also contains the 
previously determined static failure locus. The horizontal line AB corresponds to the highest 
fatigue load recommended by FIB for fatigue testing of prestressing wires [6], which 
approximately coincides with the yielding load of the LDS wires in simple tension. The diagram 
indicates that the fatigue life depends on the combination of PFmax- Q values. The curve BC roughly 
sets the locus of PFmax- Q combinations beyond which the endurance limit of the LDS wires is less 
than 200 MPa. The boundless fatigue life of the wires occurs for transverse loads Q lower than 
40% of P0, even for maximum fatigue loads higher than that recommended by FIB for prestressing 
wires. However, values of both Q and PFmax higher than 50% P0 originates the fatigue failure of the 
LDS wires under 200 MPa of stress range. The data in Fig.6b also suggest that values of Q and 
PFmax respectively higher and lower than 50% P0 would not induce fatigue failure for less than 2∙106 
load cycles. An explanation consistent with this would be that the strong compressive forces 
prevent the conversion of the superficial damage thus formed, into a tensile fatigue cracking 
initiator. 

Table 2. Transverse load influence on the axial fatigue life of LDS wires in the stress range of 200 MPa  

Test no. 
Max. Tensile 

Fatigue load, PFmax, 
[kN] 

Min. ÷ Max.  

Fatigue stresses, 
[MPa] 

Transverse load 
Q, [kN] 

Number of 
cycles at failure 

F-1 9.61 565 ÷ 765 15.4  > 2.0∙106 
F-2 9.61 565 ÷ 765 16.5  > 2.5∙106 
F-3 11.18 690 ÷ 890 13.4 7.8∙104 
F-4 12.60 803 ÷ 1003 10.5 > 4.7∙106 
F-5 12.96 831 ÷ 1031 11.6 8.6∙104 
F-6 13.60 882 ÷ 1082 8.0 > 5.0∙106 
F-7 14.00 914 ÷ 1114 7.5 > 5.0∙106 
F-8 14.50 954 ÷ 1154 10.3 1.9∙106 
F-9 14.80 978 ÷ 1178 5.4 > 2.0∙106 

F-10 15.59 1041 ÷ 1241 10.0 5.0∙105 
F-11 15.65 1045 ÷ 1245 0.0 > 2.6∙106 
F-12 15.70 1049 ÷ 1249 7.5 > 2.0∙106 
F-13 16.54 1116 ÷ 1316 9.6 2.5∙104 
F-14 16.99 1152 ÷ 1352 0.0 > 2.0∙106 
F-15 17.00 1153 ÷ 1353 5.0 > 4.8∙106 
F-16 18.30 1256 ÷ 1456 5.0 > 5.3∙106 
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3.4. Fracture mechanisms of LDS wires subjected to transverse loading and axial cyclic 
tension  

As shown in Fig. 6b, several F-QL tests resulted in failure for less than 2∙106 load cycles. Fig. 7a 
and Fig. 7b show the macrofractographs of one of the broken specimens and reveal a peculiar 
fatigue-cracking plane (Fig. 7c), with the initiation site at one end of the compression induced 
contact area, where a strong stress concentration occurs as a consequence of the applied cyclic 
tensile loading (Fig. 7c). The fatigue-cracking plane and the wire axis form almost the same angle 
of about 40º previously found in the fracture paths of the T-QL tests. Such an inclination contrasts 
with the transverse fatigue cracks that develop in wires under pure tensile cyclic loading. The SEM 
image presented in Fig. 7d shows the general crack path morphology with the ductile crack 
initiation, the inclined fatigue crack growth and the final shear failure. Higher magnification views 
illustrate, the transition from crack initiation to growth (Fig. 7e) and the beach marks of this 
atypical fatigue crack propagation (Fig. 7f) in which secondary cracking occurs at the fatigue 
striations due to interphases decohesion (Fig. 7g).  

 

Fig. 7. a,b) Macroscopic images showing the LDS wire rupture in the fatigue test under transverse loading 
(F-QL); c) Sketch of the wires failure under F-QL; d) SEM image revealing the cracking path morphology; 
e) Higher magnification view capturing the transition from initiation to inclined fatigue cracking; f) Beach 

marks of shear fatigue fracture in the propagation stage; g) Higher magnification view of f) showing 
secondary interphases cracking 

4. Conclusions 

The experimental results concerning the failure of three high-strength, cold drawn types of steel 
wires (eutectoid, duplex stainless steel and lean duplex stainless steel) under tensile and transversal 
static loading did not showed significant differences regarding the relative loss of tensile bearing 
capacity as a function of the applied transverse load. On this basis, an empirical static fracture 
criterion predicting the critical combinations of tensile and - transversal loads has been formulated.  
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The effect of transversal loading on the tensile fatigue behavior of the lean duplex steel wires was 
also experimentally analyzed. The results indicate that, even under transversal loading, the tested 
lean duplex steel wires widely meet the fatigue acceptance requirements of FIB (International 
Federation for Structural Concrete) for current prestressing eutectoid wires free from transverse 
loads. 

A fatigue endurance limit locus was determined by subjecting the lean duplex steel wires to the 
simultaneous action of a transverse compressive load and a tensile cyclic load of 200 MPa stress 
range. The limit locus is defined as the combination of the transverse and maximum tensile fatigue 
loads for which the fatigue life surpasses two million of cycles. Thus, none of these two loads can 
be higher than 50% of the tensile bearing capacity of the lean duplex wire.  
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(Compendio, 5) Damage mechanisms and failure analysis of high-
strength eutectoid and duplex stainless steel wires subjected to static and 
cyclic axial tension loading under transverse compressive loads 
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Damage mechanisms and failure analysis of high-strength eutectoid and duplex stainless steel 
wires subjected to static and cyclic axial tension loading under transverse compressive loads 
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Spain 

Abstract: 

Multi-wire strands used in a wide range of structural applications are designed to withstand high 
axial and cyclic tensile loads, but they can also be subjected to permanent or accidental transverse 
loads that might alter their tensile and fatigue behavior. In this context, the paper presents, 
respectively, a comparative experimental analysis involving two types of high-strength cold-drawn 
wires made of conventional eutectoid steel and an advanced lean duplex stainless steel. The same 
empirical fracture criterion was found to predict the tensile bearing capacity as a function of the 
applied transverse load in the two wires. The fatigue endurance required by the standards in force 
for prestressing steel wires when free from transverse loads are satisfied by the two wire types even 
under transverse loads as high as 40% of their tensile strength. The analysis of the failure 
mechanisms reveals consistent macroscopic and microscopic differences between the wires, which 
result from the local biaxiality of stress state and from the microstructural alteration induced by the 
transverse load when large plastic deformation occurs. 

Keywords: Biaxial load; Fracture; Fatigue resistance; Macro and Micro-mechanisms of Damage;  

Highlights: 

• Static/cyclic axial loading under transverse compression of high-strength wires 
• Microstructural alteration induced by the local biaxiality of the stress state  
• Damage mechanism and failure analysis of high-strength wires under biaxial loads 

1. Introduction 

Multi-wire strands made of high-strength eutectoid steel wires are the most common tensile 
resistant element for the structural cable tendons used in a wide spectrum of civil engineering 
applications which embrace prestressed concrete structures, bridges, and geotechnical 
infrastructure [1-3]. The cable tendons are designed to withstand high tensile loads, but they are 
also subjected to permanent or transient transverse loads that alter the tensile bearing capacity and 
the fatigue resistance [4]. When permanent, the transverse loads occur as response to applied 
tension in guide deviators installed near the cable anchorages, in saddles and in clamping/joining 
devices, e.g. for cross ties, installed along the cable length [4, 5]; local kinks in the cable geometry 
are formed in contact with these devices, with subsequent small transverse deformations in the 
strands wires. Moreover, transverse loading can exhaust the damage tolerance of the strands when 
produced by accidental actions, and it is explicitly considered in the structural design that 
incorporates resilience principles, if not, is limited by very conservative safety margins. In recent 
years, some information was published about serious, but not catastrophic failures of tendon cables 
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in bridges, induced by accidental actions involving transverse overloading [6, 7]. The first, in 
which one stay cable suddenly broke due to the impact of an oil tank truck occurred in Guangzhou 
Haiyin Bridge, in 1995, 7 years after its commissioning [6]. The second, entailed the rupture of 
only 3 strands from a 73 strand-cable after a runaway 1000-ton crane barge struck the Ching Chau 
Ming Jang cable-stayed bridge in Fuzhou, China, during a hurricane in 2001. The entire cable was 
replaced, given that the overload supported by the remaining strands could not be estimated [7].  

In addition to structural redundancy and conservative limitation of the tensile loads, the report of 
the International Federation for Structural Concrete (FIB) [4] and the standard ISO 15630-3:2010 
[8] recommend a specific cable testing method to determine the safety risks entailed by transversal 
loading [4]. The testing method, merely technological, is intended to reproduce the deviation from 
the design assumption of pure axial tension that occurs in the cable strands when laterally deflected 
by permanent transverse forces by misalignments in the anchoring devices, and vibrations. 
Undoubtedly, this kind of testing provides a valuable tool to establish the transverse loading 
acceptance criteria for distinct cable strands configurations, but it is not the best experimental basis 
for approaching the analysis of the macro- and micro-mechanisms of failure induced by the 
combined action of static or cyclic tension with compressive transverse load.  

The mechanical behavior of strands tensile and transversally loaded was analytically and finite 
element modeled for elastic regime in [9]. The results show that the transformation of a given 
transverse displacement into lateral force and tensile stresses strongly depends on the assumptions 
concerning the transmission mechanism of the contact force in between the strand wires or by an 
external agent. This is pointed out as being the basic mechanism underlying the strand wires 
response to transversal loading. Accordingly, in present research, the control of the lateral force 
acting on the strand wires has been a priority issue.  

In the last two decades, published research regarding the fatigue resistance and damage tolerance of 
eutectoid steel wires, from which high-strength strands for structural tendons are manufactured, has 
been carried out by using approaches from Fracture Mechanics [10-13]. However, current research 
not only addresses the improvement of existing products in order to satisfy the present demand of 
the construction industry concerning the increase of the resistant capacity and durability of 
structural tendons, but also the development and assessment of new generation of high-strength 
wires, in particular that of cold-drawn duplex stainless steels. In this view, recent research [14-16] 
has shown the potential of cold-drawn stainless steel wires to be used in pre- or post-tensioned 
structural applications, not only due to their mechanical properties and pitting corrosion resistance, 
but also for their damage tolerance and stress corrosion resistance. 

The paper analyzes on a comparative experimental basis the failure mechanisms induced in two 
high-strength cold-drawn wires by the combination of static or cyclic tension loading with 
compressive transverse loads. The two wires are made, respectively, of conventional eutectoid steel 
and lean duplex stainless steel. 

The eutectoid wire is currently used for the strand manufacturing and the duplex one is a potential 
candidate for replacing it. The basic guidelines of the experimental approach presented in [17, 18] 
were followed in this research. In this view, the tests were carried out with a specially designed 
device that allowed the applying and maintaining of the local transverse compression load during 
the static or cyclic tensioning of wires. A single stress range of 200 MPa was used for the cyclic 
tensioning, given that it was that required by the prEN 10138-2 [19] as a sufficient condition to 
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assure the fatigue safe life of prestressing wires free from transverse loading. The tests delimitated 
the bi-axial loads combinations able to cause wire rupture and the static and fatigue damage micro-
mechanisms. The detected differences were discussed with regard to the microstructural features of 
each wire type, paying special attention to the influence of the axial orientation induced by the 
manufacturing process. 

2. Materials, Testing Methods and Experimental Data 

2.1. Materials characteristics 

The studied materials are two type of 4 mm diameter, high-strength commercial wires made of 
eutectoid steel (ES) and lean duplex stainless steel (LDS). Both wires were manufactured by cold- 
drawing that determines a strong microstructural anisotropy, elsewhere discussed [15, 16]. Table 1 
and Table 2 indicate, respectively, the chemical composition and the mechanical properties at room 
temperature by tensile testing smooth wire samples of 350 mm length. The tests were performed at 
a constant crosshead speed of 1mm/min. A 12.5 mm optical extensometer was used for the strain 
measurement. The maximum loads recorded in the simple tensile test were further used as 
reference values for quantifying the effect of the transverse compression load on the tensile 
behavior of both wire classes, when subjected to biaxial loading. 

Table 1. Chemical composition of studied wires (percentages by weight) 

Steel C Si Mn P S N Cr Mo Ni Fe 
LDS 0.03 1.00 5.00 0.035 0.015 0.11 20.50 0.60 2.25 Bal. 
ES 0.78 0.21 0.67 0.012 0.022 - - - - Bal. 

Table 2. Mechanical properties of studied wires 

Mechanical 
properties 

Elastic modulus 
[GPa] 

Yield strength 
[MPa] 

Tensile strength 
[MPa] 

Maximum uniform 
deformation [%] 

Elongation 
[%] 

LDS 180 1350 1820 2.3 51 

ES 205 1640 1740 3.2 50 

2.2. Testing methodology and experimental data 

The purpose of the designed biaxial tests, which combines the static or cyclic axial tensile loading 
of the wires with a locally applied transverse load, was to evaluate the sensitivity of their tensile 
bearing capacity to the transverse loads produced by the contact between them when helically 
wound around the central straight wire of a strand or by the contact with other components of 
structural applications. These tests are further referred as T-QL (axial static loading with transverse 
compression) and F-QL (axial cyclic loading with transverse compression). The general view of the 
testing arrangement is presented in Fig. 1a. 

As shown in Fig. 1b, the actuator that applies the transverse load is a small wire sample of the same 
material as the tested one. This actuator receives the pushing force along a groove made in the 
supporting plate perpendicularly to the tensioning direction. The arrangement assures an almost 
circular imprint generated in the two wires by plastic deformation once the transverse load is 
applied, because of the 90º symmetry of the contact (Fig. 1.c). 
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Information regarding the axial bearing capacity of LDS and ES wires in the T-QL tests is 
presented in Table 3 where: P0 is the maximum tensile load in simple tension, Pm the maximum 
tensile load under transverse loading, Q the transverse compression load and δ the percentage 
elongation of a gauge length of 12.5 mm centered on the transverse load line, as measured with the 
noncontact video extensometer from the sequence of images acquired during the test. According to 
these data, the tensile bearing capacity of all T-QL tested ES and LDS wires markedly decreases 
with the transverse load. This reduction is accompanied by a slight increase of ductility. The latter 
is a consequence of the extended plastic instability preceding the ultimate failure of the tested 
wires. 

 

Fig. 1. a) General view of the testing arrangement for combined static/cyclic axial tensile loading and 
locally applied compression; b, c) Sketches of the biaxial loading of tested wires. 

The fatigue lives higher than 2∙106 load cycles at a stress range of 200 MPa are considered 
unlimited for the prestressing strands wires free from transverse loading by FIB [4], then all F-QL 
tests were carried out in this stress range, at 12 Hz under different combinations of maximum 
fatigue load and transverse load, PFmax-Q. After the test, the wires that did not fail were loaded in 
simple tension until rupture to determine the remaining tensile bearing capacity. The experimental 
data of F-QL tests are summarized in Table 4, with PFmax being the maximum tensile fatigue load. 

Once the T-QL and F-QL tests had been performed, scanning electron microscopy (SEM) was used 
to determine the corresponding damage micro-mechanisms. In this view, the fracture surfaces of 
the specimens and the contact areas generated by the transverse load were examined. In order to 
obtain more insights in the generated damage, longitudinal and transverse metallographic samples 
were prepared and SEM analyzed from some of the fractured wires and their corresponding wire-
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actuators. This permitted the capture of the respective micro-mechanisms concerning the fracture 
process and the large plastic deformation formed under the contact area of transverse actuator. 

Table 3. Transverse load influence on the axial bearing capacity of LDS and ES wires (4 mm diameter) 

Test no./Specimen Transverse load, 
Q[kN] 

Max axial load, 
Pm[kN] 

Elongation δ, 
[%] Pm/P0 Q/P0 

LDS (P0 = 22.35 kN δ = 2.52 %)    

T-QL-01ds 4.39 19.6 - 0.877 0.196 
T-QL-02ds 4.87 19.69 3.48 0.881 0.218 
T-QL-03ds 8.35 17.64 - 0.789 0.374 
T-QL-04ds 9.31 16.81 - 0.752 0.417 
T-QL-05ds 11.59 15.23 3.57 0.681 0.519 
T-QL-06ds 14.14 13.87 4.14 0.633 0.621 
T-QL-07ds 16.15 12.32 - 0.551 0.723 
T-QL-08ds 17.11 11.99 - 0.536 0.765 
T-QL-09ds 18.43 10.88 - 0.487 0.825 
T-QL-10ds 20.59 9.90 3.68 0.443 0.921 
T-QL-11ds 22.03 10.47 - 0.468 0.986 
T-QL-12ds 22.87 9.99 - 0.447 1.023 

ES (P0 = 21.5 kN δ = 3.0 %)    
T-QL-01es 4.63 19.52 - 0.91 0.215 
T-QL-02es 7.27 17.72 2.93 0.824 0.338 
T-QL-03es 8.35 17.12 - 0.796 0.388 
T-QL-04es 11.11 15.5 - 0.721 0.517 
T-QL-05es 11.83 14.9 3.76 0.693 0.550 
T-QL-06es 12.91 14.1 - 0.656 0.601 
T-QL-07es 15.19 13.12 - 0.610 0.706 
T-QL-08es 16.99 12.01 4.39 0.559 0.790 
T-QL-09es 19.99 10.04 4.88 0.467 0.930 
T-QL-10es 21.31 8.95 - 0.416 0.991 
T-QL-11es 21.79 9.58 - 0.446 1.013 

   “-“ not measured 

3. Results and discussion 

3.1. Effect of transverse load on tensile resistant capacity of wires 

Fig. 2a brings together the results obtained in the T-QL tests of the ES and LDS wires. As an 
attempt to unify their failure criterion, the graph illustrates the dependency of the maximum 
recorded tensile loads Pm as a function of the transverse loads Q in non-dimensional terms by using 
the maximum tensile load in simple tension P0 of each wire class as load unit. Viewed in this 
manner, the results gather and yield the same negative slope line, whose equation (Fig. 2a) 
expresses the common empirical criterion that predicts the failure for both ES and LDS wires by 
tensile loading under the action of a locally concentrated, transverse load.  

Nevertheless, other failure variables largely influenced by the transverse load do not unify in the 
same way, as shown by the differences between ES and LDS wires given in Fig. 2b, where the size 
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of the contact area was plotted against the applied transverse load Q, in non-dimensional terms. In 
this case, the wire cross-section A0 was used to adimensionalize the contact area Ah. These areas 
were obtained from optical measurements on the actuator-end wire-sample, but also on the T-QL 
tested wires in the tests interrupted before rupture, immediately after maximum load. The data 
shown in Fig. 2b indicate that the LDS wires are more deformable against the transverse load than 
the ES wires, although the difference is difficult to appreciate for transverse loads lower than 0.3P0. 
Given that the indentation process is controlled to a large extent by the strain hardening capacity of 
the wire steel, this behavior is consistent with the considerable lower yield strength of LDS when 
compared with that of ES, despite their practically equal tensile strength. Therefore, the unification 
of the empirical criterion illustrated in Fig. 2a reflects that tensile plastic collapse under transversal 
loading is mainly influenced by the tensile strength of the steel wire. Fig. 3a and Fig. 3d show the 
circular contact areas for transverse loads of 11 kN and 20 kN, obtained in two interrupted T-QL 
tests of LDS and ES specimens immediately after maximum tensile load. 

Table 4. Transverse load effect on the axial fatigue life of LDS and ES wires in the stress range of 200 MPa 

Test no. 
/Specimen 

Max tensile fatigue 
load, PFmax, [kN] 

Min. ÷ Max. 
fatigue stresses, [MPa] 

Transverse 
load, Q[kN] PFm/P0 Q/P0 

No. cycles 
at failure 

LDS P0 = 22.35 kN       
F-QL-01ds 9.61 565 ÷ 765 15.4 0.43 0.69 > 2.0∙106 
F-QL-02ds 9.61 565 ÷ 765 16.5 0.43 0.74 > 2.5∙106 
F-QL-03ds 11.18 690 ÷ 890 13.4 0.50 0.60 7.8∙104 
F-QL-04ds 12.60 803 ÷ 1003 10.5 0.56 0.47 > 4.7∙106 
F-QL-05ds 12.96 831 ÷ 1031 11.6 0.58 0.52 8.6∙104 
F-QL-06ds 13.60 882 ÷ 1082 8.0 0.61 0.36 > 5.0∙106 
F-QL-07ds 14.00 914 ÷ 1114 7.5 0.63 0.34 > 5.0∙106 
F-QL-08ds 14.50 954 ÷ 1154 10.3 0.65 0.46 1.9∙106 
F-QL-09ds 14.80 978 ÷ 1178 5.4 0.66 0.24 > 2.0∙106 
F-QL-10ds 15.59 1041 ÷ 1241 10.0 0.69 0.45 5.0∙105 
F-QL-11ds 15.65 1045 ÷ 1245 0.0 0.70 0.00 > 2.6∙106 
F-QL-12ds 15.70 1049 ÷ 1249 7.5 0.70 0.34 > 2.0∙106 
F-QL-13ds 16.54 1116 ÷ 1316 9.6 0.74 0.43 2.5∙104 
F-QL-14ds 16.99 1152 ÷ 1352 0.0 0.76 0.00 > 2.0∙106 
F-QL-15ds 17.00 1153 ÷ 1353 5.0 0.76 0.22 > 4.8∙106 
F-QL-16ds 18.30 1256 ÷ 1456 5.0 0.82 0.22 > 5.3∙106 

ES P0 = 21.5 kN       
F-QL-01es 8.63 487÷687 13.39 0.40 0.62 > 2.0∙106 
F-QL-02es 8.83 503÷703 10.70 0.41 0.50 > 2.0∙106 
F-QL-03es 9.14 528÷728 8.23 0.43 0.38 > 2.0∙106 
F-QL-04es 10.75 656÷856 10.75 0.50 0.50 2.5∙105 
F-QL-05es 11.27 697÷897 15.19 0.52 0.71 > 2.0∙106 
F-QL-06es 11.48 714÷914 8.59 0.53 0.40 > 2.0∙106 
F-QL-07es 12.47 793÷993 13.15 0.58 0.61 1.5∙103 
F-QL-08es 13.04 838÷1038 9.70 0.61 0.45 7.0∙105 
F-QL-09es 13.60 883÷1083 8.00 0.63 0.37 > 4.9∙106 
F-QL-10es 13.98 913÷1113 12.47 0.65 0.58 1.4∙106 
F-QL-11es 14.00 915÷1115 9.31 0.65 0.43 > 2.0∙106 
F-QL-12es 15.05 918÷1198 0 0.7 0.00 > 2.0∙106 
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Fig. 2. a) Tensile-bearing load capacity of ES and LDS wires vs. the applied transverse load; b) Contact 
area dependency on transverse load magnitude in ES and LDS wires. 

The origin of the difference in deformability of the two steels against the transverse load is in their 
microstructure and in their basic mechanical properties. Fig. 3b and Fig. 3c show the longitudinal 
sections of LDS and ES wires subjected to T-QL testing under the same transverse load of 20 kN, 
but unloaded at maximum load. Each figure includes the corresponding cross-section of the wire 
sample (of the same steel) used to apply the transverse load. The greater plastic deformability of 
the LDS wires is not only reflected in the size and depth of the contact area, but also in the strong 
plastic deformations field shown by the curvature acquired by the "layers" that cold-drawn 
produces by longitudinally aligning the austenite and ferrite phases. The effect is especially 
pronounced at the edge of the contact area. In accordance with its lower yield strength, the LDS 
wire experiences a greater strain hardening to fail at the same load as the ES wire. 

 

Fig. 3. a) Contact area in the interrupted T-QL tests of LDS wire for Q = 11 kN; b, c) Plastic deformation in 
the longitudinal section of the LDS, ES wire respectively, for Q = 20 kN (the images include the transverse 
section of the actuator/transverse load wire); d) Contact area in the interrupted T-QL tests of ES wire for Q 

= 20 kN. 
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3.2. Effect of transverse load on the fatigue life of the wires 

Fig. 4a and Fig. 4b show the results obtained in the F-QL tests for, respectively, the LDS and ES 
wires. In these graphs, the maximum fatigue load PFmax was plotted against the transverse load Q. 
In both cases the bearing capacity of the corresponding wire type in simple tension P0 was used as 
unit load to deal with dimensionless data. In the two graphs, the test results indicating both 
unlimited fatigue life and fatigue failure were plotted with distinct symbols in order to identify 
easily the boundaries separating them, namely the BC lines, and to determine the combinations 
PFmax-Q for which the fatigue limit of the wires is 200 MPa. The safe life diagrams derived were 
completed by adding the point (0, 0.70) that prEN 10138-2 [19] require for the fatigue resistance of 
prestressing steels wires of F1 class and by incorporating the straight line of negative slope that 
represents the empirical static fracture locus obtained for the ES and LDS wires as critical 
combinations of tensile and transversal loads (Fig. 2a). 

 

Fig. 4. F-QL test results in the diagram maximum tensile fatigue load - static transverse load of: a) LDS 
wires; b) ES wires. 

The horizontal lines AB of ordinates 0.8 and 0.7 shown in Fig. 4a and Fig. 4b are, respectively, 
indicating the LDS yield strength and the maximum allowable service load of prestressing steel in 
concrete structures [20]. According to these diagrams of fatigue life safe, the fatigue limit of 200 
MPa required by prEN 10138-2 [19] in the absence of transverse loads is reached by LDS and ES 
wires even when subjected to the highest accepted service tensile load of 0.7P0 as maximum fatigue 
load PFmax, together with a transverse static load of 40% of P0 for LDS and 37% of P0 for ES. 

Moreover, both wires reach the fatigue limit of 200 MPa regardless of the transverse load, provided 
that the maximum fatigue load does not exceed 40% of P0 for ES and 45% of P0 for LDS. Above 
these maximum fatigue load values, the transverse load reduces the fatigue limit of the two wires 
below 200 MPa.  
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3.3. Damage micromechanisms and macroscopic fracture of wires subjected to T-QL 
testing  

Fig. 5 shows the macroscopic fracture features of the broken specimens of LDS and ES wires in 
two T-QL tests performed under transverse loads, respectively, of 5 and 20 kN. Failure occurs 
along an inclined plane with respect to the axis of the wire, after being initiated at the border of the 
contact area. For low transverse loads, this fracture path coexists with a cup and cone one resulting 
from tensile necking developed from the opposed side of the wire (Fig. 5a and Fig. 5e). In none of 
these cases did the cup and cone fracture path extend to the entire fracture surface (Fig. 5f). Instead, 
for considerable higher transverse loads (Fig. 5c and Fig. 5g) the fracture propagates only along the 
inclined plane. 

 

Fig. 5. Macroscopic fracture features of the wires subjected to T-QL testing: a, b) LDS for Q = 5 kN; c, d) 
LDS for Q = 20 kN; e, f) ES for Q =5 kN; g, h) ES for Q = 20 kN. 

The analysis of the contact surfaces in the interrupted T-QL tests (Fig. 3a and Fig. 3d) indicates 
that the failure propagation along the inclined plane does not start while tensile load is increasing, 
but once maximum load is achieved. This suggests the existence of a localized plastic deformation 
process along the inclined plane of fracture propagation. The affected material behaves as a slip 
band that provides the fracture path when it becomes plastically unstable. 

 

Fig. 6. Failure path in the loading plane of the T-QL tested wires: a) sketch of the plastic instability macro-
mechanism; b) longitudinal section through a broken LDS wire, Q=20 kN; c) longitudinal section through a 

broken ES wire, Q=20 kN. 

Fig. 6b and Fig. 6c show the longitudinal cuts of the broken wires of Fig. 5d and Fig. 5h, i.e., the 
halves that match those of Fig. 5c and Fig. 5g. The strong impact that these receive from the 
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actuator when breaking occurs, deforms them and means that their profiles do not complement the 
resulting ones from the longitudinal cuts. 

Both cuts confirm the characteristics concerning the failure initiation and propagation and provide 
evidence that the inclination of the propagation plane is the only difference between the LDS and 
ES wires. The slip band that would have determined the failure shape is schematically presented in 
Fig. 6a. The formation of this slip band is closely related to the microstructure orientation of the 
wires in the axial direction. The strongly elongated grains behave like microstructural layers that 
locally bend by the imposed transverse compression and accommodate the elongation produced by 
the subsequent tensile loading of the wire without varying the transverse load. This effect and the 
associated damage are particularly intense under the transition zone between the free cylindrical 
surface of the wire and the notch generated by the wire-actuator penetration (Figs 3b and Fig. 3c). 
The change of curvature of the microstructural layers occurs below the boundary of the contact 
area and creates a concentration of microcracks aligned along a narrow strip band of material from 
which the previously described fracture path develops.  

Fig. 7 reveals the damage in the microstructural layers of the LDS and ES wires located in this 
area. The images show the loading plane at maximum tensile load of interrupted T – QL tests with 
14 kN as transverse load. The arrows in Fig. 7 indicate the traction direction and the black 
background marks the outer surface of the deformed wires. In both steels, the damage consists of 
the increasing microcracking of the strongly texturized microstructure. In LDS microcracking 
occurs by the ferrite rupture and local debonding of the austenite-ferrite interphase (Fig. 7a and Fig. 
7b), whereas in ES the micro-cracking origin is the fracture of pearlitic colonies by partitioning of 
the cementite lamella or decohesion from the surrounding ferrite (Fig. 7c and Fig. 7d). The 
thickness of the microcrack rows roughly coincides with that of a ferritic grain (less than 2 µm) in 
the LDS and of a pearlite colony (of the order of 20 µm) in ES. The spacing between the 
microcrack rows, about 40 µm in LDS and 20 µm in ES, is due to the local stresses redistribution 
that takes place to both sides of each row as microcracking grows. 

 

Fig. 7. Micro-cracking damage induced by the biaxial loading of the wires from: a, b) broken ferrite in LDS; 
c, d) fractured pearlitic colonies in ES. 
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The sketch and the images shown in Fig. 8 illustrate the process of slip band forming and its final 
state immediately after becoming the trigger and path of failure propagation. Fig. 8b and Fig. 8c 
provide higher magnification views in metallographic samples obtained from longitudinal cuts of 
broken LDS and ES wire specimens, respectively. These show the strong distortion that occurs in 
the microstructural layers when transforming into the slip band that causes the failure.  

 

Fig. 8. a) Sketch of the slip band formation; higher magnification view of the wires failure: b) LDS; c) ES. 

Fig. 9 shows the micro-mechanisms of fracture propagation of the LDS and ES wires in the T-QL 
test. In the cases of the two wires they are ductile and concentrated along a narrow band of 
material. Their characteristic feature in the LDS wires is of ductile shear rupture in the ferrite and 
austenite grains accompanied by secondary interphase decohesion (Fig. 9a), whereas in the ES 
wires they consist of ductile tearing fracture of pearlitic colonies (Fig. 9b).  

 

Fig. 9. SEM images revealing details of the fracture path in the T-QL test of: a) LDS wires – ductile shear 
rupture of ferrite and austenite grains and interphase microcracks; b) ES wires – ductile tearing rupture of 

pearlitic colonies. 

3.4. Damage micro-mechanisms and macroscopic fracture of wires under F-QL test 

Fig. 10 presents a sketch of the macroscopic failure mode of the wires under F-QL testing t and 
representative macro fractographic images of broken LDS and ES wire specimens with fatigue 
lives of less than 2∙106 cycles. Fig. 10b and Fig. 10c reveal that fatigue cracking of a LDS wire 
propagates in a plane inclined with respect to the axis of the wire, as schematically shown in Fig. 
10a. The initiation of the cracking process takes place at one end of the notch generated by plastic 
deformation in the contact area between the tested wire and the actuator wire. The transition from 
the contact area to the traction-free surface and the geometrical effect of the notch are superposed 
stress concentrators that propitiate crack initiation. The angle formed by the fatigue cracking plane 
and the wire axis is approximately 40°, similar to that found in the case of the static fracture test 
under transverse loading of LDS (Fig. 6). This contrasts with that of 90° which generally 
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determines the wire cracking when subjected only to cyclic tensile loading (without transverse 
load). 

 

Fig. 10. a) Sketch of the fatigue failure of the wires under transverse loading; b, c) Macroscopic images of 
LDS wires broken in the F-QL test; d, e) Macroscopic images of ES wires broken in the F-QL test. 

According to Fig. 10d and Fig. 10e, the macroscopic fracture characteristics of the wires broken in 
the F-QL tests are similar for ES and LDS steels. The cracking process in the ES wires also begins 
at one end of the notched area produced by the transverse loading and the propagation takes place 
following an inclined plane with respect to the wire axis, but at an angle somewhat greater than that 
found in case of LDS. 

 

Fig. 11. a) Fatigue fracture features of LDS wire; b) Higher magnification detail revealing the secondary 
cracking at austenite-ferrite interphase of LDS in the fatigue crack propagation stage; c) Fatigue fracture 

features of ES wire; d) Higher magnification detail of ES in the fatigue crack propagation zone.  

The images presented in Fig. 11a and Fig. 11b show the fatigue crack characteristics of the LDS 
under F-QL testing, which consist of three well defined zones of initiation, inclined propagation, 
and final shear failure by overloading. The transition from the initiation to propagation stages 
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mainly contains dimples developed by plastic deformation, which slightly differ in density and 
size. These are gradually replaced by well defined fatigue striations in the crack propagation stage, 
where signs of secondary longitudinal cracking by localized decohesion at the austenite-ferrite 
interphase are visible at higher magnification (Fig. 11b).  

In the case of the ES wires, the morphology hardly varies between crack initiation and growth (Fig. 
11c). The crack advances under the inclined plane through the pearlitic colonies without signs of 
secondary microcracking, by progressive breaking of cementite lamellae and micro-voids 
formation in the ferrite phase (Fig. 11d). This explains the higher angle of the fatigue propagation 
plane and the more abrupt stepped striations in the ES wires than in the LDS case. 

4. Conclusions 

A new testing method was used to quantitatively compare two cold drawn high-strength steel wires 
sensitivity of their tensile and fatigue behavior to transversal actions. The experimental design was 
oriented to reproduce and control the transmitted lateral force to the strand wires. Despite not being 
a direct indicator of strand performance, the method provides a sound basis that might complement 
the technical guidelines and standards in force in the appraisal of transverse loading effects upon 
isolated, accidental events. The incorporation of resilience principles in the structural design of 
stayed-cable bridges shall require such an extension to explicitly take into account the actions 
derived from these events. 

Thus, it was found that the studied high-strength cold-drawn wires made of eutectoid steel (ES) and 
lean duplex stainless steel (LDS) do not differ in the empirical fracture criterion found to predict 
their tensile bearing capacity as a function of the applied transverse load. 

The axial tensile fatigue tests under static transverse load showed that the ES wires maintain the 
fatigue resistance levels required by the technical codes for prestressing steel, and the FIB 
recommendations for the strand-tendons of cable-stayed bridges. The fatigue limit only decreases 
below the 200 MPa stress range required with no transverse load when this exceeds a threshold 
value close to 40% of the resistant capacity of the wire in simple tension and the maximum applied 
fatigue load surpasses 70% of it. The performance of the LDS wires regarding fatigue resistance 
under transverse loading slightly surpasses that of ES wires used for current strand manufacturing. 

The failure mechanisms of the wires under combined static transverse or cyclic axial tension and 
compressive loads are the same due to the strong microstructure orientation produced by the cold-
drawing process. However, the pearlitic nature of the eutectoid steel and the austenite-ferrite 
duality of the duplex stainless steel produce strong qualitative differences. In both steels, failure 
initiates at the boundary of the notched area and propagates along an inclined plane with respect to 
the wire axis. The origin of this failure mechanism is propitiated by the instability of a plastic slip 
band that arises from the concentration of microcracks and of large plastic deformations in the 
microstructural layers simultaneously forced to bend and elongate in the proximity of the applied 
transverse load. 
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