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The fracture behaviour in air and aggressive environments of two eutectoid steels in the
forms of hot-rolled bar and cold drawn wire has been compared to elucidate the
consequences of cold drawing on their susceptibility to environmentally assisted cracking
(EAC) in aqueous environments. Cold drawing-produces a microstructural effect on the
material: a preferential orientation of the pearlite lamellae aligned parallel to the
cold-drawing direction, resulting in anisotropic'properties with regard to fracture behaviour
in air and aggressive environments. The main consequence is the change in crack-
propagation direction approaching that of the wire axis (cold-drawing direction or main
average orientation of the pearlite lamellae) and producing a mixed-mode state. The results
reported provide insight into the macro- and micro-mechanical effects of cold drawing on
the fracture and EAC-behaviour of eutectoid peatrlitic steels.

1. Introduction

High-strength prestressing steels, usually in the form
of cold-drawn eutectoid steel wires, are widely used in
prestressed concrete structures, because after cold
drawing their yield strength is high enough to guaran-
tee normal service in the elastic range. However, pre-
stressing steel wires are usually applied in harsh envi-
ronments, and can suffer stress corrosion cracking
and/or hydrogen embrittlement, i.e. environmentally
assisted cracking (EAC) in several forms, from pure
stress corrosion cracking to hydrogen embrittlement
phenomena [1].

Cathodic protection methods are commonly used
to avoid corrosion damage, and the risk of hydrogen
embrittlement by overprotection has been profusely
studied in high-strength prestressing steels under
monotonic [2-4] and cyclic loading [5-6], showing
that applying a cathodic overpotential to protect the
steel against stress corrosion cracking results in an
increasing risk of hydrogen embrittlement in the ma-
terial. Galvanizing is other procedure frequently
proposed to protect prestressing steels against stress
corrosion cracking while inhibiting hydrogen
embrittlement [7].

Works on the EAC of cold-drawn prestressing
steels in the form of wires and tendons can be found in
the technical literature. The general study reported by
Parkins et al. [1] deals with environment-sensitive
cracking of prestressing steels in the form of initially
smooth, notched and pre-cracked samples, analysing
the different cracking regimes dependent on the
clectrochemical potential. Cherry and Price [8] and
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Saraflanos [9] studied the EAC of prestressing steel
wires in the absence of notches or pre-cracks, and
described a kind of fracture by longitudinal splitting,
whose orientation approaches the wire axis direction
owing to the highly anisotropic nature of the pre-
stressing steel after cold drawing. This was called flat-
bottomed or layer-type corrosion damage [8] or
exfoliation corrosion [9].

Specific works on hydrogen embrittlement of cold
drawn steel can be found elsewhere [10-12]. Langstaff
et al. [10] studied hydrogen-induced delayed failure of
smooth wires, and concluded that cold drawing in-
creases the resistance of the wire to hydrogen-induced
delayed failure, but on the other hand, it promotes the
formation of internal fissures and voids in the mater-
ial, thus limiting the beneficial influence. Price et al.
[11] studied the role of notches in the hydrogen em-
brittlement of steel prestressing tendons, and de-
scribed the flat-bottomed or layer-type cracking,
mentioned above, by longitudinal splitting or de-
lamination. Toribio and Lancha [12] analysed the
effect of cold drawing on the macroscopic susceptibil-
ity to hydrogen embrittlement of prestressing steel,
and compared the behaviour of the material in the
form of hot-rolled bar and cold-drawn wire, and con-
cluded that the highest strength steel is the most sus-
ceptible to hydrogen embrittlement. A model to ex-
plain this effect was also formulated.

This paper analyses the influence of cold drawing
on the fracture and EAC behaviour of a high-strength
eutectoid steel used for civil engineering purposes in
the prestressed concrete technique. Emphasis is placed
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on the consequences of manufacturing (cold-drawing
process) on environmentally assisted cracking of the
steel from the macroscopic and microscopic points of
view.

2. Materials: effect of cold drawing

A high-strength eutectoid steel supplied from com-
mercial stock by EMESA (La Corufa, Spain) was
used in this work. It is the steel used in the production
of cold-drawn wire for prestressed concrete. The
chemical composition is given in Table I. This steel
was tested in two conditions: firstly, as hot-rolled
patented cylindrical bars of 12 mm diameter, and sec-
ondly, as a commercial 7mm diameter cold-drawn
prestressing wire obtained from the bar. The prior
hot-rolled steel presents a coarse pearlitic microstruc-
ture (austenite grain size 50-60 um, pearlite inter-
lamellar spacing 0.3 um). After rolling, the 12 mm dia-
meter bar was patented by cooling from the austenitic
condition in a molten lead bath to produce fine pearl-
ite (interlameller spacing around 0.1 um). The wire
was obtained by cold drawing this bar in six passes, to
achieve an overall reduction of 66%, and finally
a stress-relieving process was supplied involving expo-
sure to about 400 °C for a few seconds.

The mechanical properties of both the bar and the
wire are presented in Table 11, and Fig. I shows the
stress—sirain curves of these materials. The fracture
toughness, K¢, was determined using cylindrical pre-
cracked specimens obtained from the bar and the wire
(for which the plane strain condition is achieved at the
inner points of the crack [13]) together with an ex-
pression for the maximum stress intensity factor at the
deepest point of the crack (assumed semi-elliptical)
calculated by using the finite element method (FEM)
combined with a virtual crack extension technique
[14].

As described above, the microstructure of both
steels consists of fine pearlite with an interlamellar
spacing of 0.1 um [15], measured according to the
procedure described elsewhere [16]. Fig. 2 shows the
microstructure of both the hot-rolled patented bar
and the cold-drawn wire in transverse and longitudi-
nal cross-sections. While the hot-rolled bar has a
randomly-oriented microstructure in both transverse
and longitudinal sections (Fig.2a and c), the cold-

TABLE I Chemical composition (wt %) of the steel

C Mn Si P S Cr Ni Mo

0.74 070 020 0016 0023 001 001 0.001

TABLE II Mechanical properties of the bar and the wire
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Figure 1 Stress—strain curves of the two steels: (1) hot-rolled, (2)
cold-drawn.

drawn wire presents a randomly oriented appearance
in the transverse cross-section (Fig. 2b), but a marked
orientation in the longitudinal cross-section (Fig. 2d),
which implies an effect of manufacturing on the result-
ing microstructure. Thus the cold-drawn wire presents
features consisting mainly of alternate lamellae of fer-
rite and cementite aligned parallel or quasi-parallel to
the wire axis or cold-drawing direction, which agrees
with previous observations on similar microstructures
[17-19]. The main phenomenological consequence
will be a highly anisotropic behaviour of the material
in both fracture in air and EAC.

3. Fracture in air

To characterize the basic fracture micromechanics of
the two analysed steels in the absence of environ-
mentally assisted processes (i.c. in an inert environ-
ment), smooth and pre-cracked samples of both steels
were fractured in air, in order to elucidate also the
influence of stress concentrations produced by cracks
or sharp notches on the microscopic modes of frac-
ture. Pre-cracked specimens were transversely pre-
cracked rods, as shown in Fig. 3, and they also were
used for the tests under aggressive environments,
as described later. Results in the form of scanning

Steel Young’s Yield Elongation Reduction Fracture
modulus strength UTS under UTS of area toughness
(GPa) (MPa) (MPa) (%) (%) (MPam'?)

1. Hot-rolled bar 195 725 1300 8.0 30 53

2. Cold-drawn wire 190 1500 1830 5.8 37 84
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Figure 2 Microstructure of the (a,c) hot-rolled and (b,d) cold-drawn steels in (a, b) transverse and (c, d) longitudinal cross-sections.

electron micrographs are given in Fig. 4, together with
a sketch showing the macroscopic shape and orienta-
tion of the fracture surface.

For the hot-rolled bar, the microscopic mode of
fracture is micro-void coalescence (MVC) in the
smooth sample (Fig. 4a, lowest level of triaxiality) and
cleavage-like (C) in the pre-cracked one (Fig. 4c, high-
est level of triaxiality). In the cleavage-like topogra-
phy, clear river patterns can be observed in the main
direction of fracture propagation. For the cold-drawn
wire, the microscopic mode of fracture is MVC in the
smooth sample (Fig. 4b, lowest level of triaxiality), and
MVC plus C in the pre-cracked one (Fig. 4d, highest
level of triaxiality).

The MVC topography presents a dimpled appear-
ance in both steels. However, the specific details of
such a microscopic fracture mode in the hot-rolled bar
are different from those appearing in the cold drawn
wire (cf. Fig. 4a and b). The hot-rolled steel presents an
MVC topography with numerous dimples closely
spaced and a general fibrous aspect, whereas in the
cold-drawn one, the density of dimples is lower, they
are smaller than in the previous case and there are
some areas with practically no hollows.
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Figure 3 Pre-cracked specimens used in the experimental programme.

The stress concentration produced by the crack
changes the micro-fracture mode from MVC to C in
the hot-rolled bar, which is consistent with previous
work demonstrating the role of triaxiality in the
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Figure 4 Microscopic modes of fracture in (a,b) smooth and (c, d) pre-cracked samples tested in an air environment: (a,c) hot-rolled, (b,d)

cold drawn.

micro-fracture modes, and the trend towards a cleav-
age-like fracture for higher levels of triaxiality [20].
However, such a stress concentration does not really
change the fracture mode in the cold-drawn wire,
because it is still MVC. The only slight consequence is
the appearance of some isolated cleavage facets which
indicate a faster fracture than in the case of the smooth
bar.

An important experimental fact is the change in
crack-propagation direction in the pre-cracked
sample of cold-drawn steel, tending to the wire axis
direction, which represents a deviation angle of
70°-90° from that of the propagation throughout the
initial plane of the crack (perpendicular to the wire
axis). This is a consequence of the manufacturing
process {cold drawing), consistent with the oriented
appearance of the pearlite lamellae in the direction of
the drawing axis, as shown in Fig. 2. It results in
anisotropic fracture behaviour of the cold-drawn steel
in air, a fact analysed in a previous work on the same
kind of steel, also showing a change in the crack-
propagation direction of about 70°-90° [21]. In this
case the fracture toughness is a directional property of
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Figure 5 Experimental device used for the slow strain-rate tests
(SSRT).

the material whose values depend on the particular
propagation direction. As discussed in further sec-
tions, cold drawing and subsequent microstructure
also produces a highly anisotropic EAC behaviour.



A doubt arises about the main microscopic fracture
mode presumably obtained in pre-cracked specimens
of cold-drawn steel fractured in air if the crack-propa-
gation direction did not change but remained perpen-
dicular to the wire axis, because the fibrous aspect of
the fracture surface for angled cracks could be at-
tributed to the coalescence of holes along minimum
resistance paths, and perhaps cleavage propagation
would appear if the crack grew along its initial direc-
tion. A simple model could explain this: considering
the cold-drawn wire as formed by a set of high-resist-
ance fibres aligned parallel to the direction of the wire
axis and joined with low-resistance links in a direction
perpendicular to that axis, a crack propagation con-
sisting of separating the fibres (longitudinal splitting,
delamination or exfoliation) would be much easier
than in another for which the fibre had to be broken.

4. Environmentally assisted cracking
(EAC) tests

The specimens used in the tests in aggressive environ-
ments were transversely pre-cracked rods, as shown in
Fig. 3. The relationship between crack depth and cy-
linder diameter was the same for all specimens:
a/D = 0.3; that is, a = 4.0 mm for the 12 mm diameter
bars (hot-rolled), a = 2.2 mm for the 7 mm diameter
wire (cold drawn). Samples were coated with an insu-
lating lacquer except for a band about 1 mm wide on
each side of the pre-crack.

‘Specimens were subjected to slow strain rate tests
(SSRT) under axial loading in the direction of the
wire axis. The applied displacement rate was 8.3 x
1078 ms™!, based on previous experience [1]. Testing
was performed at room temperature (between 16 and
22°C). The aggressive environment was an aqueous
solution of 1gl™! Ca(OH), plus 0.1 g1~ NaCl to
' which HCl was added in varying amounts to adjust
the pH value below the value of 12.5 for the base
solution (pH = 12.5, 8.0 and 4.0 were chosen). All
tests were carried out at a constant electrochemical
potential by means of a potentiostat and a three-
electrode assembly, as shown in Fig. 5. A broad range
of electrochemical potentials was covered from the
value E = —100mV SCE (anodic) to the value
E = — 1200 mV SCE {(cathodic).

Precracking of the samples was carried out by axial
fatigue in the normal laboratory air environment.
Various series of samples were prepared by using
different fatigue loads during the last step of fatigue
pre-cracking (just previous to the fracture test) in
order to have control over this important experi-
mental variable, which clearly influences the results in
environmentally assisted cracking, as described in
a previous paper [22]. The maximum stress intensity
factor (SIF) levels in fatigue were K., = 0.28 Kjc,
045 ch, 0.60 KIC and 0.80 KIC'

5. Macroscopic results of the EAC tests

The effects of the environmental conditions on frac-
ture were quantified through the ratio of the failure
load in the solution to the failure load in air. Fig. 6

includes all results for the hot-rolled bar and the
cold-drawn wire and the three pH values, showing
the well-known anodic and cathodic regimes of
environment-sensitive cracking [1,23]. The region of
higher potentials is the anodic regime, and the asso-
ciated EAC mechanism is localized anodic dissolution
(LAD); the region of lower potentials is the cathodic
regime, and the associated mechanism is hydrogen-
assisted cracking (HAC).

A relevant K, effect is observed due to compres-
sive residual stresses in the vicinity of the crack tip
during fatigue pre-cracking of the samples. This phe-
nomenon has been discussed in previous works [12,
22, 247, the main conclusion being that high values of
maximum SIF during fatigue pre-cracking, K ., pro-
duce strong compressive residual stresses in the vicin-
ity of the crack tip, thus delaying the hydrogen entry
(in the case of HAC) or the metal dissolution (in the
case of LAD).

For both steels, the susceptibility to HAC is greater
than the susceptibility to LAD, i.e. the fracture load in
the aggressive environment (compared with the same
in air) is lower in the cathodic regime than in the
anodic one. This means that pearlitic steels, in general,
are more susceptible to HAC than to LAD, which is
particularly true for the cold-drawn steel, nearly insen-
sitive to LAD. This is a fundamental experimental
result, because hydrogen could be present in the ma-
terial not only at cathodic potentials but also at
anodic ones, due to the local environment in the
vicinity of the crack tip.

For anodic potentials, it can be observed that the
results obtained for the cold-drawn wire are always
above those of the hot-rolled bar. With regard to
cathodic potentials, on the other hand, the conse-
quence is not clear, and the behaviour of both steels is
quite similar, the results of the cold-drawn wire being
worse than those of the hot-rolled bar in some cases.
Thus the cold-drawing process is beneficial against
LAD processes, but not against HAC phenomena,
which emphasizes the importance of HAC over LAD,
not only because the former is more common (cf.
previous paragraph), but also because its effect is more
dangerous, especially for the final product, ie. the
cold-drawn wire to be used in prestressed concrete for
civil engineering purposes.

In the following section of this paper, analysis is
focused on the effect of the manufacturing process (in
the form of cold drawing) on microscopic modes of
fracture of the material under cathodic and anodic
regimes, and therefore only the results for an intermedi-
ate value of fatigue pre-cracking load (K., = 045 K;¢)
are analysed, all micrographs referring to this value.

6. Fractographic analysis of the
EAC tests

6.1. Cathodic regime (HAC)

The main results of the fractographic analysis for the
cathodic regime (HAC) are presented in Fig. 7. Fig. 7a
and b show general micrographs at the crack tip, while
specific micrographs of higher magnification are
shown in Fig. 7c-f, giving parts of the fracture surface
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Figure 6 Bxperimental results of the SSRT. (a, ¢,e) Hot-rolled, (b, d, ) cold-drawn, at (a,b) pH 4.0, (c,d) pH 8.0, (¢,f) pH 12.5. K,.ox: (@) 28%
Kic, (0) 45% Kig, (A) 80% Kic. (a) (A) 65% Kic, (O0) 65% K for ¢ = 7 mm; (¢) (4) 60% Kic, (0) 60% Kic for ¢ = 7 ram; (d, ) (4) 60% Kic.

corresponding to initiation (just at the crack tip) and Fracture of the hot-rolled specimens was macro-
propagation of fracture. As in the fracture in air,  scopically plane in direction perpendicular to the wire
a sketch is given to show the macroscopic shape and  axis (mode I propagation). The microscopic fracture
orientation of the fracture surface in the wire. mode was the so-called tearing topography surface or
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Figure 7 Microscopic modes of fracture in pre-cracked samples tested in the cathodic regime, ie. under HAC conditions (pH = 12.5,
E = —1200mV SCE, K., = 0.45 Kj¢) : (a) hot-rolled, general micrograph at the crack tip; (b) cold-drawn, general micrograph at the crack
tip; (c) hot-rolled, TTS at the crack tip; (d) cold-drawn, shear dimples at the crack tip; (e) hot-rolled, cleavage-like propagation; (f ) cold-drawn
mixed-mode propagation and cleavage-like facets.

>
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TTS [25-27] in the vicinity of the crack tip (with
a depth depending on test variables), followed by
a cleavage-like topography corresponding to unstable
fracture. The TTS is not only a microscopic fracture
mode, but also a propagation mode linked with slow
crack growth [25]. It resembles micro-cracking,
micro-tearing or micro-damage [26], and is closely
associated with hydrogen effects in pearlitic steel [27].
The general scanning electron micrograph in Fig. 7a
shows the following sequence of cracking: fatigue
pre-crack, TTS mode and cleavage-like propagation.

Specific micrographs of the TTS and the cleavage- -

like micro-fracture modes (at higher magnification)
are given in Fig. 7¢ and e, respectively.

Fracture of the cold-drawn specimens under cath-
odic conditions (Fig. 7b) presented a change in crack
propagation direction, approaching the wire axis or
cold-drawing direction and producing a macroscopi-

Figure 8 Microscopic modes of fracture in pre-cracked samples
tested in the anodic regime, ie. under LAD conditions (pH = 4.0,
E = —400mV SCE, K. = 0.45 Kj¢) : (2) hot-rolled, cleavage-like
fracture at the crack tip; (b) cold-drawn, change of the propagation
direction from mode I to mixed mode.
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Figure 9 Scanning electron micrograph of a pre-cracked sample of
cold-drawn steel tested in the anodic regime (LAD conditions) at
pH = 8and E= —200mV SCE (K o, = 045 Ky¢) .

cally abrupt fracture surface and a mixed-mode effect,
a consequence of the highly anisotropic nature of the
cold-drawn steel. From the microscopical point of
view, the scanning electron micrograph shows a step-
ped appearance in the form of shear dimples (Fig. 7d,
at higher magnification) and some cleavage-like facets
in the case of fast propagation far from the fatigue
pre-crack tip (Fig. 7f). The presence of some isolated
cleavage facets has a mechanical origin, as in the
fracture of pre-cracked specimens in air (Fig. 4).

6.2. Anodic regime (LAD)

‘Fig. 8 shows the fractographic analysis for the anodic

regime (LAD). Again fracture of the hot-rolled speci-
mens was macroscopically plane in a direction per-
pendicular to the wire axis (mode I propagation). The
scanning electron micrograph of this sample shows
the typically brittle cleavage-like propagation after the
fatigue pre-crack, with clear river patterns marking
the fracture surface direction. This cleavage-like re-
gion starts just at the crack tip, which indicates the
very brittle character of this fracture, with no process
zone or slow crack-growth topography.

Fracture of the cold-drawn specimens under anodic
conditions usually presents a first very short propaga-
tion in mode I (not greater than 50 pm) perpendicular
to the wire axis, followed by a change in crack-propa-
gation direction approaching that of cold drawing and
producing the aforementioned mixed mode effect as
a consequence of the anisotropic character of the
cold-drawn steel. The microscopic appearance of such
a surface is given in Fig. 8.

Fig.9 shows a scanning electron micrograph of
a pre-cracked sample of cold-drawn steel tested in the
anodic regime (LAD conditions) at an even more
anodic potential (E = — 200 mV SCE). The fracture
surface presents evidence of a strong attack with se-
lected dissolution of the material. It is difficult to
associate the evident chemical attack with a LLAD
mechanism at the crack tip, because it is impossible to
determine if such a chemical attack is simultaneous
with the LAD fracture process or is produced later,
when the crack has grown further, as a consequence of
the contact between the free metal surface (recently
created) and the solution under anodic electrochemi-
cal potential.



6.3. Discussion

An in the case of the fracture in air, an important
experimental fact is the change in crack-propagation
direction tending to the wire axis or cold-drawing
direction (main average orientation of the pearlite
lamellae), with a deviation angle of 70°~90° from that
of propagation along the initial plane of the crack
(perpendicular to the wire axis). This is a consequence
of the manufacturing process (cold drawing), consis-
tent with the lamellar structure of the steel and the
oriented appearance of the pearlite lamellae in the
direction of the drawing axis (Fig.2), resulting in
a highly anisotropic EAC behaviour of the cold-
drawn steel.

The anisotropic mode of failure of the cold-drawn
wire may be viewed as longitudinal splitting [1, 8],
exfoliation [9] or delamination [11], and with regard
to EAC it has received names such as flat-bottomed or
layer-type corrosion [8,11] or exfoliation corrosion
[9]. Other adequate names could be environmentally
assisted splitting, exfoliation or delamination. The
SEM appearance depends on the specific environ-
mental conditions but, in general, it is more ductile
and fibrous than in the case of mode I propagation for
a given material-environment system.

From the fracture mechanics point of view, the
afore-mentioned anisotropic behaviour results in
a mixed-mode stress state in the vicinity of the crack
tip, which represents an extremely difficult problem
even in the framework of linear elastic fracture mech-
anics, with the additional difficulty of the environ-
mentally assisted process. In this case, the solution of
the problem requires the calculation of not only the
critical stress or strain for fracture (in the form of
fracture toughness, critical strain energy density or
other parameter), but also the propagation angle ac-
cording to the specific fracture criterion under consid-
-eration.

The change in crack-propagation direction pro-
duces two competing effects. On the one hand, it
relaxes the stress concentration by producing a mixed-
mode situation with lower Kj (zero value for a crack
propagating in the direction of the wire axis). On the
other hand, the new crack-growth path is that of
minimum resistance to EAC, because this is precisely
the reason for the change in the propagation angle,
which makes the crack growth easier in both air and
aggressive environments, as commented by Ali and
Abbaschian [28] where it is said that cold working
increases both the corrosion rate and the tendency to
pitting.

With regard to the relationship- between macro-
scopic (Fig. 6) and microscopic (Figs 7-9) effects on
EAC behaviour of the steels, the cold drawn steel is
shown to be more susceptible to HAC than to LAD.
Furthermore, while cold-drawn steel is almost fully
resistant.to LAD, it is even more susceptible to HAC
than the lower-strength hot-rolled steel. The reason
could be the anisotropic effect with change in crack-
propagation direction. In the case of LAD, the cold-
drawn wire is able to undergo mode I cracking
(Fig. 8b), thus making the crack grow by breaking
tough links. For HAC, on the other hand, the crack

changes its direction at the beginning of propagation,
approaching a minimum resistance path (Fig. 7b
and d).

The results of EAC confirm the damaging effects
of cracks or notches (i.e. stress raisers) on the suscepti-
bility of the material to EAC in several forms. This
is especially important in hydrogen-assisted fracture
[29], because hydrogen transport by diffusion is
enhanced by the hydrostatic. stress field in the vici-
nity of the notch and by the value of hydrostatic
stress at the notch tip itself, as shown in a previous
work [30].

7. Conclusions

1. Whereas the hot-rolled bar has a microstructure
of randomly oriented pearlite lamellae, the cold-drawn
wire presents an oriented microstructure consisting
mainly of pearlite lamellae aligned quasi-~parallel to the
wire axis or cold-drawing direction, producing a highly
anisotropic behaviour in both fracture in air and EAC.

2. The stress concentration generated by a crack
changes the micro-fracture mode in an inert environ-
ment from MVC to C in the hot-rolled bar, but not in
the cold-drawn wire, which breaks by MVC even
when a crack is present, although in this case there is
some evidence of isolated cleavage facets on the frac-
ture surface.

3. Cold drawing produces longitudinal splitting,
exfoliation or delamination in the pre-cracked sam-
ples fractured in air, with a change of 70°-90° in crack
propagation direction tending to that of the wire axis
(cold-drawing direction), which is also the main aver-
age orientation of pearlite lamellae, and represents
a longitudinal crack path of minimum fracture tough-
ness. ‘

4. There is a beneficial effect of maximum fatigue
pre~cracking load on ulterior EAC behaviour of
the steel, in the form of an increase in the fracture
load under an aggressive environment as the max-
imum SIF during the last stage of pre-cracking in-
creases. This conclusion remains valid for both HAC
and LAD.

5. Generally speaking, both the hot-rolled bar
and the cold-drawn wire are more susceptible to
HAC than to LAD. Indeed, the cold-drawn wire is
almost fully resistant to LAD while it is strongly
susceptible to HAC, even more than the hot rolled
bar, whose behaviour under HAC and LAD condi-
tions is similar.

6. The cold-drawing process is beneficial against
LAD phenomena, because it increases clearly the frac-
ture load in the anodic regime. However, the cold
drawing is damaging against HAC processes, because
it lowers dramatically the fracture load in a hydrogen
environment (cathodic regime).

7. Under HAC conditions (cathodic regime) the
pre-cracked hot-rolled bar fails in mode 1 by TTS
followed by cleavage-like propagation, whereas the .
pre-cracked cold-drawn wire fails by shear dimples
with some evidence of isolated cleavage facets, and the
crack tends to the longitudinal orientation, producing
a mixed-mode stress state.
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8. Under LAD conditions (anodic regime) the pre-
cracked hot-rolled bar fails in mode I by cleavage-
like topography, whereas the pre-cracked cold-drawn
wire presents a short mode I crack-growth path
(50 um), and an ulterior tendency to orientation paral-
lel to the wire axis associated with a mixed-mode
propagation.

9. Cold drawing produces environmentally assisted
splitting, exfoliation or delamination in the pre-
cracked samples fractured under an aggressive envi-
ronment, which results in a mixed-mode stress state
with a change in crack-propagation direction ap-
proaching that of pearlite lamellae, and represents
a longitudinal crack path of minimum resistance to
HAC or LAD.

10. The change in crack-propagation direction in
the pre-cracked cold-drawn wires relaxes the stress
concentration by producing a mixed-mode situation
with lower Kj, but the new crack-growth path is that
of minimum resistance to EAC. In the case of LAD,
the cold-drawn wire is able to undergo mode I crack-
ing, which improves its EAC behaviour.
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