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1. INTRODUCTION

Stress corrosion cracking (SCC) processes in metals and
alloys involve complicated inter-relations between
mechanical and environmental factors which can affect
the crack growth rate [1]. In particular, crack tip
blunting is a very important variable which influences
the development of the SCC proceeding in a coupled
way, since anodic dissolution changes the crack shape
and thus the crack tip radius, whereas crack tip blunting
can affect the SCC resistance of the material.

The influence of crack tip blunting on the fracture
behaviour of high strength steels in air environment has
been reported previously [2], showing different crack tip
shapes ranging from smooth blunting to cornered
blunting associated with shear at the crack tip vertices.
In addition, the influence of notch root radius on the
fracture toughness evaluated by the Charpy V-notch
impact test has been demonstrated [3], with an increase
of toughness with increasing root radius. In the matter
of SCC, crack tip blunting may be associated with
material dissolution near the tip [4], and the crack tip
radius has shown to be a key parameter for determining
the threshold stress intensity factor for SCC KISCC [5,6]
so that the threshold is not a really constant material
characteristic but depends on the crack tip radius.

In this paper the role of crack tip blunting in SCC is
analysed by comparing the critical stress intensity factor
in the aggressive environment with the fracture
toughness of the same material in air, so as to evaluate
the susceptibility of the material to SCC in the
particular case of localized anodic dissolution (LAD) as
an important mechanism of environmentally assisted
cracking (EAC). In addition, since steels with different
degrees of cold drawing are studied, the influence of the
strain hardening level on the stress corrosion behaviour
can also be elucidated.

2. EXPERIMENTAL PROCEDURE

The materials used in this work were high-strength
steels taken from a real manufacturing process. Wires
with different degrees of cold drawing were obtained by
stopping the manufacturing chain and taking samples
from the intermediate stages. The different steels were
named with  digits 0 to 6 which indicate the number of
cold drawing steps undergone, so steel 0 is the hot rolled
bar (base material) which is not cold drawn at all, and
steel 6 represents the prestressing steel wire (final
commercial product) which has suffered six cold drawing
steps with progressive reduction of diameter and increase
of both yield strength and ultimate tensile strength
(UTS). Table 1 shows the chemical composition
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common to all steels, and Table 2 includes the diameter
(Di), the cold drawing degree (represented by the ratio of
the diameter of any steel to the initial diameter before
cold drawing Di/D0), the yield strength (σ02), the
ultimate tensile stress (UTS) and the fracture toughness
(KIC) of the different steel wires.

Table 1. Chemical composition (wt%) of the steel
_____________________________________________

C Mn Si P S Cr V Al
_____________________________________________

0.80 0.69 0.23 0.012 0.009 0.265 0.060 0.004
_____________________________________________

Table 2. Diameter (Di), cold drawing degree (Di/D0), yield
strength (σ02), ultimate tensile stress (UTS) and fracture

toughness (KIC) of the different steel wires.
_____________________________________________

Steel 0 1 2 3 4 5 6
_____________________________________________

Di (mm) 12.0010.80 9.75 8.90 8.15 7.50 7.00
Di/D0 1 0.90 0.81 0.74 0.68 0.62 0.58

σ02 (GPa) 0.6861.1001.1571.2121.2391.2711.506
UTS (GPa) 1.1751.2941.3471.5091.5211.5261.762
KIC (MPam 1/2)60.1 61.2 70.0 74.4 110.1106.5107.9
_____________________________________________

It should be noted here that, while the fracture
behaviour of the slightly drawn steels (from 0 to 3) is
isotropic, i.e., associated with mode I crack
propagation, the most heavily drawn steels (from 4 to
6) exhibit anisotropic fracture behaviour with crack
deflection and mixed mode propagation containing an
important component in mode II [7].

Therefore, the KIC-value given in Table 2 represents
only a measure of failure resistance in each steel wire,
but it is an actual fracture toughness —i.e., a material
property— only in the slightly drawn steels in which
cracking develops in mode I, whereas in the case of the
heavily drawn steels it plays the role of an "apparent"
toughness which is useful for engineering design but
not a material constant, since in this case mixed mode
propagation appears, and the KIC-value was evaluated as
if  the crack propagation developed in mode I, although
a mixed mode does exist.

The reason for this increasingly anisotropic fracture
behaviour of the steels is the cold drawing process,
which produces a microstructural orientation of the two
basic microstructural units of the steels: the pearlitic
colonies [8] and the pearlitic lamellae [9]. Both material
units tend to align parallel or quasi-parallel to the wire
axis or cold drawing direction in the course of
manufacturing of prestressing steel in several stages to
increase the yield strength.

3. EXPERIMENTAL PROGRAMME

To elucidate the role of crack blunting in the stress
corrosion behaviour of the different steels, slow strain
rate tests were performed on precracked steel wires.
Samples were precracked by axial fatigue in the normal
laboratory air environment to produce a transverse
precrack, so that the maximum stress intensity factor
during the last stage of fatigue precracking was Kmax =
0.30KIC, where KIC is the fracture toughness, and the
crack depth was a = 0.30D in all cases, with D as the
wire diameter. After precracking, samples were placed in
a corrosion cell containing aqueous solution of 1g/l
Ca(OH)2 plus 0.1g/l  NaCl (pH=12.5) to reproduce the
alkaline working conditions of prestressing steel
surrounded by concrete. The experimental device
consisted of a potentiostat and a three-electrode assembly
(metallic sample or working electrode, platinum
counter-electrode and saturated calomel electrode as the
reference one). All tests were conducted under
potentiostatic control at a constant potential of –600
mV vs. SCE at which the SCC mechanism is localized
anodic dissolution (LAD), as reported elsewhere [10].
The applied displacement rate in axial direction was
constant during each test and proportional to each wire
diameter so that the smallest rate was 1.7 x10–3

mm/min for the fully drawn wire (steel 6 of 7 mm
diameter) and the highest was 3.0 x10–3 mm/min for
the hot rolled bar (steel 0 of 12 mm diameter).

4. EXPERIMENTAL RESULTS

The progressively drawn steels showed a SCC behaviour
depending on the degree of cold drawing, as described in
a previous work [11] where it is seen that slightly drawn
steels behave isotropically (Fig. 1a) whereas heavily
drawn steel exhibit anisotropic SCC behaviour, so that
a transverse crack tends to change its propagation
direction to approach that of the wire axis, and thus a
mode I growth evolves to a mixed mode propagation
with an important mode II component (Fig. 1b).

a

Fig. 1. Evolution of SCC behaviour with cold
drawing in slightly drawn steels (left) and
heavily drawn steels (right); f: fatigue crack
growth; I: mode I propagation; II: mixed
mode propagation; F: final fracture.

Again the reason for this behaviour is the progressive
orientation of the pearlitic microstructure as a
consequence of cold drawing [8,9].  However, even in
the most heavily drawn steels, corrosion-assisted
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subcritical crack growth in mode I takes place over a
certain distance before any crack deflection (Fig. 1b).

To evaluate the macroscopic behaviour in the framework
of fracture mechanics, an expression is required of the
stress intensity factor KI for the geometry and loading
mode under consideration: a cylinder subjected to
tension with a part-through crack (assumed to be semi-
elliptical) perpendicular to the tensile loading direction.

The following expression [12] was used:

KI = M (ξ) σ πa (1)

where σ is the remote axial stress (far from the crack), a
the crack depth and M (ξ) a dimensionless function
given by:

M (ξ) = (0.473 – 3.286 ξ + 14.797 ξ2)1/2 (ξ – ξ2)–1/4

(2)

where ξ is the ratio a/D of the crack depth to the sample
diameter. This function comes from the computation
—by the compliance method— of the global energy
release rate in the considered geometry and loading
mode.

The critical stress intensity factor KLAD was calculated
at the transition from the subcritical to the critical crack
growth, i.e., from the LAD regime of SCC up to final
fracture, that is:

KLAD = M (afat + xLAD) σLAD π (afat + xLAD) (3)

where afat is the fatigue precrack (that existing at the
beginning of the SCC test), xLAD the depth of
subcritical crack growth by LAD in mode I, and σLAD
the remote stress at the critical instant of the SCC tests
(maximum value). Since xLAD was measured in
direction perpendicular to the crack front, it represents a
subcritical crack extension by SCC, and thus the critical
crack depth is afat + xLAD. In addition, the critical
remote stress σLAD is associated with the maximum
load point in the load-displacement curve, i.e., with the
instability point reached after the subcritical crack
growth and just before cleavage final fracture (in
slightly drawn steels) or before crack deflection (in
heavily drawn steels), which indicates that both the
remote stress and the crack depth used to calculate KLAD
in equation (3) correspond to the same physical
situation: the critical instant in the SCC test.

Therefore, the ratio KLAD/KIC (where KIC is the fracture
toughness, cf. Table 2) allows an evaluation of the SCC
susceptibility of each steel when the cracking
mechanism is LAD. Fig. 2 represents this susceptibility
KLAD/KIC as a function of the degree of cold drawing
Di/D0 of slightly drawn steels for which the cracking
mechanism takes place in mode I over the whole crack
extension area. In the case of heavily drawn steels, crack
deflection makes the calculation of a critical stress
intensity factor an extremely difficult task, since a

mixed mode appears and there is not only KI but also
KII during the subcritical crack growth.
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Fig. 2.Susceptibility of slightly drawn steels to SCC,
measured through the ratio KLAD/KIC.

5. DISCUSSION

In slightly drawn steels (cf. Fig. 1a), subcritical crack
growth develops in mode I by a LAD mechanism of
SCC, which indicates that chemical dissolution is easier
in the original direction of the fatigue crack, i.e., in the
highly stressed (or strained) material. However, as the
level of cold drawing increases, the progressive
orientation of the pearlitic microstructure in the steels
[8,9] enhances crack tip blunting by selective
dissolution in directions which differ from the original
propagation direction in mode I.

Therefore, the crack tip radius ρ is an increasing
function of the degree of cold drawing. In mathematical
form:

ρ = ρ (Di/D0) –1   increasing (4)

and considering that an increase of crack tip radius
produces an increase of fracture toughness in air [3] and
a rise of the stress intensity factor threshold for SCC
[6], the same may be assumed for the critical stress
intensity factor KLAD  associated with the transition
from SCC by LAD to unstable fracture by cleavage,
that is:

KLAD = KLAD (Di/D0) –1   increasing (5)

which explains the trend in the plot of Fig. 2.

With regard to heavily drawn steels (cf. Fig. 1b), the
afore-said blunting effect is even more pronounced since
it is enhanced by the markedly oriented pearlitic
microstructure of the steels [8,9] which favours cornered
blunting over smooth blunting (cf. [2]) and thus the
equivalent crack tip radius is higher than in the case of
slightly drawn steels. In addition, the microstructural
orientation itself produces two kinks at crack tip and
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finally crack branching which interrupts the subcritical
crack growth in mode I by LAD and creates a mixed
mode propagation, as sketched in Fig. 3 in which
cornered blunting appears as a consequence of the
oriented microstructure of the steels.

αa

Fig. 3.Micromechanical model to explain the role of
crack tip blunting in crack propagation by LAD.
The higher the degree of cold drawing, the more
pronounced the cornered blunting in the material.

6. CONCLUSIONS

The stress corrosion cracking behaviour of high strength
cold drawn pearlitic steel wires is affected by crack tip
blunting created by localized anodic dissolution of the
metal in the close vicinity of the crack tip area.

In slightly drawn steels both the crack tip radius and
the critical stress intensity factor previous to cleavage
fracture increase drastically with the degree of cold
drawing as a consequence of the blunting effect
produced by dissolution.

In heavily drawn steels the blunting effect tends to
increase with the degree of cold drawing, but the trend is
interrupted by the crack branching created from the two
microscopic kinks and the posterior crack propagation in
mixed mode
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