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Abstract In this paper, tensile fatigue tests were performed under load control, with constant stress
amplitude, on pearlitic steel wires with different cold drawing degree, from the hot rolled bar (not cold drawn
at all) to the commercial prestressing steel wire (which has undergone seven cold drawing steps and a stress
relieving treatment). Results show that fatigue cracks in pearlitic steels initiate at the wire surface starting
from small defects, whose size decreases with the drawing process, as the cross sectional area of the wire
does. Some of these defects appear during the drawing process itself. Fatigue cracks created from defects
(initiation phase) exhibit a fractographic appearance consisting of ductile microtearing events which can be
classified as tearing topography surface or TTS. Such microtearings are more planar in the initiation period
than in the propagation phase and exhibit a spacing remarkably lower in the pretressing steel wire than in the
hot rolled bar, so that their size decreases with cold drawing as the steel microstructure does.
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1. Introduction

Fatigue life of steel wires depends on their surface state and the existence of defects (such as
microcracks, inclusions, etc.) present in the material. In wires made of eutectoid cold drawn steel,
the fatigue process initiates in surface defects [1-3], broken martensite layers (due to a overheating
during the wire drawing process), longitudinal groves and holes mainly caused by surface
inclusions [1]. Many times surface defects are caused by the drawing process itself [4].

Surface defects present in the material before wire drawing can be eliminated by such a mechanical
treatment. A scratch on the wire surface can be removed by repeated drawing; however, the flaw
remains inside the wire because of the development of an overlap, and it is thus difficult to completely
remove the flaw [5]. In corrosion-fatigue the aggressive environment can blunt the surface defects due
to material dissolution, increasing the number of cycles required to initiate cracking [6].

The main cause of failure in steel wires is the presence of non-metallic inclusions during wire
drawing or service [7]. The existence of non-metallic inclusions in cold drawn pearlitic steel affects
its fatigue properties [8] by modifying the local stress state surrounding the inclusions, depending
on the size, localization, composition and geometry of the inclusion [9].

This paper studies the defects able to initiate the fatigue phenomenon in pearlitic steel applied in
two forms —i.e., as a hot rolled bar and as a commercial prestressing steel wire— by analyzing the

effects of cold drawing on such defects and the microstructural arrangement and how these changes
affect the fatigue performance of prestressing steel.

2. Experimental Procedure

2.1. Material

The material used was eutectoid pearlitic steel (chemical composition 0.789% C, 0.681% Mn,
0.210% Si, 0.010% P, 0.218% Cr, 0.061% V). It was studied in two forms: firstly, as a hot rolled bar
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(non cold drawn at all) and, secondly, as a commercial prestressing steel wire which has undergone
seven cold drawing steps up to reaching a cumulative plastic strain ¢"=1.6 and a posterior
stress-relieving treatment to eliminate, or at least diminish, residual stresses. Steel was supplied in
form of wires with circular section, the diameter ranging respectively between 11 and 5 mm for the
hot rolled bar and the prestressing steel wire.

Cold drawing produces a clear improvement of conventional mechanical properties (Table 1)
obtained from a standard tension test: both the yield strength (oy) and the ultimate tensile strength
(UTS, or) increase with cold drawing, while the Young’s modulus (E) remains constant and the
strain at UTS (er) decreases with it.

Table 1. Mechanical properties of the material in both conditions,
i.e. as a hot rolled bar and as a prestressing steel (cold drawn) wire

Steel E (GPa) ov(MPa) or(MPa) R
Hot rolled bar 202 700 1220 0.078
Prestressing steel wire 209 1480 1820 0.060

Cold drawing also improves the fatigue and fracture behaviour of eutectoid steel. The fracture
toughness K,c was obtained by means of fracture test on precracked wires under tensile loading, as
described in [10]. The K¢ value increases from 53 MPa-m*? in the hot rolled bar to 137 MPa-m*?
(for 6=0°, fracture toughness in the transverse direction) in the prestressing steel wire, where cold
drawing also induces an important strength anisotropy with a directional fracture toughness whose
value is dependent on the particular axis of analysis. Values C and m (constants of the Paris law) were
obtained by means of tensile fatigue tests, as explained in ref. [11]. The m coefficient in the Paris law
(slope of the line) is the same for the two steels and rounds the value 3, whereas the C parameter
decreases with cold drawing, changing form 5.3-10% in the hot rolled bar to 4.1-10™* in the cold
drawn wire (units for C and m are the adequate to measure da/dN in m/cycle and AK in MPa-m*?).

2.2. Test Procedure

Wohler fatigue tests were performed under tensile load control with constant Ag, sinusoidal wave shape,
frequency of 10 Hz, R-ratio R=0 and a maximum stress lower than the yield stress oy (some S-N tests
were performed under a stress range of about half the yield strength). The specimens were in the form of
30 cm long bars of circular cross section and the same diameter as the supplied wires. A total number of
20 tests were performed. Fracture surfaces were analyzed by scanning electron microscopy (SEM).

3. Experimental Results
3.1. Microstructure

Figs. 1 and 2 show the microstructure of both steel forms, hot rolled bar and prestressing steel wire,
in both transverse and longitudinal section, where the horizontal side of the micrograph corresponds
to the radial direction and the vertical side is associated with the axial direction in the longitudinal
cut and with the circumferential one in the transverse cut.

Cold drawing produces important microstructural changes in the pearlitic steel [12, 13] in the form of
slenderizing of pearlitic colonies, decreases of interlamellar spacing of pearlite and progressive
orientation with cold drawing of both colonies and lamellae. Thus, the transverse section (Fig. 1) shows
that the lamellae evolve towards a structure with increased packing closeness while at the same time
adopting a curved appearance (curling phenomenon) from the very beginning of the cold drawing
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process (very common when drawing metals with bcc structure). With regard to the longitudinal section
(Fig. 2), both decrease of interlamellar spacing and lamellar orientation in axial direction are observed.
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Figure 1. Microstructure in the transverse section:
o S N I
// ‘«
/.

= AR
e it _

’/; 15KV x6000 ! 00 ——2um  USAL ¢§

. /u i1 g — s B IVEE VTGS TS & | B " - "

7 S, AVET M TR L N v ]
Figure 2. Microstructure in the longitudinal section: hot rolled bar (left) and prestressing steel wire (right).
In both micrographs the vertical side is associated with the wire axis or cold drawing direction

3.2. Initiation of Fatigue Cracks from Surface Defects

The surface quality of both commercial products, hot rolled bar and prestressing steel wire, is very
different (Fig. 3). While in the first (which comes from a hot rolling process) some material losses and
irregularities can be observed on its uneven surface, in the prestressing steel wire (heavily drawn)
longitudinal grooves are observed (typical surface features in drawn steel wires [1]), the roughness
being higher in the hot rolled bar than in the prestressing steel wire. The defects (pre-existent in the
hot rolled bar) change the geometry with the drawing process, their depth decreasing up to the total
disappearing in some cases [5]. In addition, the analyzed material (in the two forms as a hot rolled bar
or a prestressing steel wire) has frequent inclusions (sulphides, oxides, silicates...), some of which can
be found on the wire surface, provoking voids on the material (Fig. 4).

Results show that fatigue cracks in pearlitic steels begin at the wire’s surface starting from some of
these small defects (Fig.5). The defect size decreases with the drawing process, as the cross
sectional of the wire does. In the hot rolled bar the fatigue initiators are mainly the surface defects
with small aspect ratio (material losses at the peripheral zones) while in the prestressing steel wire
such initiators are principally the voids created by, probably, the existence of particles near the wire
surface (cf. Fig. 5). Depth of maximum surface defects is about 120 um in the hot rolled bar and
about 25 pum in the cold drawn wire. Initiation of fatigue cracks from surface defects is due to the
fact that the latter act as stress concentrators.
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Figure 3. Surface' of the materlal in thetwo forms: hot rolled bar (Ieft) andprestressmg steel wire (right).
In both pictures the vertical side is aligned with the wire axis or cold drawing direction

Flgure 4 Inclu5|ons in hot roIIed bar |nS|de the W|re (Ieft) and on the wire surface (rlght)
In both pictures the vertical side is aligned with the wire axis or cold drawing direction
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Figure. 5. Initiation of fatlgue crack growth from a surface defect: hot rolled bar (Ieft) and prestressmg steel wire
(right). Both images represent the transverse fatigue fracture surface (circular section perpendicular to the wire
axis or cold drawing direction) and crack growth direction takes place from left to right in the fractographs

With regard to fatigue crack initiation from the surface defects in the material supplied as a hot
rolled bar and a prestressing steel wire, Fig. 6 shows the same information as Fig. 5 but includes
arrows to identify the fatigue crack growth from the aforesaid defect. It is seen that the defect
appearance is different in the two material forms. In the hot rolled bar the surface defect looks like
an extremely shallow flaw with an approximate aspect ratio of 0.2 whereas the prestressing steel
wire such a defect looks like a relatively small circumferential flaw with an approximate aspect
ratio equal to the unity. In the matter of the initiation of fatigue crack growth, it is important to say

-4-



13th International Conference on Fracture
June 16-21, 2013, Beijing, China

that, apparently, there is no single initiation point over the defect boundary, but instead of it a line
(i.e. a set of points can be viewed) defining the emerging fatigue crack front at the early stages of
cracking and diverging fatigue propagation lines emanating from the defect: lack of material
previously lost during the manufacturing process in the case of the hot rolled bar and voids created
by a previous inclusion in the prestressing steel wire.

20 kV x100 — 1CI0 um USAL 20 kV x1000

Figure 6. Inltlatlon of fatlgue crackgrowth from a surface defect: hot roIIedbar (Ift) and
prestressing steel wire (right), including arrows to identify the fatigue crack growth from defect

In high strength eutectoid steels fatigue crack growth can start from defects caused by the drawing
process itself. Fig. 7 shows a surface defect possibly generated by a hard particle in the wire surface
during the drawing process, because a longitudinal track, aligned in the drawing direction, appears
in the wire surface. A sort of plastic deformation can be observed surrounding the hole (Fig. 7; left)
with a very regular geometry. Fig. 7 also includes a magnification (right) of the surface defect (and
consequent fatigue crack growth) viewed from different angle, showing the longitudinal scratching
marks, an evidences of the pre-damage created by an inclusion (hard particle) during the plastic
straining as a consequence of the manufacturing process by cold drawn.

20 kV x500 ———— | : , 20 kV x1 000 — 10 ;lm

Figure 7. Surface defect caused by cold drawmgproducmg transverse cracklngln the prestressmg steel wire (left)
and magnification of the surface defect (and consequent fatigue crack growth) viewed from different angle (right)

Fatigue cracks created from defects exhibit a fractographic appearance consisting of ductile
microtearing events (Fig. 8), which can be classified as tearing topography surface or TTS [14].
Such microtearings are less rough in the initiation period (Fig. 8) than in the propagation phase
(Fig. 9) and exhibit a spacing remarkably lower in the prestressing steel wire than in the hot rolled
bar, so that their size decreases with cold drawing as the steel microstructure does, and a sort of
materials science relationship appears between microstructural unit size and fatigue microfracture
event. The aforesaid TTS microfracture mode has been associated with hydrogen embrittlement in
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pearlitic steel [15] and it can be considered a slow propagation mode in hydrogen-assisted fracture
processes linked with subcritical cracking at one micrometer per second or less [16].

20 kV X3000 §20kV  x3000

Figure 8. Fractograph correspondmg to fatlgue initiation phase: hot roIIed bar (left) and .
prestressing steel wire (right). In both images the fatigue crack growth direction is from left to right
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Figure 9. Fractograph correspondlng to fatigue propagation phase “hot roIIed bar (Ieft) and
prestressing steel wire (right). In both images the fatigue crack growth direction is from left to right
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4. Simulations

In the Wholer tests, a smooth specimen (samples of the as-supplied wire) was subjected to fatigue
loading under constant amplitude, stress level of about half of the yield strength (Ac=0v/2), up to
fracture due to initiation and propagation of a fatigue crack reaching its critical value (Fig. 10).

Figure 10. Fracture surface in the specimens after the Wholer tests: hot rolled bar (left) and
prestressing steel wire (right). In both images the fatigue crack growth direction is from left to right
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Fatigue life Nf was experimentally obtained by means of Wholer tests. The experimental results
corresponding to prestressing steel are similar as those previously obtained by Beretta and
co-workers [3, 4]. In addition, a numerical estimation was made of the number of cycles needed for
crack propagation N,, on the basis of a simple model previously used by other authors in the
scientific literature [17, 18], considering that it follows the Paris law [19],
d—a=CAKm 1)
dN

and the stress intensity range AK is given by,
AK =Y Ao+ ma (2
where Y is the dimensionless stress intensity factor (SIF).

The number of cycles for propagation was calculated by following expression derived from the
Paris law,

ac

p = 1m m/ZJ- mdamlz (3)
CAc" 7z aOY a

where agand ac are respectively the initial and the final crack sizes, the first associated with the

fatigue threshold [2] and the latter with the critical instant of failure (Kimax=Kic, according to the

local fracture criterion) and the path followed by the crack during propagation is that plotted in

Fig. 11. During its growth, the fatigue crack exhibits an elliptical shape in the Paris regime.
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Figure 11. Geometrical changes in the crack front during fatigue crack propagation

The crack front was characterized as an ellipse with semiaxes a (crack depth) and b, its centre been
at the wire surface. On the basis of the experimental tests [11] and extrapolating for small crack
sizes where the crack front exhibits a quasi-circular appearance (Fig.12), a relationship was
obtained between the relative crack depth (crack depth divided by the diameter, a/D) and the aspect
ratio (ratio between the semiaxes of the ellipse, a/b), Fig. 11.

The size effect appearing in the steel samples was taken into account during the propagation phase
because it changes the geometric evolution during fatigue. In a previous research work, Shin and
Cai [20] observed how when the sample diameter decreases, the fatigue crack growth rate (FCGR)
changes at the crack surface when compared with the same value at the crack centre, whereas for
higher diameters the FCGR (represented by the Paris law) is the same at the centre and the surface.
The aforesaid size effect affects how the crack front evolves (and thus the crack aspect ratio).
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Figure 12. Short crack emanating fr'am a surface defect in the form of void created by
a previous inclusion in cold drawn steel. Fatigue crack propagation from left (surface defect) to right

The dimensionless SIF Y employed is that calculated by Astiz [21], for the central point of the crack
front by using the finite element method, which depends on the relative crack depth a/D and the
aspect ratio a/b through the coefficients C;; (Table 2),
4 3 a i a ]
Y = C.l—||= 4
s3al5)(6) ®
i#l

Table 2. Coefficients C;; of Eq. (4) taken from ref. [21]
i j=0 =1 j=2 j=3
1.118 -0.171  -0.339 0.130
1.405 5.902 -9.057 3.032
3.891 -20.370 23.217 -7.555
8.328 21.895 -36.992 12.676

~ wnN O

Solution of equation (3) was obtained in incremental form, the convergence being guaranteed by the
adequate choice of the crack increment Aa (sufficiently low).

The number of cycles associated with crack initiation N; can also be estimated as follows [17, 18],

N; =N, - N, (5)
where the common definition of initiation in reality pertains to both nucleation and propagation of
microcracks [22].

Table 3 shows the fatigue life N experimentally obtained for a stress range about half of the yield
strength of each material. In both the hot rolled bar and the cold drawn wire the life is around
300000 cycles, which indicates that the cold drawing process improves the fatigue performance in a
similar way that the increase of material strength. In addition, the main part of the fatigue life
(measured as number of cycles) is associated with the propagation phase in the hot rolled bar and
with the initiation phase in the cold drawn wire.

Table 3. Fatigue life N¢ (experimental, average of five tests), number of cycles for propagation N,
(obtained by simulations) and number of cycles for initiation N; (N; = N¢— Np)

Steel Ao Ns Np N;
(MPa) (cycles) (cycles) (cycles)
Hot rolled bar 347 308200 253700 54500

Prestressing steel wire 790 312910 57655 255255
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The prestressing steel wire exhibits a Paris curve below that of the hot rolled bar (lower
parameter C) [11], thus producing a retardation in fatigue crack propagation with the cold drawing
process. In addition the fracture toughness is also higher in the cold drawn wire than in the hot
rolled bar [23]. This indicates that cold drawing is beneficial since it improves both the fatigue and
the fracture performance by dropping the Paris law [11] and elevating the fracture toughness [10], a
clear implication for structural engineers. Moreover, the prestressing steel wire is again the best
option on the basis of a clear reduction of the size of the surface defects (acting as crack initiators)
and the microstructural changes induced by the drawing process (e.g., orientation of the cementite
layers acting as barriers to dislocational movement). Both characteristics, small surface defects and
special microstructural arrangement, contribute to a delay of the initiation of fatigue crack growth.

5. Conclusions

The following conclusions may be drawn from the experimental results of fatigue crack growth
from surface defects in pearlitic steel:

(i) Fatigue cracks in pearlitic steels are initiated at the wire surface starting from small defects. In
the hot rolled bar the fatigue initiators are mainly the surface defects (material losses) while in
the prestressing steel wire such initiators are principally the voids created by the existence of
particles near the wire’s surface.

(if) Fatigue cracks created from defects exhibit a fractographic appearance consisting of ductile
microtearing events which can be classified as tearing topography surface or TTS, and exhibit
a spacing remarkably lower in the prestressing steel wire than in the hot rolled bar.

(iii) The number of cycles necessary for fatigue crack initiation in the prestressing steel wire is quite
higher than that of the hot rolled bar (for Ac=0y/2) and thus changes in surface defects and
microstructural arrangement produced by the drawing process considerably improves its fatigue
performance.
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