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This paper analyzes the overload retardation effect (ORE) on the fatigue crack growth (FCG) of cold drawn
prestressing steel when different loading sequences are used. The ORE is more intense for elevated load
decrease or for low initial stress intensity factor (SIF) range AK,. A transient stage can be observed in the
Paris curve (da/dN-AK) when the K,,.xAK value suddenly decreases, associated with the ORE and with the
evolution of the plastic zone and compressive residual stresses near the crack tip. In tests with Knyax
decrease, a small zone appears related to FCG initiation, with a fatigue fractography resembling the tear-
ing topography surface (TTS) mode, and associated with a decrease of crack tip opening displacement

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Fatigue crack growth (FCG) usually is generated by load
sequences of random nature, thereby producing very complicated
load spectra and often overload and underload phenomena. There-
fore, variable amplitude loading sequences, depending of the com-
bination of load parameters, specimen geometry, material
properties, microstructure and environment, can produce retarda-
tion or acceleration with regard to FCG [1]. The cyclic plastic
behaviour of the material is found to strongly affect the crack
behaviour after an overload or an underload, the type of hardening
is also of key importance: isotropic hardening is found to lower the
effective part of the fatigue cycle, while kinematic hardening is
found to increase it [2].

The appearance of an overload during fatigue produces retarda-
tion phenomena in the FCG. Such a deceleration reaches its maxi-
mum value after certain crack extension, asymptotically
diminishing later up to a stabilized level [3], those phenomena
being closely related to the residual plastic zone size [4]. The retar-
dation effect is higher if the ratio of the maximum peak stress to
the maximum baseline stress is increased [4] and if the baseline
stress intensity factor (SIF) range AK is modified, either by increas-
ing it (approaching the fracture toughness) or diminishing it
(approaching the FCG threshold) [5].
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Overload retardation effect (ORE) increases with the number of
overload cycles [4,5] until it reaches a maximum value, existing a
characteristic distance between overloads which ensures the
greatest retardation effect [G]. In high-low block loading sequences
the maximum ORE is instantaneous [5]. A single compressive peak
load just after the tensile overload relaxed the overload effect [3]
and can result in an acceleration in the rate of FCG [7].

The main reason for the retardation in overload crack advance,
as well as the crack tip closure, are the crack branches and the con-
tact between surfaces, of rough fracture, after overload [8]. The
ORE is higher due to plasticity effects (for elevated AK) or because
of asperity wedging (for low AK) [5]. A block of compressive over-
load cycles may cause ORE on the growth rate of the initial crack,
due to the oxide-induced closure which generates debris [9]. On
the other hand, other authors maintain that every deviation of
large crack growth behaviour can be linked to the presence of
residual stresses on the material [10].

This paper considers the two main driving forces for FCG: (i) the
SIF range AK and (ii) the maximum SIF K.« [11], and analyzes the
ORE caused by the sudden decrease of any of them on the FCG in
cold drawn pearlitic steels. To this end, the following factors were
considered: the ORE during FCG, the plastic zone size in the close
vicinity of the crack tip, the appearance of the micro-tearing
pattern in the fatigue fracture surface and the crack tip opening
displacement (CTOD).
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2. Experimental procedure

The material used in the study was high strength prestressing
steel with eutectoid composition (0.789 wt.% C, 0.681 wt.% Mn,
0.210 wt.% Si, 0.218 wt.% Cr, 0.061 wt.% V, balanced with Fe) and
pearlitic microstructure. Commercial prestressing steel wires are
obtained from a hot rolled bar which is subjected to a cold drawing
process in seven steps, thereby producing a high cumulative plastic
strain (&"=1.6) and activating a strain hardening mechanism to
improve the conventional mechanical properties of the material.
The resulting mechanical properties are as follows: yield strength
oy = 1480 MPa, tensile stress gg=1820 MPa and Young modulus
E =209 GPa.

Fatigue tests were performed on wires of 300 mm of length and
5.1 mm of diameter, subjected to two cyclic loading sequences,
each of one consisting of maintaining constant the two key
mechanical parameters defining the fatigue cycle, namely (i) the
stress range Ao and (ii) the maximum stress omax (and obviously
Omin), and a sudden decrease of either Ag or .« in the transition
from the first to the second stage of loading. An axial cyclic tensile
load was externally applied under a frequency of 10 Hz and using a
sinusoidal wave in such a manner that the maximum stress was
always maintain well below the material yield strength oy. An
extensometer of 25 mm gage length was placed on the specimen
in symmetrical position in relation to the crack mouth, in order
to monitor the crack length by means of the compliance (C = u/F,
ratio of the relative displacement measure by the extensometer
and the externally-applied remote tensile load). The designed test
types appear sketched in Fig. 1: (i) in type A tests there is a
decrease of maximum stress omax; (ii) in type B tests there is a
decrease of stress range Ag; (iii) in type C tests there is a decrease
of both driving forces (6max and Aa). In all types of tests (A, B and
C) the subindex indicates the percentage of decrease in relation to
the previous value.

The fracture surface corresponding to the sudden load changes
was observed by optical microscopy and by scanning electron
microscopy (SEM). Materialographic techniques (mounting, grind-
ing, polishing and 5% Nital etching) were used to observe by SEM
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Fig. 1. Tests with 50% sudden load decrease.
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the microstructure of the prestressing steel. In addition, a fracto-
materialographic procedure was used to evaluate the fatigue crack
paths by interrupting the test before final fracture, cutting the
specimen across a plane perpendicular to the crack front and
applying metallographic techniques to observe the evolution of
the crack immersed in the microstructure.

3. Experimental results
3.1. Microstructural analysis

The microstructure of prestressing steel is constituted by pearl-
ite colonies, each of one consisting of alternate lamellae of ferrite
and cementite with common orientation inside the colony (such
an orientation being different from that of the lamellae contained
in any neighbourhood colony). Cold drawing produces effects in
the two basic microstructural levels of the steels, namely, the
pearlitic colony and the ferrite/cementite lamellae.

With regard to the first microstructural level (the pearlitic col-
ony), there is a progressive orientation [12] with cold drawing (in
direction quasi-parallel to the wire axis or drawing direction),
together with a slenderization in the same direction [13]. While
in the first stages of drawing the orientation effect is predominant,
in the last drawing steps a marked slenderization and enlargement
of the colonies takes place [12,13].

In the matter of the second microstructural level (the set of
pearlitic lamellae), again a progressive orientation [14] appears
with cold drawing (in direction quasi-parallel to the wire axis or
drawing direction), in addition to the increase of packing closeness
in the form of reduction of the interlamellar spacing of pearlite
[15]. Whereas in the earlier steps of the process the orientation
effect is relevant, in the further stages of drawing a marked
decrease of spacing appears (accompanied by curling of the lamel-
lae), cf. [14,15].

Fig. 2 shows the microstructure of prestressing steel wire in
both transversal and longitudinal sections, where the afore-said
effects associated with the final step of drawing (heavily drawn
prestressing steel wire) can be observed, namely orientation of col-
onies and lamellae, reduced interlamellar spacing and enlargement
of the colonies in the drawing direction.

3.2. Retardation in fatigue crack growth (FCG)

The FCG curve in the Paris regime, cyclic crack growth rate
(CCGR) 5. the SIF range da/dN-AK, for the cold drawn pearlitic
steel analyzed in this paper is shown in Fig. 3. The plot is the same
for different values of the R ratio [16]; so CCGR depends mainly on
the SIF range, while the maximum SIF during fatigue, Ky.x, is
almost irrelevant. The Paris fitting gives coefficients C and m of

Fig. 2. Microstructure of prestressing steel wire: in the transversal section (left) and the longitudinal section (right). The horizontal side of the photograph is associated with
the radial direction in the wire, whereas the vertical side of the photograph corresponds to the circumferential direction in the transversal section and to the axial direction in

the longitudinal section.
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Fig. 4. Evolution of the relationship between the crack length and the inverse of the
compliance 1/C during crack growth.

4.1-10"2 and 3.3 (da/dN given in m/cycle and AK in MPa m'/2),
According to the published scientific literature, some materials
exhibit a strong R ratio dependency while others show a weak R
ratio influence [17]. High strength steels display the latter behav-
iour, i.e. the da/dN us. AK relationship shows no R ratio dependence
in the Paris region II but appears to be R ratio dependent in the
near-threshold region I [18].

During the fatigue tests on prestressing steel wires the crack
front was characterized as a part of an ellipse with its center
located at the wire periphery and semiaxes a (crack depth) and b
(second parameter defining the crack shape). Fig. 4 allows one to
obtain the crack length a at each instant as a function of the inverse
of the compliance 1/C.

The second cyclic loading sequence begins at the same crack
length (measured through the compliance) in all tests, in order to
avoid any size effect (or crack length effect) on tests results. In
addition, the second loading block was developed always using
the same Ao value in each group of experiments (two different
Ao values were chosen for the second cyclic loading sequence).
Thus, the CCGR would have been the same if the ORE did not exist.

Figs. 5 and 6 show the relationship between crack length and
number of cycles (a-N) during the second loading sequence for
the different types of test, with respective loading decrease of
50% and 30% and initial SIF range (at the beginning of that second
loading sequence) AKy =15 MPa m'/. Figs. 7 and 8 show the same
plot for AKy = 27 MPa m"/2 and respective decrease of 50% and 30%.
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Fig. 5. Crack depth vs. number of cycles (a-N) for the second loading sequence, with
50% load decrease and initial SIF range AKy=15 MPam'/?2,
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Fig. 6. Crack depth vs. number of cycles (a-N) for the second loading sequence, with
30% load decrease and initial SIF range AKy =15 MPam'/?2.
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Fig. 7. Crack depth vs. number of cycles (a-N) for the second loading sequence, with
50% load decrease and initial SIF range AKo =27 MPam'/?.

Considering all the experiments, it is seen that the B-type tests
exhibit the minimum ORE in FCG, in spite of the sudden decrease of
Ao in such a type of test. On the other hand, A- and C-type tests
show a clear ORE in FCG, slight in the case of 30% load drop and
more intense when the decrease of load between sequences is
higher (50%). In the latter case the number of cycles required for
crack initiation is relatively high and the effective SIF range for
crack initiation (accounting for the effect of compressive residual
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Fig. 8. Crack depth vs. number of cycles (a-N) for the second loading sequence, with
30% load decrease and initial SIF range AKg =27 MPam'/?.
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Fig. 9. da/dN-AK curve: steady-state regime + transient path.

stresses in the close vicinity of the crack tip) is closer to the thresh-
old for FCG AK. In addition, according to previous research, it
should be considered that threshold levels in FCG under variable
amplitude loading can be different than the threshold values
observed in constant amplitude tests [1]. Again in the matter of
A- and C-type tests, the ORE in FCG is more intense when it takes
place for lower values of AKy (15 MPa m'/?), than when it happens
for higher levels of AK, (27 MPa m'/2),

Generally speaking, the ORE in FCG is more intense in C tests
than in A experiments, with the exception of the test performed
with low AK, (15 MPam'/?) and load decrease of 50% in which
the opposite trend appears. Such a behaviour is an indication of
the existence of several mechanisms operating in the vicinity of
the crack tip and contributing to the ORE in FCG: development of

local plasticity near the crack tip, constrain evolution in that area,
changes in CTOD, etc.

4. Discussion

The discussion of the experimental results contained in this
paper will be divided in three sections: (i) mechanical aspects of
FCG, with special emphasis on the evolution of the plastic zone
size; (ii) physical features of FCG, namely fractographic analysis
of the fatigue surfaces, dealing with the microscopic aspect of the
crack phases (roughness, microtearing, facets...); (iii) geometrical
appearance of the near-tip profile, i.e. crack tip opening displace-
ment (CTOD).

4.1. Evolution of the plastic zone size

The plastic zone and the compressive residual stresses near the
crack tip can be considered as factors causing the transient state in
the Paris law (Fig. 9), assuming that the mechanisms is similar to
that governing ORE in FCG [19,20], in which the size of the plastic
zone and the level of the compressive residual stresses are relevant
magnitudes influencing the crack advance during each cycle.

The retardation is considered to be produced when the plastic
zone created near the crack tip by the last cycles of the initial stress
sequence with a given Ac (primary plastic zone) surrounds the
smaller plastic zone caused by the (lighter) initial cycles of the fol-
lowing loading stage (secondary plastic zone), thereby retarding
fatigue crack growth. The ORE is seen to depend on the number
of overload cycles causing it [6], although the last stress cycle is
the relevant one regarding the afore-said phenomenon. On the
basis of these assumptions and in agreement with Ref. [21], the
expression experimentally obtained for the plastic zone size of cold
drawn pearlitic steel is the following,

KmaxAK

)’

(1)

r,=0.14

where the size of the plastic zone is linearly dependent on the prod-
uct KnaxAK, i.e. both variables act as driving forces for FCG [11]. In
addition, and considering than material exhibits strain hardening,
mechanical properties (namely the yield strength ¢y and the ulti-
mate tensile stress oy of the cold drawn pearlitic steel used in this
paper) are also parameters influencing the size of the plastic zone
(rp). The fitting coefficient of expression (1) was obtained as 0.14,
in perfect agreement with the estimation of other models [22,23].

Fig. 10 shows the primary plastic zone (associated with the last
cycle of the first loading sequence) and the secondary plastic zone
(associated with the first cycle of the second loading sequence),
calculated by using Eq. (1). On the basis of the analysis of the plas-
tic zone size, one could establish certain a priori estimation of the

-8

Fig. 10. Plastic zone size: primary plastic zone (light grey) and secondary plastic zone (dark grey).
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possible ORE: it is seen (cf. Fig. 10) that the more intense ORE could
be associated with the case in which the difference is higher
between both plastic zone sizes, namely C-type tests with a sudden
decrease of load of 50% (Csg). Following the a priori estimation, in
the second place one could signal three types of test (Asg, C3o
and Bsg), and finally Asg and Bsg in which the ratio between both
plastic zone sizes (the primary and the secondary) is minimum, so
that the ORE effect caused by compressive residual stresses in
the vicinity of crack tip is less intense.

4.2. Fractographic analysis of the fatigue surfaces

Fig. 11 shows the fatigue fracture surfaces in the steels, for the A-,
B- and C-type tests and 50% decrease of load. A well-defined semi-
elliptical crack front can be observed on the fatigue surfaces in some
experiments (A- and C-type tests), defining the transition between
the two sequences of loading (and thus associated with the sudden
load decrease). B-type tests represent an exception, because in this
case the transition between the two fractographic areas linked with
the two sequences of loading can hardly be observed in the form of a
well-defined semielliptical crack front. The afore-said visible crack
front can be caused by the sudden load decrease and its associated
physical effect at the finest microscopic level.

The fatigue fracture surface in the analysed pearlitic steel
resembles ductile micro-tearing events, probably related to plastic
crack advance under cyclic loading. Micro-tearings in cold drawn
pearlitic steel present a smaller size and more curved geometry
than those in the hot rolled wire where it comes from [16], due
to the microstructural changes (orientation of the pearlitic lamel-
lae, curling of the lamellae in the transverse section and decrease
of its interlamellar spacing, cf. Fig. 2) and to the plastic strain
undergone by the steel during the drawing process.

Fig. 12 shows the fatigue fracture surfaces obtained by SEM for
different regimes of cracking, exhibiting ductile micro-tearing pat-
terns for several levels of fatigue intensity. This observations,
together with the fact that in B-type tests (where K.« iS constant)
there are no fractographic changes at the microscopic level, sup-
port the assumption that the micro-tearing appearance is mainly
determined by the maximum SIF during fatigue K.« and very
scarcely by the SIF range AK.

For A- and C-type tests the appearance of the fatigue fracture
surface depends on the specific loading sequence. The area associ-
ated with the initiation of cracking just after the sudden decrease
of load exhibits a particular fractography (Fig. 13) resembling
micro-tearing, micro-damage or ductile events and oriented in
the main direction of crack advance. Such a fractographic appear-
ance represents a non-conventional micromechanical fracture
mode defined as tearing topography surface (TTS), a term coined
by Thompson and Chesnutt [24]. A magnification of this
fractographic mode is shown in Fig. 14, in which the ductile
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Fig. 12. Fractography: Kmax=AK~54MPam'? (left); Kmax~ 54 MPam'? and
AK ~ 27 MPa m'/? (center); Kmax = AK ~ 27 MPa m'/? (right). In all cases the fatigue
crack advances from left to right.

micro-tearing (or micro-damage) events can be detected at a very
fine scale of micrometers, and they are probably an evidence of
plasticity-induced FCG, i.e. plastic crack advance under cyclic
loading.

4.3. Crack tip opening displacement (CTOD)

A possible explanation of this region with initiation fractogra-
phy is the sudden decrease of the CTOD at the beginning of the sec-
ond step in several tests, causing a new crack from another one
with such a CTOD that it can be considered a micro-notch. This
phenomenon appears intensely in test Aso, where it was observed
that the crack opening variation is very strong when the load level
suddenly changes (Fig. 15).

The maximum CTOD 6.4, for a plane strain situation, may be
estimated using the following expression,

K?nax

20vE 2)
where E is the Young modulus and oy the yield strength of the
material.

The cyclic CTOD Adt can also be estimated in similar way as
follows,

AK?
“~ 46,E @)

Omax &

Ao

Fig. 11. Fatigue fracture surfaces for the A-, B- and C-type tests and 50% decrease of load (optical microscopy). The fatigue crack advances from left to right.
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Fig. 14. Fractography of tearing topography surface, TTS, in Aso-type test. The fatigue
crack advances from left to right.

Fig. 15. Longitudinal cut (fracto-materialography) in Aso-type test, showing the
fatigue crack paths. The crack advances from left to right.
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On the basis of the above expressions, the CTOD change can be
calculated from one sequence to the following one in all types of
test. Fig. 16 shows a sketch of the approximate shape of the crack
tip area in the two loading sequences. It can be observed that in A-
and C-type tests the CTOD decreases when the sudden load change
occurs, this phenomenon being stronger in test Asg, in which this
effect was experimentally observed (see Fig. 15). On the other
hand, in B-type tests there is a greater CTOD after the load change,
as the fatigue surface shows in Fig. 11. The consequences of this
fact is an ORE that is less pronounced than the expected one for
this kind of test taking into account the plastic zone sizes.

4.4. The role of plasticity-induced crack closure (PICC)

Following Suresh [25], it is evident that PICC alone cannot
explain the influence of various mechanical, microstructural and
environmental factors on fatigue crack growth, especially in the
near-threshold regime. Furthermore, recent research by Toribio
and Kharin [26,27], consisting of high-resolution elastoplastic sim-
ulations of plane-strain tensile crack under cyclic loading, allows a
visualization of the Laird—Smith scheme of crack growth by plastic
blunting and re-sharpening. On the basis of these results, no signs
of crack closure were detected. However, calculated plastic crack
growth reproduced the key trends of FCG, such as the rate increase
with AK and the arrest by an overload. This raises reasonable
doubts concerning the ubiquitous presence and significance of
PICC in the plane-strain fatigue cracking, as well as questions the
deductions about PICC derived from the FCG data.

5. Conclusions
The following conclusions may be drawn regarding the influ-

ence of sudden load changes on the fatigue crack propagation in
cold drawn prestressing steel:

Cso

m—

Cso

Ny

Fig. 16. Crack tip opening displacement (CTOD) for K;n.
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(i) During the steady-state regime of cracking associated with
the Paris law, the fatigue crack growth (FCG), da/dN, is
mainly governed by the stress intensity factor (SIF) range
AK and it is hardly ever affected by any changes in the max-
imum SIF Kijax.

(ii) The sudden decrease of either the maximum SIF K, or the
SIF range AK generates a transient state in the FCG curve da/
dN-AK. Such a transient situation evolves towards a steady-
state regime of cracking linked to the Paris law.

(iii) The overload retardation effect (ORE), caused by the sudden
load decrease between the two loading sequences, is more
intense when the amount of load decrease is higher or when
the initial SIF Ky during the second stage diminishes.

(iv) There is almost no ORE in the case of B-type tests with sud-
den decrease of the unique parameter Ac. Generally speak-
ing, the ORE is higher in C-type tests (sudden decrease of
both Ao and o) than in A-type tests (sudden decrease
of only o max).

(v) The size of the plastic zone can be estimated from the two
key driving forces for FCG, Kih.x and AK. The sudden decrease
of KmnaxAK generates a transition from the primary to the
secondary plastic zone, thereby producing the afore-said
ORE.

(vi) A basic assumption of this paper is based in the ratio
between the primary and the secondary plastic zones, con-
sidering that these amounts are one of the key variables gov-
erning the transient regime of cracking and thus the ORE.

(vii) The fatigue fracture surface in pearlite exhibits a ductile
micro-tearing pattern, whose appearance and micro-rough-
ness change with Kp.x. On the other hand, AK hardly affects
the appearance of the fatigue crack surface.

(viii) In A- and C-type tests, the sudden load decrease causes a
zone whose fractography is that of fatigue initiation and
whose appearance resembles tearing topography surface or
TTS, associated with slow crack growth produced by micro-
plastic tearing events.

(ix) In addition to the influence of the sizes of the primary and
the secondary plastic zones, the ORE can also be attributed
to the sudden decrease of the crack tip opening displace-
ment (CTOD) causing a similar phenomenon to that of crack
growth from a notch.
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