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Abstract

The fatigue crack retardation mechanisms operating after an overload event are investigated for a bainitic
steel using high spatial resolution energy dispersive synchrotron X-ray di↵raction. The elastic crack-tip strain
fields are mapped at mid-thickness of compact tension samples at R-ratios of 0.1 and 0.4. The same overload
stress intensity factor (KOL = 60MPam1/2) is applied in each case with the cracks then propagating under
the same applied stress intensity range, �Kapp = 27 MPa m1/2. The competing retardation mechanisms
are directly quantified and separated, with the associated fatigue crack growth (FCG) rates then being
predicted according to a 2-parameter Walker-type assessment and validated against those measured. The
stress intensity factor associated with the overload residual stress field is calculated using a weight function
approach. For R = 0.1, shielding from residual stress controls retardation when crack growth through the
overload plastic zone, rOL

p
, is small (specifically < 0.6 rOL

p
). For more extensive crack growth, discontinuous

crack closure controls the retardation behaviour, with significant load transfer across opposing crack faces
being observed at minimum load (for R = 0.1). These crack face tractions are associated with the plastic
asperity created during overload. The traction forces holding the crack faces open at minimum load are, for
the first time, used to directly quantify the associated stress intensity factor, Ktract

min
as a function of crack

growth. While no crack shielding is expected, nor observed, for R = 0.4, the variation in FCG rate after
overload is explained by changes in e↵ective R-ratio.

Keywords: crack opening displacement, linear elastic fracture mechanics (LEFM), crack-tip shielding,
intrinsic shielding

1. Introduction

Subcritical fatigue crack growth (FCG) is con-
ventionally understood according to linear elastic
fracture mechanics (LEFM), which provides us with
parameters such as the stress intensity factor, K,
that characterise the conditions experienced at the
crack-tip. These parameters are defined by di-
rect, accessible macroscale measurements of vari-
ables such as the applied load, P app, sample ge-
ometry and crack length. This serves as a con-
venient and, broadly speaking, reliable method by

⇤Corresponding author: c.simpson@bristol.ac.uk

which to understand and ultimately predict FCG.
However, problems arise in non-trivial cases where
the intrinsic, material dependent FCG response can
no longer be considered in isolation but must be
assessed with respect to extrinsic factors. Exam-
ples of these extrinsic factors, or shielding mecha-
nisms, include plasticity induced closure [1], discon-
tinuous closure [2], crack bridging [3] and residual
stresses [4, 5]. While LEFM may still be funda-
mentally applicable in these non-trivial cases, it is
no longer su�cient simply to consider the applied
stress intensity factor range, which is to say �Kapp

no longer adequately characterises the crack-tip
conditions. In such cases it is insightful to identify
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the e↵ective stress intensity factor range, �Keff .

In order to correctly characterise �Keff it is
useful to consider the impact of di↵erent types of
shielding mechanism. While there are a great num-
ber of potential mechanisms (as categorised and de-
tailed by authors such as Ritchie [6]), the likely con-
tribution from each of these is determined by the
material system, environment and stress intensity
range under which the crack is propagating [17]. In
simple metallic systems, residual stresses, PIC and
discontinuous closure are the most commonly ob-
served overload retardation mechanisms and have
been subject to most scrutiny [5, 8, 18, 19]. The
anticipated impact of overload residual stresses and
discontinuous closure on Keff can be seen in Fig. 1.

Plasticity induced closure (PIC), as first defined
by Elber [1], is thought to play a significant role in
FCG (and overload FCG [8]). In-elastic dilations
of material in the plastic zone lead to local, pre-
mature crack face contact in the immediate vicin-
ity of the crack-tip [1, 7, 9]. This behaviour is of-
ten used to explain the impact of R-ratio on FCG
rates and has been described analytically by au-
thors such as Budiansky and Hutchinson [10] and
Newman [11]. While this phenomenon is well char-
acterised and accepted for material in a plane stress
state, it has remained contentious for material un-
der plane strain conditions due to an absence of
available material required for the self consistent
volume flow. Authors such as Pippan contest that
under plane strain conditions you have shear and
volume rotation which allows for this contact [12].

As noted, PIC is a continuous process acting lo-
cal to the crack-tip. Fleck expanded this concept to
encapsulate a related, discontinuous mechanism [2],
whereby the crack is being wedged open by plas-
ticity induced deformation or asperities that are
no longer connected to the advancing crack front.
This discontinuous closure is an important consid-
eration in overload experiments, where significant,
additional deformation is introduced during over-
load and left in the wake of the advancing crack
front. This deformed wedge of material prevents
crack-tip closure, limiting the e↵ective stress inten-
sity range. As Anderson asserts, this type of mech-
anism is more appropriately described as residual
crack opening [7]. Discontinuous closure will only
be observed when Kapp

min
< Kop, where Kop is a non-

zero stress intensity factor that must be applied to
achieve crack opening (see Fig. 1d). In such a case,
the e↵ective stress intensity factor range, �Keff

and e↵ective R-ratio, Reff are typically defined:

�Keff = Kapp

max
� Kop (1a)

Reff =
Kop

Kapp
max

(1b)

In addition to PIC and discontinuous closure,
residual stresses have been shown to play a signifi-
cant role determining the transient FCG behaviour
after an overload event [5, 8]. The additional crack-
tip plasticity and associated compressive residual
stress field act to reduce the magnitude of the full
stress profile, reducing both Kmin and Kmax (see
Fig. 1b and Fig. 1c). While this does a↵ect Reff ,
it does not technically reduce �K. However, it is
considered reasonable to discount the FCG contri-
bution from the portion of the fatigue cycle that
falls below 0MPa m1/2 [4]. More specifically, if
Kres + Kapp

min
< 0 then the crack driving force can

be defined as follows:

�Keff = �Kapp � (Kapp

min
+ Kres) (2a)

Reff =
Kapp

min
+ Kres

Kapp
max + Kres

(2b)

This approach and understanding assumes that
residual stresses only act in a region local to the
process zone. Berghini et al. [13] rightly assert that
residual stress fields may also work to promote clo-
sure in the far-field. In this work contact and clo-
sure are considered separate to residual stress ef-
fects.

As Fig. 1 illustrates, while residual stresses do
not always reduce �Keff , they will always a↵ect
Reff . In material systems that display a signif-
icant dependence on R-ratio, a simple Paris type
relationship between stress intensity factor range
and FCG rate is not su�cient. A two-parameter
description, where da/dN = f(�K, R), must in-
stead be used. Walker was the first to propose such
a relationship [14], although this and many of the
early two-parameter formulations only accurately
describe FCG behaviour at high R-ratios. More
recently, work by authors such as Dinda and Ku-
jawski [15] and Noroozi et al. [16] have extended
this approach to both lower and negative R-ratios,
typically by discounting any portion of the stress
intensity profile that falls below zero.
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Figure 1: The impact of di↵erent shielding mechanisms on Keff , �Keff and Reff . (a) The nominal, applied cyclic stress
intensity factor profile, (b, c) the same applied stress intensity factor profile for a crack embedded in a compressive residual
stress field and (d) a crack held open by discontinuous closure. In (b) Kres + Kapp

min
> 0 and in (c) Kres + Kapp

min
< 0.

To quantify the impact of overload and to reach
a point where we can properly define and poten-
tially predict �Keff , we need to be able to accu-
rately measure the crack-tip stress field and any
far-field e↵ects (such as that from closure). In-
ternal residual stress fields can be directly interro-
gated through techniques such as neutron di↵rac-
tion and X-ray di↵raction (XRD), but the former
has been limited by poor spatial resolution [20] and
the latter [21] by poor depth penetration such that
only the surface state could be interrogated. How-
ever, the advent of high energy, third generation
synchrotron X-ray sources has made XRD a vi-
able measurement technique even on thicker, plane
strain, steel samples [19]. XRD experiments benefit
from a high spatial resolution due to the compara-
tively fine aperture size that can be used (50 m).
This has allowed for a number of ground break-
ing crack-tip strain measurement experiments to be
conducted [18, 19, 22, 23]. One such experiment
was carried out on a fine-grained bainitic steel by
Lopez-Crespo et al. [19]. They used the high en-
ergy, hard X-ray source found at the ID15 beam-
line at the European Synchrotron Radiation Fa-
cility (ESRF) to interrogate overload behaviour in
thick compact tension (CT) samples; this was the
first time that crack-tip stresses had been probed
under plane strain conditions. Significantly, this
work highlighted two phenomena which depended

on the crack position relative to overload. The first
of these was a reduction in peak opening elastic
strain immediately after overload. This mean strain
e↵ect was consistent with a reduction in Keff due
to Kres, with no reduction in the total associated
strain excursion. When the crack-tip had propa-
gated beyond the overload location there was evi-
dence of discontinuous closure and a reduction in
e↵ective strain range.

More recently Salvati et al. [8] attempted to sepa-
rate the contribution from residual stress and plas-
ticity induced closure by looking at FCG behaviour
and stress fields after overload at R = 0.1 and R =
0.7. They used energy dispersive X-ray di↵raction
(EDXRD) to monitor the crack-tip strain profiles
and validate their residual strain modelling work.
The authors converted the reduction in growth rate
to an equivalent retardation factor and considered
the di↵erence between the retardation curves to be
the retardation due to plasticity induced closure.

Despite decades of study, fatigue crack growth
behaviour after an overload is still poorly charac-
terised. Quantification and separation of the active
mechanisms is sorely needed and is a necessary step
towards the accurate modelling and lifing of com-
ponents subject to complex, variable loading. In
this paper we aim to quantify, separate and better
clarify the di↵erent, competing factors contributing
to fatigue crack growth retardation after an over-
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load. To that end we use EDXRD to measure and
quantify the crack-tip strain fields and use them to
evaluate the e↵ect of closure and residual stress on
fatigue crack growth at high and low R-ratios. Dis-
continuous closure is considered separate from PIC
and is distinguished by crack face contact stresses
that are discrete and distinct from the crack front.
Closure and residual stress measurements are as-
sessed in terms of their associated impact on Keff

and Reff and are validated against measured fa-
tigue crack growth rates.

2. Experimental Details

2.1. Material and samples

A fine-grained bainitic steel was provided by the
JFE Steel Corporation; the composition of the steel
is summarised in Table 1. A micrograph of the as-
sociated microstructure is shown in Fig. 2, with a
grain size of approximately 10 m being recorded.
A tensile test according to ASTM E8 [24], with
the sample cut from a plate orientated parallel to
the crack opening orientation, demonstrated a yield
stress of 570 MPa and an ultimate tensile stress of
680 MPa. CT specimens were extracted perpendic-
ular to the same plate material with a thickness
of 10mm and a width of 62.5 mm, with other di-
mensions adhering to that prescribed by ASTM
E647 [25]. The sample geometry is presented in
Fig. 3b.

C Si Mn P S

610E 0.5 0.19 1.42 0.12 0.005

Table 1: Nominal composition (weight %) of the bainitic
steel provided by JFE (balance Fe).

2.2. Fatigue test

Prior to the in-situ FCG experiment, pre-cracks
were introduced into the CT samples using a load
shedding methodology at R = 0.1 according to
ASTM E647 [25]. The final stress intensity fac-
tor range used in this initial pre-cracking was
11 MPa m1/2. The crack was then propagated, in-
situ on the I12 (JEEP) beamline at the Diamond
Light Source (DLS), for 0.5 mm to a crack length,
a0 = 23.5 mm at �Kapp = 27 MPa m1/2 and at
an R-ratio defined by the subsequent FCG testing
conditions (i.e. R = 0.1 and R = 0.4). The I12
beamline can accommodate a sophisticated 100 kN

Figure 2: An optical micrograph of the bainitic steel showing
a grain size of approximately 10 m.

Instron servo-hydraulic rig. This rig is closely in-
tegrated into the beamline, which makes combined
FCG testing and EDXRD acquisition straightfor-
ward. The overload and subsequent FCG experi-
ment were completed in-situ on this test-rig at a
loading frequency of 14 Hz.

Two FCG overload experiments were completed
during the experimental run, one at R = 0.1 and
one at R = 0.4. Previously, Borrego et al. [26]
utilised R = 0.05 and R = 0.25 for their system-
atic study but did not observe a stark di↵erence
in FCG response. Testing at R = 0.4 was, how-
ever, expected to be governed by di↵erent control-
ling mechanisms than at R = 0.1 due to the crack
faces being held further open at Kapp

min
. Both tests

employed the same stress intensity factor range,
�Kapp = 27MPa m1/2. Kapp

max
was 30MPam1/2 at

R = 0.1 and 45 MPam1/2 at R = 0.4 resulting in
0.29 mm and 0.66 mm forward plastic zones respec-
tively (see Eqn. 3) which are negligible compared
to the 39 mm uncracked ligament, ensuring the va-
lidity of an LEFM approach. A schematic of the
fatigue cycling conditions can be seen in Fig. 3a.

The experiment was completed under constant
or pseudo-constant �Kapp, which is to say a
load shedding technique was employed to maintain
�Kapp close to the required level of 27 MPa m1/2.
The crack growth rate was monitored using an
alternating current potential drop (AC-PD) sys-
tem. The CT samples were subject to an over-
load to KOL = 60 MPam1/2 at a crack length,
a0 = 23.5 mm. The overload stress intensity fac-
tor corresponded to overload factors of 2 and 1.33
at R = 0.1 and R = 0.4 respectively. The FCG
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Figure 3: (a) Fatigue crack growth schematic for testing at R = 0.1 and R = 0.4 and (b) the associated geometry of the CT
test samples. Note that (b) also features a magnified visualisation of the overload location, with the change in crack length
(�a) relative to the overload position (x = 0) being highlighted.

cycling at R = 0.1 fully satisfied the plane strain
stress state criterion whereas at R = 0.4 it was not
satisfied. However, using the EDXRD set-up we
were able to illuminate and assess a gauge volume
with a length in the z direction of 3.5 mm (for the
fine measurements) [27]. This was centred at mid-
thickness (z = 0) within the test specimen and, as
such, the gauge volume can reasonably be assumed
to sample material in a plane strain stress state.

When deciding upon the crack growth increments
and associated positioning for the strain field map-
ping, it is important to consider the plastic zone
sizes. The monotonic overload plastic zone should
delimit the residual stress a↵ected region and it is
sensible to normalise crack growth increments with
respect to this value. According to Irwin [28], the
forward, monotonic plastic zone, rp and reversed,
cyclic plastic zone, rc, in a plane strain stress state
can be estimated according to the following rela-
tionships:

rp =
1

3⇡

✓
K

�yield

◆2

(3)

rc =
1

3⇡

✓
�K

2�yield

◆2

(4)

The theoretical forward plastic zone size, rOL
p

at

KOL = 60 MPa m1/2 is 1.17 mm. The analysis car-
ried out in Section 4.1 suggests that the actual plas-
tic zone size is slightly larger than this and the mea-
sured value of rOL

p
= 1.4 mm is used for the crack

length normalisation.
The fatigue crack was grown in steps through,

and ultimately beyond, the plastic zone generated
by the overload, with strain maps being taken both
immediately before and after overload and at four
subsequent positions. These are summarised in Ta-
ble 2. At each acquisition position the fatigue cy-
cling was interrupted and the load held at the de-
sired level; in each case maps at Kmin were acquired
after those at Kmax. The strain mapping procedure
is described Section 2.3.

After the in-situ FCG testing, the samples were
removed and cooled in liquid nitrogen before being
fractured. The fracture surfaces were assessed in
a FEI Magellan 400 scanning electron microscope
(SEM), with the pre-crack, overload (OL) and final
crack lengths being measured for the AC-PD cali-
bration. Fractographs were also taken across the
sample thickness, with higher resolution imaging
being carried out in and around the OL location.

2.3. X-ray di↵raction and strain analysis

The elastic crack-tip strain at mid-thickness was
mapped at the Diamond Light Source on the I12
(JEEP) beamline. A polychromatic (50 keV to
150 keV) beam was used and the di↵racted beam
captured using an array of 23 independent energy-
dispersive detectors evenly spaced around the top
half of the Deby-Scherrer cone [29]. The rel-
ative energy resolution of the detector elements
ranges from 8 ⇥ 10�3 at 50 keV to 1.0 ⇥ 10�2 at
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150 keV. The scattering take o↵ angle, 2✓, was
set at 5� and defined using two sets of collimat-
ing slits, with an associated angular resolution,
�✓/✓ = 3.2 ⇥ 10�3. This set-up allowed for the
acquisition of di↵raction rings up to the {330} re-
flection. In an energy-dispersive arrangement the
gauge volume over which strain is measured is fixed
in space by the incoming and outgoing slits. To
ensure the illuminated gauge volume was correctly
located at the sample’s mid-thickness, the sample
was first translated through the illuminated vol-
ume. The points at which the di↵racted signal first
rise and then trail o↵ are associated with the edges
of the sample; once these are located the sample
can be positioned at the mid-point between them.

The surface displacements and therefore the sur-
face strains were measured simultaneously via digi-
tal image correlation (DIC). The experimental set-
up and results are the subject of separate journal
article [30], with surface (plane stress) overload re-
tardation behaviour being compared against the in-
ternal (plane strain) response.

After each FCG stage a coarse and a fine 2D map
were acquired at maximum and minimum load.
The beam size was 50 m square for the near crack-
tip region and 100 m square for the far-field re-
gion. The point spacing was 350 m for the coarse
map and 100 m for the fine map. Additional line
profiles were taken at intermediate loads during
unloading from Kmax; these line scans (in the x-
direction, close to y = 0) utilised the fine aperture
size and a point spacing of 150 m.

To calculate the elastic strain, the acquired
di↵raction data must be compared against a stress-
free equivalent. There are a number of accepted
techniques for the acquisition of the stress-free lat-
tice spacing, d0 (see Withers et al. [31]) but in this
case a far-field, stress-free position was chosen on
the test sample. The elastic strain can then be de-
termined in accordance with Braggs’ Law, where

✏(�, hkl) =
�d(�,hkl)

d0(�,hkl)
. (5)

✏(�, hkl) is the average lattice strain for the illumi-
nated grains orientated such that their lattice plane
of index hkl satisfies Braggs’ law at an azimuthal
angle, �. The strain was calculated using an an-
gle (detector) specific stress-free lattice parameter,
d0(�, hkl), which has been shown to reduce the sen-
sitivity to detector alignment and positioning [32].
The strain calculated from the eleventh detector in

the array (� = 90�) is associated with the strain in
the crack opening orientation, ✏yy and the first and
final detectors (� = 0� and � = 180�) are associ-
ated with the strain parallel to the crack ✏xx. The
analysis was performed using the pyXe strain anal-
ysis package (v0.8.1) developed by Simpson [33],
with the {110} peak being tracked and fitted to a
Gaussian profile. The approach is described in more
detail by Mostafavi et al. [34].

To calculate stress from the EDXRD di↵raction
data, one needs to know three orthogonal normal
strain components [35]; in this case ✏xx, ✏yy, ✏zz.
The associated co-ordinate system is highlighted on
the fractographs in Fig. 5 and Fig. 6. While it is
not possible to measure the strain along the beam
direction (✏zz), this can be inferred from the fact
that the sample is thick and we are measuring a
3.5 mm mid-thickness slice and are therefore in a
state of plane strain. Given this assumption, we
can say that ✏zz = 0. As such, the stress in the
crack opening orientation as a function of position,
�yy(x, y), can be calculated using Eqn. 6:

�yy(x, y) =
E0

1 � (v0)2
(eyy + v0exx) (6)

where E0 = Ehkl/(1�v2
hkl

) and v0 = vhkl/(1�vhkl).
Ehkl and vhkl are the di↵raction elastic constants
associated with the lattice plane being assessed.
In this case the {110} reflection was tracked, with
the associated di↵raction elastic constants, E110 =
226 GPa and v110 = 0.28 being utilised (as per the
Kroner modelling scheme) [35].

3. Results

3.1. Fatigue Crack Growth Results

FCG rates after overload and the associated
mechanistic behaviour are assessed as a function
of the (internal) crack growth, �a beyond the over-
load location, a0. This is considered to be a useful
measure of the crack position, particularly when
normalised against the overload plastic zone size,
rOL
p

. This is a convenient, and generalised, ap-
proach to defining the extent and impact of over-
load retardation mechanisms (e.g. �a/rOL

p
= 1

should indicate when the crack has grown through
the residual stress field introduced by the overload).

The baseline fatigue crack growth behaviours
(no overload) at R = 0.1 and R = 0.4 are pre-
sented in Fig. 4a. The crack growth rates show
a small, but significant dependence on R-ratio.
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When �Kapp = 27MPam1/2 a growth rate of
9.5 ⇥ 10�5 mm/cycle was recorded at R = 0.1, and
a rate of 1.3 ⇥ 10�4 mm/cycle was measured at
R = 0.4. This baseline behaviour can be compared
against the AC-PD measured growth rate recorded
after overload, which is displayed in Fig. 4b. Note
that the crack growth measurements recorded in
Table 2 are slightly di↵erent from the values dis-
played in Fig. 4b. This is because the crack growth
beyond overload measured by AC-PD, �aav, is an
average through-thickness measurement, while the
EDXRD values (�a) are inferred from the syn-
chrotron strain measurements which are weighted
towards the mid-thickness and so are more repre-
sentative. At R = 0.4 the crack front is straight
and so in this case �aav = �a.

While �Kapp was nominally constant, the load
shedding methodology employed during FCG al-
lowed �Kapp to vary between 25 MPa m1/2 and
28 MPa m1/2 during a typical growth increment. A
small correction was therefore applied to the crack
growth rates shown in Fig. 4b, accounting for the
di↵erence between the nominal and applied value
of �Kapp (�Kcorr), while also considering the raw
FCG growth rates, da/dNraw, and an associated,
approximate value of the e↵ective stress intensity
range, �Keff,approx:

�Keff,approx =

✓
C�1 da

dN raw

◆ 1
m

, (7)

da

dN
= C

�
�Keff,approx � �Kcorr

�m

. (8)

The Paris coe�cients, C and m, were taken from
the baseline fatigue crack growth rate data, which
is shown in Fig. 4a. It should be stressed that this
correction does not change the underlying trends
observed in the data nor the magnitude of the
recorded FCG rates, but does eliminate unrealistic
variation in da/dN within each growth increment.

After overload the crack growth rate at R = 0.1
immediately dropped; there was no indication of an
initial increase in growth rate prior to this retar-
dation as has been noted by authors such as Bor-
rego et al. [26]. This could be due to the com-
paratively low AC-PD acquisition rate, with the
first data point being recorded after 200 cycles. Af-
ter the initial retardation the growth rate slowly
increased prior to a secondary, accidental over-
load (KOLb ⇡ 38 MPa m1/2) at �aav = 0.85 mm
(and �a/rOL

p
= 0.8). This second overload

caused a slight retardation in growth rate be-
fore it recovered and plateaued at approximately
2 ⇥ 10�5 mm /cycle. The growth rate did not re-
cover to the initial baseline value and does not ap-
pear to be tending towards it. An estimate of the
growth behaviour without the secondary overload is
also depicted in Fig. 4b. At R = 0.4 the retardation
after overload was more muted, with the growth
rate dropping slightly immediately after overload
before returning to the baseline rate after 1 mm of
crack growth beyond overload. As at R = 0.1, there
was no indication of an initial increase prior to the
retardation.

(a) R = 0.1 (b) R = 0.4

�Kapp N �a/rOL
p

�Kapp N �a/rOL
p

27.5 -1 0 27.6 -1 0
58.3 0 0 42.3 0 0
27.5 1 0 27.6 1 0
27.4 18k 0.3 28.1 3k 0.2
27.2 30k 0.6 27.7 5k 0.5
25.2 46k 1.0 27.9 10k 1.0
25.6 79k 1.6 28.2 18k 1.6

Table 2: �Kapp, number of cycles beyond overload, N , and
normalised crack growth beyond overload, �a/rOL

p at which
the strain maps were acquired. �a is taken coincide with the
midpoint of the leading-edge of the crack-tip stress gradient
at max. load [18].

3.2. Fractography Analysis

Fractographs of the samples tested at R = 0.1
and R = 0.4 can be seen in Fig. 5 and Fig. 6 re-
spectively. In each case the crack front immedi-
ately prior to overload is delineated by deforma-
tion and contact associated with the overload and
is marked on the fractographs (this was most obvi-
ous at R = 0.1). The crack front prior to overload
bowed slightly towards the free surfaces but in the
central 3.5 mm (i.e. the EDXRD gauge length) it
was essentially straight, with < 100 m variation
in crack length being recorded. This lends further
weight to the plane strain assumption.

At R = 0.1 a region of darker, compressed ma-
terial clearly delineates the overload location. This
deformation is associated with the contact of op-
posing crack faces and is consistent with features
observed originally by Jones [36]. A large region of
compressive contact and deformation is circled in
Fig. 5c; this type of damage is seen to cover a large
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Figure 4: (a) Baseline fatigue crack growth curves (i.e. without overload) at R = 0.1 and R = 0.4. (b) AC-PD measured
fatigue crack growth rate at �Kapp = 27 MPa m1/2 as a function of crack growth beyond overload at R = 0.1 and R = 0.4.
OLb highlights the position of a second, accidental overload at R = 0.1. The vertical lines highlight the approximate EDXRD
measurement locations.

proportion of the surface area in the material just
ahead of overload. At mid-thickness the region of
compressed material (the contact zone) extends ap-
proximately 300 m beyond the overload location,
with the contact zone at the sample surface being
approximately 1.5 times this size. This is unsur-
prising given that the plastic zone in a plane stress
state would be expected to be around 1.67 times
larger than under plane strain conditions [28]. You
would therefore expect a similar increase in the size
of any deformed, contact zone. Note that although
the position of the accidental overload, OLb can be
seen in Fig. 5b, there is no indication of contact oc-
curring at this location and no deformation on the
fracture surface.

After overload and at the end of the FCG test-
ing the crack front has bowed significantly, with
1 mm of crack growth being recorded at the sur-
face compared to 2.2 mm of growth mid-thickness.
FCG retardation is therefore greater at the sample
surface compared to the centre. This is consistent
with the sample surface being in a state of plane
stress, which promotes plasticity, overload resid-
ual stresses and PIC/discontinuous closure. This
is, however, contrary to the observations made by
Shuter et al. [5] and Borrego et al. [26], who noted
slight crack bowing at the free surfaces both before
and after overload but no increase in bowing upon
overload. However, in both cases the crack was

grown until the FCG rates had recovered i.e. be-
yond the point at which overload plasticity, resid-
ual stress and contact are e↵ective. Once outside
this region, the crack front would be expected to
return to it’s original shape (under constant �K
conditions). In the current work (at R = 0.1) the
FCG rates have not recovered prior to the end of
testing and the crack front has not re-straightened.

While the impact of the overload cycle is appar-
ent even at low magnifications at R = 0.1, this
is not so at R = 0.4. At higher magnifications
(see Fig. 6c) one can see some evidence of deforma-
tion at mid-thickness (a slight discontinuity on the
fracture surface); this deformation does not, how-
ever, appear to be associated with crack face con-
tact. Regions of compressive deformation, likely
due to crack face contact, can be seen towards the
sample surface. This can again be explained by
the increase in plasticity found towards a free sur-
face. The change in crack front profile observed at
R = 0.1 is not mirrored at R = 0.4.

3.3. Evolution of the Stress Field

Fig. 7 shows the 2D crack opening stress fields,
�yy(x, y), calculated from the EDXRD strain data
for the tests at (a) R = 0.1 and (b) R = 0.4. The
maps are shown at Kmin and Kmax prior to, dur-
ing and after overload. Although the maps pro-
vide a useful insight into the overload behaviour,
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Figure 5: Fractographs from the experiment at R = 0.1. (a) Low magnification image of full crack face. (b) Higher magni-
fication 1.5 mm slice through mid-thickness, with the notch, start of pre-crack (PC) and overload (OL) highlighted. (c) High
magnification of the overload region; note the flattened, deformed regions to the right of the overload. White circle highlights a
region of deformed material. The yellow, vertical bars highlight the crack-tip position at the di↵erent FCG/EDXRD acquisition
stages, with the length of the bar defining the sampled gauge length.

line profiles through the maps are perhaps easier
to compare. As such, line profiles taken at various
positions and stages of unloading are presented in
Fig. 8.

At R = 0.1 prior to overload, one can see a small
reverse plastic zone at Kapp

min
(highlighted on Fig. 7a

(i) and Fig. 8a). The reverse plastic zone increases
in size and magnitude immediately after overload.
This response is due to the additional plasticity and
compressive residual stress introduced during load-
ing to KOL and is consistent with Eqn. 4 i.e. an in-
crease in the cyclic plastic zone size due to a larger
stress excursion (�KOL > �K). This reduction in
stress at Kmin is mirrored at both Kmax and at the
intermediate loading levels. The overload residual
stresses act across the full loading range, shifting
the stress profiles down at all applied loads (as per
Fig 1b and Fig 1c).

The crack-tip stress profiles at maximum load
eventually recover as the crack is propagated be-
yond the overload position, with the stress profile
acquired at Kapp

max
at the end of FCG (�a/rOL

p
=

1.6) being roughly equivalent to that seen prior to

overload (i.e. Fig. 7a (i) vs. Fig. 7a (iv)). The re-
covery occurs over a length scale that approximates
to the theoretical overload plastic zone size; a more
detailed assessment is presented in Section 4.1.

At R = 0.4 the impact of overload residual
stresses on the acquired stress profiles (from Kmax

to Kmin) is again evident immediately after over-
load. The crack-tip stress fields reduce in re-
sponse to the overload residual stresses and again
recover as the crack is propagated across a distance
that is approximately equal to the theoretical over-
load plastic zone size. However, in this case, the
shift in the stress profiles is less significant. This
can be rationalised based on the overload factor,
KOL/Kapp

max
, which is much lower at R = 0.4 than

at R = 0.1, and the associated relative change in
crack-tip plasticity due to loading to KOL com-
pared to the nominal loading to Kapp

max
.

In addition to assessing the impact of the over-
load residual stresses it is important to look for
crack face contact and the influence of both PIC
and discontinuous closure. Immediately before and
after overload there is no sign of contact behind
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Figure 6: Fractographs from the experiment at R = 0.4. (a) Low magnification image of full crack face. (b) Higher magni-
fication 1.5 mm slice through mid-thickness, with the notch, start of pre-crack (PC) and overload (OL) highlighted. (c) High
magnification of the overload region; note the similarity between the fracture surface before and after OL. The yellow, vertical
bars highlight the crack-tip position at the di↵erent FCG/EDXRD acquisition stages, with the length of the bar defining the
sampled gauge length.

the crack-tip at either R = 0.1 or R = 0.4. This
therefore suggests that PIC is not active under this
set of conditions. This is consistent with observa-
tions made by Lopez-Crespo et al. [37] and may re-
flect the constraint associated with the plane strain
stress state.

Although there is no evidence of PIC, discontin-
uous crack face contact is observed at R = 0.1 (not
at R = 0.4). This behaviour can be seen at each of
the EDXRD acquisition locations beyond the over-
load position, with the e↵ects being clearest at the
end of FCG, where �a/rOL

p
= 1.6 (this is high-

lighted on Fig. 8d). The evidence for discontinuous
closure is twofold; first we observe compressive con-
tact stresses at the overload location, most notably
at Kapp

min
. This stress is associated with contact and

load transfer at the plastic asperity left in wake of
the advancing crack front. The observed contact
zone is similar to that highlighted on the EDXRD
maps presented by Withers et al. [38] and is consis-
tent with the compressive deformation seen on the
fractographs presented in Section 3.2. Secondly, we
see a reduction in the size and magnitude of the

reverse plastic zone at Kapp

min
as compared to the

stress profile taken at Kapp

min
prior to overload (com-

pare Fig. 8a to Fig. 8d). This is indicative of the as-
sociated increase in Keff

min
and reduction in �Keff .

The development and changes in discontinuous con-
tact stress are further explored in Section 4.2.

4. Discussion and Analysis

4.1. Variation in crack-tip stress

To better understand the impact of residual
stress, PIC and discontinuous closure, it is help-
ful to consider the variation of the crack-tip stress
during unloading as a function of crack position.
The crack-tip is defined as the centre point of the
leading-edge of the crack-tip stress gradient at max-
imum load (as per Croft [18]). With a finite gauge
volume we cannot reliably measure the strain (and
therefore stress) at the crack-tip but only in the
vicinity. We therefore consider the stress averaged
over a 200 m window 250 m ahead of the crack-
tip. This position is close to the crack tip yet en-
sures that the sampled region is outside of the cyclic
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Figure 7: 2D stress maps measured at Kmax (LHS) and Kmin (RHS) at (a) R = 0.1 and (b) R = 0.4 for (i) one cycle before
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plastic zone (rc = 0.06 mm), which delimits the
elastic-plastic boundary for cyclic plastic flow [39].

The variation in crack-tip stress is presented in
Fig. 9. As expected, the relationship between crack-
tip stress and applied load is linear at both R = 0.1
and R = 0.4 (although notably only where Kapp >
0.6Kapp

max
at R = 0.1). Furthermore, the rate of

change of crack-tip stress with respect to increasing
applied load is the same irrespective of crack growth
past overload. This behaviour is to be expected
from a simple LEFM standpoint.

After the overload cycle there is a mean stress
e↵ect at both R = 0.1 and R = 0.4 caused by
the overload residual stress field, whereby the crack
tip stresses are reduced relative to those before
overload. Interestingly, immediately after overload,
the crack-tip stress with respect to applied load is

identical for the tests at R = 0.1 (Fig. 9a) and
R = 0.4 (Fig. 9b) i.e. for the same applied load
you induce the same crack-tip stress (note that
this is not the case once the crack has been prop-
agated beyond this position). For example, when
Kapp = 20MPam1/2, �yy = 200MPa at both
R = 0.1 and R = 0.4. This suggests that prior plas-
ticity is essentially overwritten during the overload,
which is consistent with the findings from finite el-
ement work carried out by Salvati et al. [8].

The initial reduction and subsequent recovery in
crack-tip stress at R = 0.1 and R = 0.4 is sum-
marised in Fig. 9c. This highlights the reduction in
crack-tip stress state relative to the initial, nominal
state i.e. �yy(OL+N) � �yy(OL�1), where N is the
number of cycles beyond overload. The change in
�yy is taken from the mean shift in crack-tip stress
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where Kapp > 18 MPa m1/2 at R = 0.1 and across
the full stress range at R = 0.4. Despite clear di↵er-
ences in the absolute reduction in crack-tip stress,

both of the stress profiles recover over the same pe-
riod, namely after 1.4 mm of FCG. The crack-tip
stress recovery should occur in line with the plas-
tic zone size (introduced at KOL = 60 MPa m1/2).
Indeed, the measured value is similar to, albeit
slightly larger than, the overload plastic zone size
predicted by the calculations proposed by Irwin [28]
(rOL

p
= 1.17 mm). Rather than using this the-

oretical value, we use the overload plastic zone
size inferred from this experimental assessment of
the recovery of crack-tip stresses to normalise the
crack growth beyond overload (i.e. for �a/rOL

p
,

rOL
p

= 1.4 mm).

At the two applied load ratios we are essen-
tially sampling the impact of overload factor,
KOL/Kapp

max
. So, while we are growing the crack

through nominally the same overload residual stress
field at both R = 0.1 and R = 0.4, which acts over
the same length scale, rOL

p
, the actual significance

of the overload residual stress field is governed by
the crack tip plasticity associated with the nom-
inal loading profile and, specifically, Kapp

max
. The

importance of overload factor is expanded upon in
Section 4.5.

The crack-tip stress response also provides fur-
ther indirect confirmation of discontinuous closure
at R = 0.1. Its influence can be seen at each ac-
quisition location from �a/rOL

p
= 0.3 (OL +18k)

onwards. At these positions and when Kapp is less
than 18 MPam1/2, the stress response is no longer
linear with respect to applied load; the near crack-
tip stresses are higher than would be anticipated
and, as such, there is a reduction in the associated
stress excursion. This should be considered indica-
tive of a reduction in �Keff due to an increase
in Keff

min
. Lopez-Crespo et al. [19] have reported a

similar reduction in the recorded strain range after
an overload cycle. The inflection point at which the
crack-tip stresses are no longer linear with respect
to applied load should coincide with Kop and, phys-
ically speaking, first contact between the opposing
crack faces. Interestingly, below Kop there is still a
significant reduction in the crack-tip stress, which
suggests that Kop cannot be considered to define
the minimum e↵ective stress intensity factor. This
behaviour and the impact of discontinuous closure
on Keff is further considered in Section 4.2.

Note that Kop is approximately equal to Kapp

min

at R = 0.4. It is therefore unsurprising that there
is no change in ��yy and no suggestion of crack
closure after overload at R = 0.4.
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4.2. Estimation of the stress shielding from the
crack face tractions

Crack face contact is traditionally characterised
by the opening force and associated opening stress
intensity factor, P op and Kop. These values define
the point at which the crack faces are completely
separated (or first come into contact) and are regu-
larly used to compute �Keff [40]. Although there
are numerous methods to define P op [40], it is typi-
cally computed from changes in the compliance re-
sponse. While a compliance type assessment (i.e. by
tracking the change in stress gradient with respect
to load) can be applied to the crack-tip stress data
presented in Fig. 9, the EDXRD analysis presents
us with the opportunity to take a more novel ap-
proach. In this case we can directly quantify the
crack face traction forces and associated shield-
ing by assessing the compressive, contact stresses
recorded at the overload location, which is where
discontinuous crack face contact occurs.

We have calculated the contact force, P tract by
integrating the compressive stresses recorded over
the contact area (see Fig. 10a). This procedure
was completed at each load increment from Kapp

min

to Kapp
max

for each of the six EDXRD acquisiton lo-
cations at both R = 0.1 and R = 0.4. This informs
us how the contact force develops with applied load
and crack growth beyond overload. It is worth not-
ing that this methodology is only appropriate to as-
sess for the impact of discontinuous closure, which
is to say where the contact stresses are distinct and
separate from the crack tip. Plasticity induced clo-

sure is characterised by contact occurring imme-
diately behind the crack tip and in this scenario it
would be very di�cult to separate reverse plasticity
and contact stresses. There is, however, no evidence
of PIC either before overload or when �a/rp > 0.3,
i.e. where EDXRD measurements were made.

Fig. 10b highlights the change in P tract as a func-
tion of applied load after the crack has been grown
to a position �a/rOL

p
= 0.3 beyond overload. Kop

has also been marked on Fig. 10b at the point the
crack face traction force rises above 0 kN. This ap-
proach suggests that Kop = 18MPa m1/2, which
corroborates the results presented in Section 4.1.
At R = 0.4, Kapp

min
� Kop; discontinuous closure

is therefore not expected to be an active shield-
ing mechanism at this load ratio. Note that while
0 kN should be the maximum recorded value for the
crack face tractions, the sampled area is finite (not
a continuum point) and will weakly reflect changes
in Kapp.

P tract is the (average) force acting to keep the
crack open across the EDXRD gauge length. If
we assume that P tract acts as a point load at a
distance, �a from the crack tip, in a sample of
width, W 0 = W � a0, we can estimate the associ-
ated stress intensity factor, Ktract from compliance
calculations used to assess a CT geometry:

Ktract = �f

✓
�a

W 0

◆
P tract

B
p

2⇡W 0
. (9)

f(�a/W 0) is calculated according to the closed
form expression presented by Xiao et al. [41], which
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is valid for shallow cracks. The geometry we have
used is detailed in Fig. 3b.

Ktract is a direct measure of the shielding asso-
ciated with crack face contact for a given applied
stress intensity factor. This is particularly impor-
tant given that we see load transfer to/from the
crack tip when Kapp < Kop (Section 4.1). We must
therefore specifically characterise the shielding at
Kapp

min
, which is an approach previously adopted by

Weiss, Chen and Stickler [42], who defined this as
the shielded stress intensity factor range �Ksh. In
our case this is equivalent to the stress intensity
factor associated with the crack face tractions at
minimum load, Ktract

min
. The associated minimum

shielded stress intensity factor, Ksh = Ktract

min
+

Kapp

min
, is analogous, but not equal, to Kop.

The crack shielding due to discontinuous crack
face contact as a function of crack growth beyond
overload is shown in Fig. 10c. It is interesting to
note that the shielding at minimum load is signif-
icantly smaller than the opening stress intensity
factor. For example, after the final FCG incre-
ment at R = 0.1, Ksh = 7.5 MPam1/2 whereas the
opening stress intensity factor was approximately
18 MPa m1/2. While surprising, this finding is con-
sistent with the trends highlighted in the crack-tip
stress analysis presented in Fig. 9a, with approxi-
mately 30 % of the total crack-tip stress excursion
occurring below Kop. This rea�rms what was pre-
viously suggested, Kop should only be considered to
define first contact at high points along the length
of the plastically deformed asperity; it does not well
predict the amount of shielding from discontinuous
closure.

4.3. Stress intensity factor arising from residual
stress

If we assume the driving force contribution to be
negligible when Keff < 0 MPam1/2 (as per Wil-
lenbourg [4]), we can begin to quantify the retar-
dation from the overload residual stress field if we
calculate the stress intensity factor arising from it,
Kres. Kres can be calculated from a known residual
stress distribution and a geometry specific weight
function, h(a, x). Fett and Munz [43] defined an
expression for the CT geometry, which is given in
Eqn. 10, and is both convenient to calculate and
valid for both short and long crack lengths:

h(a, x) =
1

⌦
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where

⌦ =
p

2⇡a

r
1 � x

a
.

The parameters v, µ and Av, can be taken from
the work by Fett and Munz [43]. a/W is the ratio
of crack length to sample width and x is the posi-
tion along the crack length. In turn, Kres can be
calculated according to Eqn. 11:

KI =

Z
a

0
�yy(x) h(a, x) dx (11)

One can only apply Eqn. 11 to a balanced stress
field i.e. the net stress is zero, with significant er-
ror being introduced if this does not hold true [44].
As such, to calculate Kres from the stress profiles
acquired during this experiment, the stress field
associated with Kapp must be accounted for. In
this case a simple Williams type approach [45] was
used to estimate the applied stress field, which was
subtracted from the measured field. The associ-
ated, underlying �res distribution was then verified
by asserting that

P
�res

yy
= 0MPa. The residual

stress field seen in Fig. 11a was calculated from
the stresses acquired immediately after overload at
Kapp

min
at R = 0.1. Given that the residual stress

profile is defined by the plasticity introduced at
KOL, it will be equally applicable to the experi-
ments at both R = 0.1 and R = 0.4. The prior
crack-tip plasticity is overwritten by the plasticity
introduced at KOL.

Kres was calculated from the stress profile shown
in Fig. 11a according to Eqn. 11 and is presented
in Fig. 11b. Kres reaches a minimum value of
�14.5 MPa m1/2 shortly after overload, before tend-
ing back to zero just beyond the end of the overload
plastic zone. It is important to note that the peak
value (although not the general trend) of Kres is
sensitive to the precise choice of crack-tip location.
A shift of ±50 m alters the maximum calculated
value of Kres by ±3 MPam1/2.

Fig. 11b not only depicts Kres but also high-
lights other factors that will likely determine the
FCG behaviour. For R = 0.4, we can see that
the stress intensity factor arising from the overload
residual stresses is smaller in magnitude than the
applied stress intensity factor and therefore is not
large enough to cause residual stress induced crack
shielding (i.e. Fig. 1b vs. Fig. 1c). Furthermore,
Kapp

min
� Kop, which tells us that there is no shield-

ing from discontinuous crack face contact. We can
therefore reasonably assume that �Keff is unaf-
fected by the overload cycle and any changes in
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Figure 11: (a) �res as a function of crack growth beyond
overload and (b) the associated value of Kres. Note that
the values of Kapp

min
at R = 0.1 and R = 0.4, along with Kop

at R = 0.1 are also displayed.

FCG behaviour are linked solely to changes in Reff .
This is explored further in Section 4.4.

The comparable assessment at R = 0.1 predicts a
competition between shielding from overload resid-
ual stresses and discontinuous closure. While these
mechanisms occur concurrently, we suggest that
�Keff is determined by a single shielding mech-
anism, rather than by the combination of the two
mechanisms, as suggested by Salvati et al. [8]. If,
for example, the stress intensity factor associated
with the crack face tractions is greater in magni-
tude than the stress intensity factor arising from
the overload residual stress field, then Keff

min
will

remain above 0. In this instance we wouldn’t be
in a regime where residual stress induced shield-
ing, as defined by Willenborg [4], is active (Fig.1b).
We can therefore say that shielding from crack face
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tractions will dominate when

Kres + Ksh > 0 (12)

and residual stresses will control crack shielding
when

Kres + Ksh < 0. (13)

The dominant shielding mechanism varies with
position relative to the overload location. At
shorter crack lengths, overload residual stresses
dominate, while at longer crack lengths (and out-
side the overload plastic zone), discontinuous clo-
sure is the dominant shielding mechanism. The
transition between these two regimes occurs when
�a/rOL

p
= 0.6, which can be seen in Fig. 11b.

These general trends and the idea of a mechanis-
tic transition are consistent with results presented
by Lopez-Crespo et al. [19]and Salvati et al. [8].

4.4. Predicting retardation from �Keff , Reff

Having calculated the residual stress intensity
distribution, along with the shielding/tractions as-
sociated with discontinuous crack face contact, we
are able to estimate �Keff with respect to crack
growth beyond overload at both R = 0.1 and
R = 0.4 (see Fig. 12a). The associated value of
Reff is displayed in Fig. 12b. Note that in this
instance Keff and Reff are being truncated at 0
under the assumption that no FCG contribution
is expected from the portion of the loading cycle
where Keff < 0 MPa m1/2 [4, 15].

As discussed in Section 4.3, there is no apparent
reduction in �Keff after overload for the experi-
ment at R = 0.4. Reff does, however, drop to ap-
proximately 0.1 before ultimately tending back to
the applied value just beyond the edge of the over-
load plastic zone. For R = 0.1, there are changes
in both �Keff and Reff . The e↵ective stress in-
tensity range drops to 15.5 MPa m1/2 soon after
overload and, significantly, does not fully recover
over the measured crack growth beyond overload,
plateauing at approximately 22.5 MPa m1/2. This
is due to the continued influence of discontinuous
closure (far beyond the edge of the plastic zone)
and is consistent with previous research [8, 19].

The information presented in Fig. 12a and
Fig. 12b can be used to predict da/dN , in accor-
dance with a two-parameter Walker type FCG as-
sessment. In this case we use the method proposed
by Dinda and Kujawski [15], which only considers
the positive portion of the fatigue cycle, which they
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Figure 12: (a) �Keff as a function of position relative to
overload, estimated from values of Kapp, Kres and Ktract

min

for tests at R = 0.1 and R = 0.4 with the associated values of
Reff shown in (b). The resultant estimated values of da/dN
calculated as per Dinda and Kujawski [15] are shown in (c),
and are compared against the measured values of da/dN .

term as �K+, but is equivalent in this assessment
to �Keff , such that

da

dN
=

h�
�Keff

�(1�p) �
Keff

max

�p
i�

. (14)

The resultant, predicted values of da/dN are pre-
sented in Fig. 12c. These predicted results are
compared against the measured growth rates. For
R = 0.4 the maximum level of retardation is well
predicted by the estimated values of �Keff and
Reff , with the main discrepancy between measured
and predicted growth being the period over which
the FCG rates recover. The predicted recovery oc-
curs over the full FCG experiment, whereas the
measured values are seen to recover to the base-
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line level when �a/rOL
p

= 0.65. One of the main
assumptions of the weight function approach is that
the crack-tip plasticity is small relative to the resid-
ual stresses. At R = 0.4 the forward plastic zone
is around half the size of the overload plastic zone,
this could lead to a redistribution of the residual
stresses as the crack is propagated.

At R = 0.1 the agreement between the mea-
sured and estimated values of da/dN is very good
in the regime where closure dominates i.e. towards
the edge of, and then beyond, the overload plas-
tic zone. When the crack growth beyond overload
is small (�a/rp < 0.6) there is a larger discrep-
ancy between measured and estimated values of
da/dN . While this di↵erence may be attributed to
errors in Kres arising from redistribution of resid-
ual stress or inaccuracies in the di↵raction elas-
tic constants, it is important to stress that the
di↵erence in crack growth rates only represents a
15 % error in terms of �Keff (or approximately
2.5 MPa m1/2). Such discrepancy has been accepted
to be satisfactory in previous works aimed at es-
timating �Keff [46, 47, 48]. Furthermore, the
overall trend in estimated and measured values of
da/dN are consistent and support the suggestion
of a transition from crack shielding dominated by
overload residual stresses to discontinuous closure.

The agreement between the measured values of
da/dN and the predicted values of da/dN goes
a long way towards validating both the overall
methodology and the measured values of Ktract

min
and

Kres. Significantly, this is the first time that FCG
rates have been estimated on the basis of direct
measurements of the shielding mechanisms and as-
sociated changes in the e↵ective R-ratio. In short,
we have been able to build up an accurate picture
of the prevailing conditions at the crack tip at mid-
thickness and shown that �Keff is defined by the
dominant shielding mechanism at a given position
while Reff varies as a function of the combined ef-
fect of both mechanisms.

4.5. Predicting retardation mechanisms as a func-
tion of overload factor and R

By separating and quantifying the retardation
mechanisms we are also able to begin to piece to-
gether a generalised picture of the role of di↵er-
ent overload retardation mechanisms as a function
of overload factor (KOL/Kapp

max
) and load ratio, R.

Fig. 13 shows a schematic of the zones of influence
of the various overload retardation mechanisms (as
detailed in Fig. 1). Three regimes are defined in

1.0 1.5 2.0

Overload Factor, KOL/Kapp
max

0.0

0.1

0.2

0.3

0.4

0.5

0.6

R

(i) Reff

(ii)

(iii) Reff + RS
+ DCf(Kop)

f(Kres)

Increasing retardation

Figure 13: Overload retardation mechanism regimes as a
function of overload factor and R (under constant �K con-
ditions). Post-overload FCG retardation is ascribed to a
combination of, and competition between, changes in Reff

and shielding from overload residual stresses (RS) and dis-
continuous closure (DC), the balance of which varies with
regime. A single shielding mechanism is expected to operate
in regime (ii). The red crosses highlight the tests carried out
at R = 0.1 and R = 0.4 and the dotted line that connects
them highlights the potential variability in overload factor
and R under constant �K, constant KOL conditions.

terms of applied load ratio and overload factor. For
a large load ratio and low overload factor, which
we define as regime (i), the retardation after over-
load is controlled by the overload residual stresses.
In regime (i) the overload residual stresses lower
the e↵ective load ratio, Reff , but are not severe
enough to reduce the e↵ective stress intensity factor
range, �Keff (as per Fig. 1b). This behaviour is
consistent with the overload response described at
R = 0.4 (overload factor of 1.33) and leads to mini-
mal FCG retardation. In this regime the impact of
the overload cycle, and subsequent retardation, will
be limited to the size of the overload plastic zone.

In regime (iii), which is also highlighted in
Fig. 13, the e↵ects of overload residual stress and
discontinuous closure can broadly be considered to
be in competition. So, while both mechanisms
will a↵ect Reff only one, controlling mechanism,
will determine changes in �Keff . The controlling
mechanism will vary with respect to crack growth
beyond overload, with overload residual stresses
dominating when the crack is shorter and within
the overload plastic zone while discontinuous clo-
sure will control changes in �Keff towards the
edge of the overload plastic zone and outside of this
region. Regime (iii) is found under high overload
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factor and low load ratio conditions and would be
expected to induce significant FCG retardation (as
was seen during testing at R = 0.1).

Fig. 13 also details an intermediate region, regime
(ii), that serves as a transition between regimes (i)
and (iii). In this regime we assume that either over-
load residual stresses or discontinuous closure will
be the sole active shielding mechanism. The upper
and lower boundaries for this regime will coincide
with the points at which Kapp

min
is equal Kop and/or

the maximum absolute value of Kres. We can esti-
mate where the boundary between regimes should
fall if we assume that overload residual stresses and
the associated deformation at the overload site are
fixed under a constant value of KOL. If we then
simply vary R then the points at which (a) Kapp

min
=

Kop and (b) Kapp

min
+ Kres = 0 can be used to pre-

dict the boundaries between regimes (see Fig. 13).
The results presented in this work suggest that
regime (ii) will only be active across a relatively
narrow range of conditions as the maximum abso-
lute values of Kres and Kop are closely matched
(approximately 15 MPa m1/2 and 18 MPam1/2 re-
spectively). They also suggest that discontinuous
closure will be the sole active mechanism in this in-
termediate regime (Kop > �Kres); uncertainty in
these values and lack of test data does, however,
make it di�cult to reach a definitive conclusion on
this point.

While the retardation regime boundaries and the
schematic as a whole should be considered an ini-
tial approximation, this approach does represent a
first step towards a parametric understanding and
breakdown of overload and the associated, under-
lying retardation mechanisms.

5. Conclusions

We have considered the impact of overload and
R-ratio on residual stress, closure mechanisms and
thereby FCG retardation in a bainitic steel. Our
aim has been to quantify the relative impact and
contribution of di↵erent retardation mechanisms,
notably residual stress driven shielding [4], plastic-
ity induced closure [1] and discontinuous closure [2]
through high energy, synchrotron EDXRD. The ex-
periment used a constant stress intensity factor
range and fixed overload stress intensity factor in
contrast with previous research which used a con-
stant overload factor, thereby varying KOL, and/or
utilised a constant load range [8, 23]. Both ap-
proaches have their merits, but by keeping �Kapp

and KOL constant (similar to Borrego et al. [26])
we were able to fix the extrinsic conditions while
controlling overload plastic zone size and the as-
sociated residual stress distribution. This allowed
us to systematically assess the impact of R-ratio
and overload factor, with the cracks being grown
through the same deformation zone under nomi-
nally the same driving force. Most notably, we
were, for the first time, able to directly measure
the crack tip shielding arising from crack face trac-
tions. In turn we have been able to predict FCG
retardation based on direct measures of shielding.

• At both R = 0.1 and R = 0.4 there was
a reduction in the peak crack-tip stress im-
mediately after overload (most significantly at
R = 0.1). This was due to the residual stress
field introduced during the overload, with re-
covery of the crack-tip stresses occurring over a
length scale (1.4 mm) consistent with the over-
load plastic zone size.

• The e↵ect of overload residual stresses on Keff

was assessed using a weight function approach.
This highlighted residual stress induced shield-
ing at R = 0.1 but not at R = 0.4. This was
the dominant shielding mechanism at R = 0.1
when crack growth beyond overload was small
and while the crack remained within the over-
load plastic zone (�a/rOL

p
< 0.6).

• Although there was no indication of plasticity
induced closure, discontinuous crack face con-
tact was recorded at R = 0.1. This was due to
a plastic asperity associated with the overload
cycle. Discontinuous closure was the dominant
shielding mechanism when the crack had been
propagated towards the edge of, and also be-
yond, the overload plastic zone. Discontinu-
ous closure was not active at R = 0.4 as the
opening stress intensity factor was less than the
minimum applied stress intensity factor.

• For the first time, the shielding associated with
the discontinuous crack face tractions, Ktract,
have been computed directly from the mea-
sured contact stresses (at R = 0.1). The shield-
ing calculated from the crack face tractions is
much lower than would be suggested from the
opening stress intensity factor; significant load
transfer to and from the crack tip was observed
while Kapp < Kop.
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• In addition to retardation arising from a re-
duction in �Keff , changes were observed in
FCG behaviour due to a variation in Reff .
This variation is due to the concurrent influ-
ence of crack face tractions and overload resid-
ual stresses, the e↵ects of which are particu-
larly apparent at R = 0.4, where there is no
change in �Keff .

• The predicted internal (plane strain) FCG
rates calculated according to a two-parameter
Walker type assessment based on Kapp, Kres

and Ktract

min
, well explained the measured FCG

values. Further, complementary work is now
ongoing to describe material in a plane stress
state, i.e. at the sample surface.
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