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ABSTRACT. The evolution of crack-tip strain fields in a thin (plane stress) compact tension sample following an
overload (OL) event has been studied using two different experimental techniques. Surface behaviour has been
characterised by Digital Image Correlation (DIC), while the bulk behaviour has been characterised by means of
synchrotron X-ray diffraction (XRD). The combination of both surface and bulk information allowed us to
visualise the through-thickness evolution of the strain fields before the OL event, during the overload event,
just after OL and at various stages after it. Unlike previous work, complete 2D maps of strains around the
crack-tip were acquired at 60um spatial resolution by XRD. The DIC shows less crack opening after overload
and the XRD a lower crack-tip peak stress after OL until the crack has grown past the compressive crack-tip
residual stress introduced by the overload after which the behaviour returned to that for the baseline fatigue
response. While the peak crack-tip stress is supressed by the compressive residual stress, the crack-tip stress
field changes over each cycle are nevertheless the same for all K,,.. cycles except at OL.
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INTRODUCTION

crack closure [1]. Closure of the crack-faces either near to, or distant from, the crack-tip means that the crack-
tip does not experience the full crack-opening fatigue cycle. Such effects have been held to be responsible for
the immediate acceleration and then subsequent retardation of the crack growth rate observed following an overload
during fatigue cycling.
Diffraction peak shifts are predominantly sensitive to the elastic strain and a number of studies have mapped the strain
ahead of, and behind, the crack-tip using neutron [2, 3] or synchrotron x-ray [4, 5] beams. The problem with linescans
along the crack plane is that there is a danger that the location of the peak stress may be missed. Steuwer et al. [6] were

D ] any crack retardation effects occurring during the fatigue of materials have been explained by the concept of

the first to map the stresses in thick (plane strain) samples in 2D at high (25um) resolution, but in this case the plastic
zone was small and the crack-tip stress fields dominated largely by elastic behaviout.

In this paper, we employ Digital Image Correlation (DIC), a non-contact full-field measurement technique, to measure the
total (elastic plus plastic) strain on the surface of the specimen. The accuracy of DIC to measure elastic strain is
debateable, but its capability to measure total strain (considering that plastic strains are orders of magnitude bigger than
clastic strains) is unrivalled. The combination of the two techniques provides both elastic (from XRD) and total (DIC)
strains if the measurements are carried out on the same gauge volume. Therefore, we selected a thin (i.e. plane stress)
specimen so that the variation of the strain field on the surface, where DIC measures the total strain, and the elastic strain
averaged through thickness as measured by XRD, is minimised. DIC has found increasing application for the study of
crack-tip strain fields [7] and it has been possible to extract fracture mechanics information such as closure stresses [8, 9],
plastic zone sizes [10], crack-tip opening displacements (CTOD) and effective stress intensity factors at the crack-tip, K&
[10-14].

Lopez-Crespo et al. have already combined these complementary methods to examine the strain fields local to a crack-tip
in a plane stress (thin) stainless steel compact tension sample prior and subsequent to an overload event [15]. Even under
plane stress where the surface and bulk states might be expected to be the same, important differences were observed
between DIC and XRD. Surface DIC measurements suggested that under fatigue cycling the cracks faces appear to be in
contact for around 50% of the cycle supporting a traditional plasticity-induced closure interpretation. Indeed they
observed a knee in the closure response for baseline fatigue prior to overload, an absence of closure in the accelerated
growth regime followed by accentuated closure in the retardation regime. By contrast, measurement of the mid-thickness
elastic strain field behind and ahead of the crack made by synchrotron X-ray diffraction showed no evidence of significant
crack-face contact stresses immediately behind the crack-tip on approaching minimum loading. Though the results were
affected by point-to-point scatter due to an insufficiently small grain size, the changes during loading and overloading
could mostly be explained by a simple elastic plastic analysis using a value of the yield stress intermediate between the
initial yield stress and the UTS. This showed very significant compressive plastic strains ahead of the crack that start to
form early during unloading.

Here we revisit this topic by studying a bainitic rather than stainless steel. This has an inherently much finer grain size
allowing us to achieve much higher spatial resolution in the X-ray diffraction data with much reduced point to point
scatter [10]. Further the steel has sufficient toughness that a large plastic zone can be introduced in contrast to the Al-Li
studied by Steuwer et al. [6]. This has enabled us to study the elastic strain field and the effect of plasticity on closure in
unparalleled detail.

MATERIAL AND SPECIMEN

Q1IN (HY80) [17]. Its chemical composition is summarised in Tab. 1. The tensile properties are as follows: Yield

Stress (0;) = 570 MPa and Ultimate Tensile Stress, g,s= 663 MPa. The CT specimen had a width () of 60 mm
and thickness (B) of 3.3mm.

ﬁ compact tension (CT) fatigue specimen was machined from quenched and tempered bainitic steel similar to
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Alloy C Si Mn P S Cr Ni Mo Cu
QIN 0.16 0.25 031  0.010 0.008 1.42 271 041  0.10
Table 1: Chemical composition in weight % of Q1N steel. The balance is Fe.
EXPERIMENTAL SETUP

The crack-tip elastic strain fields were measured on the 1D15 beamline at the European Synchrotron Radiation Facility
(ESRF), using the same arrangement as that described in [6] and shown schematically in Fig. 1a. The incident beam slits
were opened to 60X 60um giving a lateral resolution (x,y) of 60 um and a nominal gauge length through-thickness (3) of
around 1.4mm (diamond shaped centred on the mid-plane (z=0)). This allowed a 10 times greater resolution than in
previous elastic strain field mapping experiments for plastically extended crack-tips [15]. Such a good resolution was
possible because of the small grain size of the bainitic steel used here.

The DIC was undertaken simultaneously using a single camera set-up [9] taking contrast from the speckle paint as shown
in Fig 1. The slightly oblique view of the sample was cotrected for before the analysis of the data. Commercial DIC
analysis software (Lla Vision GmbH, Gottingen, Germany) was used to analyse the results and details of the approach are
provided in [18].

In this experiment great care was taken to correct for the slight sample movements that took place when the sample was
fatigued and when it was statically loaded to Ky (=35 MPa\/m) and Ky (= 1.2MPa\/rn) to ensure that all of the strain
maps were recorded with respect to the sample coordinates and not the lab coordinates. To this end both shifts recorded
by DIC analysis and by edge scans by XRD were used. It is estimated that we wete able to correct the sample location to
+50 um.
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Figure 1: Schematics showing a) the diffraction geometry with two detectors so as to measure two in-plane directions of strain; note
the coordinate system for &, and &,. For very low 6, these strains can be taken as representative of those in the loading (y) and crack
growth (x) directions, b) the DIC arrangement [9]. In actual fact the camera viewed the sample at a slight angle to allow the X-ray
beam unimpeded access to the sample.

FATIGUE EXPERIMENT

AK =35MPaVm and load ratio K,i,/K,«=0.03. Plane stress conditions were met at the mid-plane through the
thickness for all loads applied during the experiment [19]. The crack length was measured perpendicularly to the
loading direction from the centre of the loading holes [20]. Once the fatigue crack had grown to a length of 12.75mm, a
67% ovetload (OL) was applied. Strain measurements were made at a number of fatigue stages, namely during the cycle
just before the overload (OL-1), during the overload (OL), 40 cycles after the overload (OL+40), 2040 cycles after the
overload (OL+ 2k), 8040 cycles after the overload (OL+8k) and 37540 cycles after the overload (OL+37k). In addition to

) I {he specimen was fatigue pre-cracked for 3000 cycles at a frequency of 10Hz, stress intensity range
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2D maps, a profile of the evolution of strain behind and ahead of the crack-tip was produced for each of the fatigue
stages studied by measuring around 50 strain points along the crack plane (y=0) at different distances from the location of
the crack at overload. Crack growth in the specimen was measured from the overload location using XRD line scans:
0.08mm for OL+40, 0.22mm for OL+2k, 0.27mm for OL+8k and 2.05mm for OL+37k cycles. These values were used
for correcting the current location of the crack tip at each loading stage in the following results.

RESULTS AND DISCUSSION

T he elastic strains were measured directly from the diffraction profiles using a Rietveld-style refinement to obtain
the lattice spacing representative of the diffraction peaks as a whole. Elastic strain maps were obtained showing
very little point-to-point scatter. The elastic strains parallel to the loading direction (&,) and parallel to the crack
growth direction (&) ate shown in Fig. 2 at the overload. The elastic strain fields are broadly similar in shape and
magnitude to those recorded by Steuwer et al. [6]. The images taken from the surface of the sample were analysed using
LaVision Davis v0.4 employing a least square algorithm with subset size 31 (patch size) and step size 8 pixels (75%
overlap).

The corresponding total (elastic plus plastic) strains recorded at 7.7 K, were obtained from DIC and are also shown in
Fig 2. Unsurprisingly, the elastic strains are 5-10 times smaller than the total strains local to the crack due to plastic
deformation. A simple Irwin analysis would predict a plastic zone of around 3.5 mm for the overload event (60 MPa \/rn).
The DIC shows clearly the characteristic plastic lobes.
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Figure 2: Strain maps at overload (OL) showing the elastic strains measured by XRD in the a) loading direction &, (%) and b) parallel
to the crack growth direction & (%) and the total strain measured by DIC in the c) loading direction 83’ (%) and d) parallel the crack
growth direction £ (%). The XRD measurements were performed while the sample was loaded at the maximum load (1.7 K,,..); the
DIC strains were calculated from full-field displacements measured by comparing the images of the surface of the sample taken at

maximum load (1.7 K,,..) and minimum load (K, in the cycle just before the overload.
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Figure 3: Mid-plane maps of stress in the loading direction &, (in MPa) calculated from the elastic & and &, measured by synchrotron
XRD a) at OL (1.7 K,,.) b) immediately after OL at minimum load (K,.;;). Note the different colours scales used.

Unfortunately it is not possible to measure the through-thickness elastic strain &, with the same spatial definition as the
two in-plane strains, however the stresses can be inferred using the relation for plane stress (o, =0) using the diffraction

elastic constants representative of the polycrystal because all the diffraction peaks were used in the refinement.

_E
o, = - [gxx +V8ﬂi|

The crack-tip stress in the loading direction is shown in Fig. 3a), which clearly shows the classical butterfly stress field
(HRR field) formed around the crack-tip. The 2D elastic stress field within the plastic zone has not been mapped in
previous studies. The DIC data allow the crack opening displacement to be mapped in the vicinity of the crack (Fig. 4a). It
is clear from the DIC (Fig. 2) that the plastic zone extends 3-4mm ahead of the crack tip although its magnitude falls away
quickly. The residual stress field shows a slight tensile hump around 2.5mm ahead of the crack (see later discussion).
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Figure 4: DIC analysis showing the a) vertical displacement field 1, (in mm) between 7.7K,.. (OL) and at K,,;, prior to OL, b) change

in crack opening displacement (ACOD) profiles at maximum load using the state at K,,;, ptiot to OL as the reference state.

The effect of the compressive residual stress field, which has been generated at the crack-tip by the ovetload, on the peak
stress in the loading direction after (OL+40) compared with that measured before the (OL-1) overload is evident in Fig.
5a. An approximately 50% decrease is observed in the maximum stress in the crack loading direction near the crack-tip
before and after the overload. The magnitude of the residual stress induced by the overload can be estimated by
comparing the peak compressive stress just ahead of the crack-tip before and after the overload (see Fig. 5b). As can be
seen in the figure the maximum compressive stress at K, just before the overload is approximately 550MPa which
increases to almost 1000 MPa immediately after the overload. It is clear from Fig. 5c that the elastic change in stress in the
crack-tip region upon loading to K. is essentially the same as that for the baseline fatigue cycle (OL-1) for all the post
overload cycles, it is just that post OL the cycles are displaced by the compressive residual stress field introduced by the
OL event. This is consistent with the observations of Lopez-Crespo et al. [16] for a thick (plane strain) CT sample of the
same steel.
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The change in crack opening displacement (ACOD) between minimum and maximum load with distance behind the crack
tip is shown in Fig. 4b. Unsurprisingly the crack opening is much greater at OL than prior to it (OL-1). After OL the
crack opening displacement appears to be reduced (by around 30%) at K relative to OL-1 for the first 8k cycles
returning to a level similar to that for OL-1 after 37k cycles. The reduction in the change in crack opening (i.e. crack
opening displacement between first K,;, before OL and K. at each loading state) displacement can be interpreted as 54%
reduction in the effective stress intensity factor range and is consistent with plasticity-induced crack closure. Given the
resolution of the DIC system, the crack can be assumed to be closed if COD < 2.5pum. Accordingly, the crack length can
be fictitiously reduced by Imm for OL-1 and OL+37k and by 2mm for OL+40, OL+ 2k and OL+8k. This may be
because of the closure effects, which might be expected to be most prominent on the surface where the DIC
measurements are made and does not allow the crack to open beyond the resolution of the DIC and therefore gives the
impression of a shorter crack.

There are a number of other interesting features relating to the stress profiles shown in Fig. 5. Most importantly, it is
evident that only when the crack has grown through the compressive residual stress field introduced by the OL, does the
COD or the peak crack-tip elastic strain field revert to that representative of the original baseline fatigue response (OL-1).
Secondly, the ‘hump’ in the stress in the crack-opening direction which is generated 2.5mm ahead of the crack when the
overload is applied is retained for the OL+40, +2k and +8k cycles but is not present for the baseline fatigue or for the
last increment. Because the unload curves are elastic the hump’ is also evident in the unloaded profiles too. Both these
observations are almost certainly connected to the fact that only after 37k cycles has the crack-tip grown sufficiently (by
2.05mm) to have emerged from the plastic zone introduced by the overload.
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Figure 5: XRD line profiles along y=0 showing the crack loading stress &, (MPa) a) at maximum load b) at minimum load and c) the
difference between the stresses at maximum and minimum load at each stage in the fatigue crack growth response.

CONCLUSIONS

- X-ray diffraction and digital image correlation techniques were simultaneously used to successfully measure the
change in the elastic and plastic strain fields around a fatigue crack after an overload
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- The DIC surface strain measurements are consistent with a plastic zone extending some 3-4mm ahead of the crack-
tip; while the stresses recorded by diffraction show a slight tensile hump 2.5mm ahead of the crack-tip.

- Both the elastic strain field measured by XRD and the crack opening displacement measured by DIC showed a
reduction in their peak values as a result of the compressive residual stress field induced around the crack-tip after the
overload

- Once the crack had grown through the sufficiently to have essentially both the change in crack opening displacement
and the peak tensile crack-tip stress field returned to levels similar to that prior to the overload event.
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