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tion is applied to map the elastic crack-tip strain fields at the mid-thickness of a compact tension specimen of
nanocrystalline Ni at various stages through the loading cycles, from which the variation in stress before, during
and after overload is estimated. Digital image correlation is used to measure the crack length and the displace-
ment fields at the specimen surfaces for both grain sizes, from which the fatigue crack growth (FCG) rate,

Ezmgs;a"ine crack opening displacement and stress intensity factor range are determined. The FCG for coarse grain Ni is
Retardation mechanisms most significantly retarded whereas the nanocrystalline Ni is least affected by the overload due to an increased
Energy dispersive X-ray diffraction yield stress and a more planar crack surface morphology. As a result, FCG retardation by plasticity, surface rough-
Crack path ness and residual stress-induced crack closure are reduced.

J-integral © 2020 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Fatigue performance is one of the most important properties for load
bearing components and structures. It is well-known that fatigue crack
7Correspon ding authors growth (FCG) is dominated by the stress range and the mean stress
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effective stress intensity factor (SIF) range as well as the mean stress in-
tensity due to the combined effect of various retardation mechanisms.
These include plasticity-induced crack closure, residual stress, crack de-
flection and surface roughness.

Plasticity-induced closure [4—10] and residual stress [11-13] are be-
lieved to be the primary causes for the fatigue overload retardation phe-
nomenon. The application of an overload introduces a significant shape
misfit between the plastically stretched material around the crack tip
and the rest of the material in the elastic regime. As a consequence, a
compressive zone is generated during unloading. This compressive re-
sidual stress lowers the stress acting on the crack and hence the local
mean stress. Immediately after overload the plastic stretch means that
the crack flanks are too far apart to come into contact during unloading.
However, as the crack grows past the overload the opposing ‘humps’ on
the crack faces caused by the plastic stretch can cause the crack faces to
touch before reaching the minimum load. This reduces the effective
stress range and therefore slows crack propagation. Under certain cir-
cumstances when the R ratio is low, if the residual compressive stress
is large enough, it can compress the crack faces into contact [14],
which gives rise to residual stress induced crack closure. In this case, re-
sidual stress can reduce not only the mean stress, but also the stress
range.

Crack deflection [15,16] can play an important role especially when
the crack does not grow straightly or perpendicular to the loading direc-
tion as observed in ultra-fine grained Ni produced by severe plastic de-
formation [17-19]. The deflected crack reduces the effective SIF range
and enhances the local Mode Il component. This leads to the relative lat-
eral movement of the crack surfaces along the crack growth direction
and thus facilitates roughness-induced crack closure at low stress levels
[20—-23]. Roughness-induced crack closure as a secondary effect can be
reinforced by plasticity-induced closure, residual stress and crack de-
flection, which makes it an important influence factor for crack growth
retardation when different degrees of crack tortuosity for materials of
various grain sizes are taken into account.

A long-term endeavour for materials science is to seek approaches to
strengthen materials without significantly reducing their ductility and
toughness, but these design aspirations are normally at odds with one
another. Nanocrystalline (NC) materials have attracted attention due
to the very high strength, strength-to-weight ratio, fatigue life and
wear resistance [17]. These superior properties generate great interest
in a variety of structural and functional applications (such as in aero-
space, transportation, medical devices and sports product) [24]. How-
ever, grain refinement that generally increases the strength whereas
reduces the toughness of the material [25] can diminish the plasticity
that could be introduced into the crack-tip region. Thus the effects of
overload-induced crack closure and residual stress are correspondingly
decreased. Besides, a smaller grain size can lead to a straighter crack
with lower surface roughness [14,16], which reduces the effects of
crack tortuosity and roughness-induced crack closure and hence lessens

Table 1

the fatigue overload retardation effects. All these effects arising from
grain refinement put it under doubt that whether fatigue overload can
retard the FCG for NC material and what the corresponding retardation
mechanisms are.

A number of studies have started to look at the fatigue crack growth
of nanocrystalline materials [26—28]. In particular, Steuwer et al. [12]
studied a fatigue overload experiment on an ultra-fine grained (UFG)
aluminum alloy at low stress ratio (R = 0.1) under plane strain condi-
tions with synchrotron X-ray diffraction. They observed significant
compressive residual stress immediately following the overload event
while crack closure was not evident. They attributed the absence of
crack closure to the plane strain conditions and the very small
overload-induced plastic zone. Crack closure is believed to be promoted
by plane stress over plane strain [29]. Unfortunately crack growth rates
were not recorded in their study and so it is unclear what effect this re-
sidual stress had on the crack growth. Our previous fatigue overload
study [14] on ultrafine grained (UFG) Ni (grain size ~360 nm) atR =
0.1 under plane strain with synchrotron X-ray diffraction (SXRD) and
digital image correlation (DIC) showed retardation due to the combined
effects of crack closure and residual stress. However, little has been re-
ported in literature on the fatigue overload behavior of NC material, pos-
sibly due to the difficulty in producing NC material large enough for
mechanical testing. Thus, it is pertinent to ask whether such overload
retardation effects are evident for NC nickel (grain size ~30 nm).

In this study, a fatigue overload experiment was conducted on the
NC Ni produced by pulsed electrodeposition with the same sample ge-
ometry and loading conditions as used in our previous study on UFG
Ni [14]. Energy dispersive synchrotron X-ray diffraction (EDXRD) and
DIC were applied to measure the fatigue behaviours in the bulk (plane
strain) and at the surface (plane stress) respectively. The evolution of
stresses around the crack tip prior to, during and after overload was es-
timated by EDXRD and the crack opening displacement (ACOD) and
stress intensity factor range (AK) were determined through the DIC dis-
placement field. As a systematic comparison covering the whole range
of the grain sizes, a lab fatigue overload experiment with DIC was also
conducted on coarse grained (CG) nickel (grain size ~30 pm) under
the same loading conditions as the NC and UFG samples. All the samples
were fractured after the fatigue tests for surface roughness measure-
ments and fractography analysis.

2. Experimental methods
2.1. Material and experimental procedure

A compact tension (CT) sample geometry was applied for both NC
and CG Ni. The NC samples were machined from plates produced by
pulsed electrodeposition. The CG samples were taken from the as-
received 99.99% purity Ni from Goodfellow™. Some of the key proper-
ties and loading conditions are listed in Table 1. The sample geometry

Material properties, specimen dimensions, cyclic loading and estimated plastic zone sizes for the Ni specimens of various grain sizes.

NC Ni CG Ni UFG Ni UFG Ni
low kj high ky
Production route Pulsed As High pressure torsion
electrodeposition received
Grain size 30 nm 30 ym 280 x 550 nm?
Yield strength (MPa) 1200 385 800
Width, W (mm) 5.18 16 522 5.30
Thickness, B (mm) 1.34 1.92 1.48 1.20
Load, P (N) 16-160 50-500 20-200 16.6-165.6
Overload, Po, (N) 320 1000 400 331.2
AK at OL-1 (MPam®®) 10.6 11.6 117 103
AK at OL (MPam®®) 234 259 246 216
Overload forward plastic zone, rg" (um) 120 1440 341.8 3312
Overload cyclic plastic zone, r. (um) 27.4 325.2 771 74.7

Note: The data for the UFG specimens is taken from [14]. The plastic zone sizes are estimated by Irwin's model [30].
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(b) CG Ni

(c) NC Ni

(e) UFG Ni low k,,

Fig. 1. (a) Geometry for compact tension samples (see Table 1). SEM images of the cracks for (b) CG Niand (c) NC Ni. (d) High magnification showing the overload position in (c). (e) Low
ki and (f) high k;, cases of UFG Ni, which are taken from [14]. The crack propagation direction is from left to right.

and the morphology of the cracks are shown in Fig. 1. For CG and NC Ni
samples, the crack growth followed the symmetry plane of the test-
pieces. However, the crack propagation direction for both UFG speci-
mens, cut in different orientations from a high pressure torsion disc,
deflected slightly (Fig. 1e) and significantly (Fig. 1f) to the specimen
symmetry plane, which are therefore referred to as low k;; and high k;,
specimens respectively [14]. The dimension for the NC sample is similar
to that for the UFG samples in our previous study [14] while the CG sam-
ple is much larger. This is to ensure the sample is significantly larger
than the grain size such that the overall FCG rate is macroscopically
representative.

Constant loading amplitude at a frequency of 40 HzatR = 0.1 (Pin/
Pmax = 0.1) was applied on the samples during baseline fatigue cycling.

A 100% overload (Po. = 2Pax) Was applied at a crack length such that a
similar overload SIF range was experienced by all the samples of various
grain sizes as shown in Table 1.

EDXRD and DIC measurements were made at fatigue stages prior to,
during and after overload in order to capture the change and evolution
in the fatigue behaviour caused by the overload event. The images taken
by the DIC camera were also used to determine the crack lengths.

The in-situ overload fatigue experiment on NC Ni was conducted on
beamline ID15A at the European Synchrotron Radiation Facility (ESRF,
Grenoble, France) with EDXRD and DIC. The schematic of the setup is
shown in Fig. 2. A 3 kN BOSE fatigue rig was mounted on the beamline
sample table. A DIC camera with two %2 teleconverters was fixed to a
stepper motor such that it could be moved into the line of beam (with

Fig. 2. Setup for the in-situ fatigue overload experiment with energy dispersive X-ray diffraction and digital image correlation on beamline ID 15A at the ESRF. The coordinate system for

the lab frame (X, Y, Z) is shown in the figure.
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the beam off) to image the specimen surface. Two X-ray detectors were
mounted on the other side of the specimen to collect diffraction signals
at2 =5° one horizontally and one vertically off-set. This setup enables
X-ray and DIC measurements at the same loading levels of each fatigue
stage of interest. X-ray diffraction was applied to investigate five fatigue
stages, namely OL-1, OL, OL+1, OL+1100 and OL-+3100. In this nota-
tion OL represents the cycle count at which the overload event occurred,
while the number of cycles, X, before or after the overload is described
as OL-X or OL+X respectively. Within each stage, 2D strain/stress
maps were acquired at Ppax and Pp,in, While line profiles were obtained
at the intermediate loading levels so as to collect data in a time efficient
manner. The details for the map and line scans are summarised in the
following section.

Due to the large grain size of CG Ni, and hence bad grain sampling
statistics within the small gauge volume, synchrotron X-ray diffraction
measurement could not be performed on the CG sample. Nevertheless
the lab. fatigue experiment monitored by DIC combined with post-
mortem fractography and roughness analysis was able to give good in-
sight into the overload effect on CG Ni. Due to the limited beamtime and
the challenge to characterize the very small plastic zone for the NC sam-
ple, the ESRF experiment was repeated in the lab. with more time-
consuming and more detailed DIC measurements. To be specific, addi-
tional fatigue stages were investigated by DIC than X-ray diffraction to
better define the evolution of the overload behaviour. Within each
stage of fatigue cycling, 25 and 31 load levels from Py« t0 Py Were
monitored by DIC for NC and CG Ni respectively, from which ACOD
and AK were estimated.

2.2. Energy dispersive X-ray diffraction

A polychromatic beam (collimated to 25 x 25 ym?) was used to map
the crack-tip strain fields at various fatigue stages prior to, during and
after overload. The diffracted beam was captured by two detectors at a
scattering take-off angle, 2 = 5°. The horizontally off-set detector
(with the horizontal opening of the detector collimator slits being
50 ym) measured the strains in the crack opening direction ( yy)
while the vertically off-set detector (with the vertical opening of the de-
tector collimator slits being 50 um) measured the strains along the crack
propagation direction ( ). To ensure the gauge volume was positioned
at the mid-thickness, the sample was first translated along the beam di-
rection (Z direction in Fig. 2) to determine the Z-coordinate for which
the gauge entered and exited the sample. This line scanning method
was also used to accurately determine the position of notch-tip. The cur-
rent crack-tip position and hence the relative distance between it and
the notch tip were determined from the DIC analysis.

At each fatigue cycle of interest, a 2D map consisting of a fine map
(25 pm spaced) just around the crack tip and a coarse map (spaced by
160 pym) further away from the crack tip was acquired at P« and
Pmin- Line profiles composed of a band of fine and coarse lines similar
to the maps were acquired at intermediate levels (0.6Pax, 0.4Pax,
0.3Pmax and 0.2P,4x) during unloading.

The elastic strain can be determined by

hkl hki
d hkldo ap
dO

hkl Yy

where di¥ is the stress-free lattice spacing of the (hkl) plane and dyy is

the measured spacing. There exist many methods to determine the
stress-free dg value [31]. In this study, do is determined at a location
that is far away from the crack (close to the corner on the tested sam-
ples) with no externally applied load. For FCC structured Ni, (311) is
one of the lattice planes that are least affected by the intergranular
stresses [32] and was therefore chosen to calculate the strain [33]. The
strain estimation and the merging of the fine and coarse maps were
then performed using the pyXe strain analysis package [34].

The stress distribution around the crack tip in the mid-thickness of
the sample under plane strain conditions can then be evaluated by

Ehkl

hkl hkl hkl hki
TR b 1 ®p

1,
yy Va 2 hk Xx vy

where the elastic modulus E3'! = 185 GPa and the Poisson's ratio
311 = 0.33 following the Kroner polycrystal modelling scheme [32].

2.3. Digital image correlation

Random and fine scratch patterns were generated on the sample
surfaces with grinding paper from 600 up to 2000. For the DIC measure-
ments on the CG sample, one teleconverter was used giving a field of
view of 6.61 x 6.61 mm? and a pixel size of 3 pm. For the NC sample,
two teleconverters were used to give a field of view of
3.28 x 3.28 mm? and a pixel size of 1.6 ym. The commercial software
LaVision DaVis was used to process the images. For each fatigue stage,
all the images were correlated to the one at P,,;». An interrogation win-
dow of 32 x 32 pixels with 75% overlap (8 pixels spacing between
neighbouring windows) was used to obtain the displacement fields
for both samples. The ACOD at various distances from the crack tip
was calculated by the subtracting the displacements (in the crack open-
ing direction) of the upper and lower crack flanks (as shown in Fig. 3).

Another important fracture mechanics parameter, the J-integral
[35], can also be extracted from the elastic region of the displacement
field (as shown in Fig. 3):

z .

v wdy T %ds &b

where
: represents a counter-clockwise path
w: strain energy density. w = 4 jd j;

*

T;: traction vector. Tj% jn;

ﬁi: displacement vector
ds: length increment along the contour

Fig. 3. Displacement field (color map) on top of the scratched sample surface. The crack is
denoted by the black curve. The crack opening displacement at various locations behind
the crack tip can be estimated by subtracting the vertical displacements of the upper
and lower flanks of the crack as indicated by the yellow arrows. The gray paths describe
the contours for determining the J-integral. The interrogation windows are shown by
the white grids.
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The J-integral is path independent and can be related to the SIF in an
elastic field (linear elastic fracture mechanics conditions) [30]:

q
K v JE b

where E = E for plane stress and E = E/(1- ?) for plane strain.

A routine for calculating the J-integral from the displacement field
was implemented using Python code. The procedure and verification
of this routine can be found in Appendix A.

3. Results

3.1. Fatigue crack growth results

For a CT specimen, the nominal mode | SIF can be estimated as fol-
lows [36]:

P &p P 2 3 4
KYa—p———- 0:886p 4:64 13:32 14:72 5:6 &bb
‘BPwa B d P

where = a/W. All the geometrical parameters are indicated in Fig. 1a.

The same loading conditions were applied to all the Ni specimens.
For all the FCG data, the remaining ligament (W-a) is larger than (4/
)/ (Knax/ y)2 such that linear elastic fracture mechanics (LEFM) is ap-
plicable. To eliminate short crack effects, the crack length a is N2.5
(Kmax/ y)2. The thickness for the NC and UFG Ni specimens complies
with the condition B N2.5(Khax/ y)2 [37] such that plane strain prevails.
For CG Ni, the specimen thickness is slightly smaller than 2.5(Kmax/ y)?
which may lead to a stress state residing between plane strain and
plane stress.

Overall the crack paths for the NC and CG specimens are perpendic-
ular to the loading direction. However, it is evident from Fig. 1 that the
crack for NC Ni is very straight while that for CG Ni is very tortuous.

Fig. 4 delineates the FCG results for the NC and CG specimens along-
side the UFG results (taken from [14]) for comparison purposes. The
baseline (before overload and well after overload) FCG rate for the
low k), case of UFG Ni is the largest among the four while for CG and
the high k;, case of UFG specimens the FCG rates are comparatively
small. The straight crack path and elongated microstructure (with the
elongation orientation approximately perpendicular to the loading di-
rection) contributes to the fast crack propagation for the low k;, case
of UFG Ni, while the significantly deflected crack for the high k;, case
of UFG Ni and crack tortuosity for CG Ni provide resistance to the FCG.
When the overload was applied, the most significant retardation in
FCG is observed in the CG specimen in terms of the decrease in FCG
rate and the retardation distance, while only a transient drop in FCG

rate is observed for the NC specimen. This is because the plastic zone
(listed in Table 1) is significantly larger for the CG specimen than for
the NC specimen. A very small plastic zone can only generate a very lim-
ited level of crack closure and compressive residual stress, which does
not significantly retard the FCG.

3.2. Energy dispersive X-ray diffraction results

The plane strain stress maps for the crack opening direction for the
NC specimen prior to, during and after overload are shown in Fig. 5.
The line profiles extracted from the stress maps and line scans along
the crack plane are shown in Fig. 6, which makes it easier for quantita-
tive analysis and comparison. The stress profiles for the high k), case of
UFG Ni [14,38] are also included in Fig. 6 for ease of comparison.

As shown in Figs. 5 and 6, the peak crack-tip stresses in the crack
opening direction reached at P,,,o are slightly reduced after the applica-
tion of the overload. This reduction is observed to occur until stage OL
+1100, with stresses having recovered by stage OL+3100. This is due
to the effect of residual stress and is also reflected in Fig. 4 with the
FCG rate for the NC specimen being transiently and slightly retarded.
However, the decrease in the stresses at P,,i, after overload is not evi-
dent since the overload cyclic plastic zone is small at just 27.4 pm (as de-
tailed in Table 1). For the high k;, case of UFG Ni, a marked decrease in
the stresses at both P,,,ox and P, occurs after overload (see Fig. 6(g
and h)), with significant compressive stress observed ahead of the
crack tip at P, Of the overload cycle (Fig. 6g). This indicates a more
prominent residual stress effect for the UFG specimen than for the NC
one.

Moreover, for the high k), case of UFG Ni, the stress in the wake of the
crack tip at P, is still very compressive 19,000 cycles after overload
(Fig. 6h) compared with OL-1 (Fig. 6f), especially at the overload loca-
tion. This indicates crack face contact at the overload location when
the crack has propagated around 200 pm past overload. However, no ev-
ident change in the stresses at P,;, is observed for the NC specimen be-
fore and after overload, which means that crack closure is not measured
by X-ray diffraction. The very high strength of the NC specimen restricts
crack-tip plastic deformation and stretching by the overload such that
premature crack face contact was not observed during unloading. This
is in spite of the utilisation of a very small beam size (25 x 25 pm?) in
the region around the crack tip and due to the fact that the cyclic plastic
zone is similar in size to the gauge volume.

3.3. Digital image correlation results

As discussed in Section 3.2, the stress fields measured by synchro-
tron X-ray diffraction in the bulk of the NC specimen under plane strain

Fig. 4. Fatigue crack growth curves. Variation in fatigue crack growth rate, da/dN, with respect to crack length, a, for (a) NC, the high and low k;, cases of UFG Ni and (b) CG Ni. (c) Variation
inda/dN with respect to the stress intensity factor range for all the nickel specimens. The FCG results for the UFG specimens are taken from [14]. Hollow markers highlight FCG rates prior to

overload.
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Fig. 6. Line profiles of the stresses in the crack opening direction along the crack faces for the NC specimen and the high k;, case of UFG Ni before, during and after overload. The horizontal
coordinate (x¢) denotes the relative distance to the current crack-tip position. The results for the UFG specimen are taken from [14,38]. The vertical dashed lines in (f, g and h) denote the

overload location.

conditions show only a slight residual stress effect induced by the over-
load. Digital image correlation was used to study the surface behaviour
of the NC as well as the CG specimens under plane stress by estimating
the crack opening displacement and stress intensity factor range from
the displacement fields. Additional fatigue stages were also investigated
to give a detailed picture of the evolution of the overload effect.

3.3.1. Crack opening displacement

The variation in crack opening displacement (ACOD) extracted from
the displacement fields (illustrated in Fig. 3) with respect to the fraction
of the maximum load at fatigue stages before, during and after overload
atincreasing distances behind the crack tip for the CG and NC specimens
are shown in Figs. 7 and 8, respectively. The change in ACOD should be
proportional to the external load if crack closure is absent. Traditionally
crack face contact can be identified by a distinct change in slope (some-
times called the ‘closure knee") in the compliance curve by using a back-
face strain gauge [36,39]. Here DIC is applied using the same principle to
determine the existence of crack closure.

For the CG specimen (Fig. 7), a dramatic change in the slope is not
observed immediately after overload but rather only after the crack
has propagated ~140 pm beyond the overload position. This is because
the plastic stretch induced by the overload is so significant that the

retardation effects such as plasticity-induced crack closure and residual
stress are suppressed. This is called ‘delayed retardation’ by some re-
searchers [40—42] and is evidenced in Fig. 4 for CG Ni. As the crack prop-
agates further into the overload plastic zone, the closure knee starts to
develop at higher load. The crack closure effect is most pronounced
after ~132,000 cycles beyond overload when the crack has grown
~420 ym from the overload position where the change in slope occurs
at the highest fraction of the load, where P = 0.6P,,ox. After this the
crack face contact gradually reduces towards that corresponding to
the baseline state. The evolution of the overload effect for the CG speci-
men is in common with that for the UFG specimens [14], which points
to the combined effect of plasticity-induced crack closure and residual
stress (discussed in detail in Section 4.1).

By contrast, for the NC specimen in Fig. 8, a ‘closure knee’ is not ob-
served. As is described in Section 2.3, 8 pixels spacing between correla-
tion windows with a pixel size of 1.6 ym for NC Ni gives a spacing of
13 pm for the displacement matrices. It has also been observed in
Fig. 7 that the closer the ACOD is extracted from the crack tip the
more evident is the ‘closure knee’. The 13 pm spacing however does
not allow the ACOD to be accurately extracted from the displacement
field within microns from the crack tip where slight crack face contact
might occur.

Fig. 5. Crack-tip stress fields for the crack opening direction y after various numbers of fatigue cycles relative to the overload cycle for NC Ni at (i) minimum load and (ii) maximum load.
The coordinates (x.¢ and y,.) describe the relative distance to the current crack-tip position. The white lines denote the current crack positions.
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Fig. 7. Crack opening displacement as a function of the fraction of the maximum load at fatigue stages prior to, during and after overload at increasing distances behind the crack tip for the
CG specimen.

3.3.2. Stress intensity factor range method (see Section 2.3) for the CG and NC specimens is shown in

It is widely believed that the decrease in SIF range is due to prema- Fig. 9. In both cases the cracks are straight and perpendicular to the
ture crack face contact, which means that only part of the loading load such that the Mode Il loading can be neglected. a/rfj)L represents
range is applied to the crack. The SIF range estimated by the J-integral the normalized crack length relative to the overload location with a/

Fig. 8. Crack opening displacement as a function of the fraction of the maximum load at fatigue stages prior to, during and after overload at increasing distances behind the crack tip for the
NC specimen.
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Fig. 9. Comparison between the nominal and effective (inferred from the crack-tip displacement field) SIF range prior to, at and after overload for (a) CG Ni, (b) NC Ni, (c) high k), case of
UFG Niand (d) low k;, case of UFG Ni. Aa in the x-axis describes the relative distance from the overload position, with negative values indicating the distance before overload and positive
values after overload. rﬁ.’L is the theoretically predicted forward overload plastic zone. The results for the UFG specimens are taken from [14].

ro- = 1 indicating that the crack has grown through the overload plastic
zone. The results for the UFG specimens are redrawn from the original
data taken from [14] for comparison purposes. The overall SIF range
for the high kj, case of UFG Ni is a little lower (10%) than for the other
specimens due to the deflected crack path which reduces the local SIF
range.

It is evident that overload has the longest range effect on the CG
specimen in terms of the normalized crack length with a reduction in ef-
fective SIF range still being observed when a/r3" N 1. The FCG rate re-
tardation distance for the UFG specimens is smaller than r5" while for
the NC case the retardation effect is transient. A significant decrease in
SIF range is observed for both the CG and the high k;, case of UFG spec-
imens. This is reflected in the FCG results (in Fig. 4), which show a more
dramatic reduction in crack growth rate.

For all cases, the SIF range does not drop immediately after overload,
with this only occurring after the crack has grown somewhat further
into the overload plastic zone (after ~1000 cycles). This is consistent
with the ACOD and FCG results. Although residual stress cannot be mea-
sured by DIC, it is reasonable to infer that residual stress, which reduces
both the mean stress experienced by the crack tip and the crack opening
displacement, contributes to crack closure.

3.4. Fractography analysis

While crack closure has been measured by DIC for the CG specimen,
it is still not clear whether the crack faces come into contact for the NC
specimen. The SIF range results estimated from the displacement field
suggest, at most, only slight and transient crack face contact. Neither

the diffraction results nor the crack opening displacement results
show evidence of crack closure. In order to find evidence of crack face
contact, fractography was carried out on both specimens as shown in
Figs. 10 and 11.

For NC Ni, the overload boundary (as observed for the UFG speci-
mens [14]) is evident at low magnification (see Fig. 10a), though it is
very narrow. The regions before and after overload are smooth. In the
boundary region, crack face contact scars composed of clusters of grains
are observed at high magnification (see Fig. 10b and c). It is not surpris-
ing that crack face contact through the mid-thickness (under plane
strain) is not as significant as that near the surface (under plane stress).
However, the largest contact distance (near the surface) is b10 pm,
which means the closure effect is very weak and transient. This makes
it difficult to detect by X-ray diffraction and DIC.

For the CG specimen, no clear boundary is observed at low magnifi-
cation. Instead, a very rough fracture surface with many dark and flat
facets indicating crack face contact locations is observed, as indicated
in Fig. 11a. The images at high magnification (see Fig. 11b and
¢) depict crack face contact regions that only comprise several grains
rather than a cluster of grains, as observed for the fine grained speci-
mens, which is due to the very rugged and tortuous fracture surface.
This is probably the reason for the disappearance of the overload
boundary.

3.5. Surface roughness results

Crack face contact is observed for all the Ni specimens after the ap-
plication of overload, which makes roughness-induced crack closure
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Fig. 10. Fractographs from the experiment for NC Ni. (a) Low magnification image of the full crack face. The boundary dividing the fractograph into two parts is the overload position
(b) High magnification through mid-thickness. (c) High magnification near the surface. The crack propagation direction is from left to right.

an important retardation mechanism in the post-overload regime. 3D
roughness profiles extracted at the overload position through the mid-
thickness for all the Ni specimens by a confocal laser scanner,

NanoFocus puScan Custom, are shown in Fig. 12. For the NC and UFG
specimens, an area of 200 x 200 ym? was examined and the scale of
the vertical axis was set the same. However, a larger area of

Fig. 11. Fractographs from the experiment for CG Ni. (a) Low magnification image of full crack face. (b, ¢) High magnification showing flat and dark regions where discontinuous crack
closure takes place.
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Fig. 12. 3D roughness profiles extracted at the overload position for (a) CG Ni, (b) NC Ni, (c) high k;, case of UFG Niand (d) low kj, case of UFG Ni. The results for the UFG specimens are taken

from [14].

1000 x 1000 pm? was interrogated and the vertical axis was scaled to a
larger range for the CG specimen because of its significantly larger grain
size and hence rougher fracture surface.

The overload boundary is observed in the 2D contour map below the
3D profile for the NC and UFG cases while it is absent for the CG speci-
men, which is in agreement with the fractography observations (in
Section 3.4). The NC specimen has the smallest roughness value due
to its smallest grain size. Followed by is the low k|, case of UFG Ni with
the crack propagating along the grain elongation direction. Compared
with the high k;, case of the UFG specimen of the same grain size with
the crack growing approximately perpendicular to the grain elongation
direction, the relatively straight and flat crack morphology for the low k;,
case of UFG Ni leads to a smaller surface roughness value. The roughness
value for CG Ni is considerably larger than the others because of its large
grains.

4. Discussion
4.1. Delayed crack growth retardation

The FCG rates (shown in Fig. 4) for all the Ni specimens, except NC
Ni, are not retarded immediately after overload. Instead, they remain
largely the same as the baseline state for a specific number of cycles.
In some cases, a transient acceleration in FCG rate has even been ob-
served [43—-47]. As the crack propagates into the overload plastic zone,

the FCG rate gradually declines. It should be noted that the detectability
of the transient phenomenon immediately after overload highly de-
pends on the accuracy of the crack length measurement techniques.
The enlarged plastic zone induced by overload can also add uncer-
tainties to the determination of the crack length on the sample surface.
For the NC specimen, FCG retardation only lasts for several tens of mi-
crons. It is therefore difficult for the DIC camera to capture a detailed
variation in FCG rate. The limited retardation distance and severity sug-
gest that the overload does not have a significant effect on the NC spec-
imen. For the other specimens, the overload plastic zone is much larger
than for the NC case and therefore the variation in FCG rate within the
retardation zone induced by overload is recorded in detail.

The post-mortem crack morphology for all the specimens is shown
in Fig. 13a. For the CG and UFG specimens, the crack flanks that are sig-
nificantly opened by the overload come into contact after overload. The
crack opening becomes increasingly larger as the crack propagates fur-
ther away from the overload position. This is schematically illustrated in
Fig. 13b. The forward plastic zone, which is small during baseline fatigue
in stage (i), is enlarged by the overload event in stage (ii). The crack tip
is also blunted by the overload. Due to the morphological misfit be-
tween the plastically stretched material around the crack tip and the
rest of the elastically deformed material during unloading, a compres-
sive zone is then developed ahead of the crack tip. This can be inferred
from the energy dispersive X-ray diffraction results on NC Ni in terms
of the decrease in peak stress after overload (see Figs. 5 and 6). The
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Fig. 13. (a) Post-mortem crack morphology for the Ni specimens showing crack face contact within a short distance immediately after overload as a wedge that holds the rest of the crack
open except for NC Ni. (b) Schematic illustrating the development of the overload wedge. The thick lines represent the crack flanks at P« and the thin lines represent the crack flanks at

Prin:

residual compressive stress was also captured by monochromatic syn-
chrotron X-ray diffraction on the UFG specimens in [14]. Though the
crack flanks are getting closer during unloading, no crack face contact
is observed behind the crack tip. This is evidenced by both the
fractography results, which show that overload-induced crack closure
starts to take shape after the application of overload, and the DIC results
(see Fig. 9), which demonstrate that the effective AK does not drop im-
mediately after overload. It is likely that the retardation effects of resid-
ual stress and crack-tip blunting caused by overload are offset by the
sudden increase in the external load and the absence of crack closure
brought about by the crack opening. Therefore, the FCG rates do not de-
crease immediately after overload, as indicated in Fig. 4. As the crack ini-
tiates from the blunted crack tip and propagates a short distance into
the overload plastic zone under the influence of the overload-induced
residual stress (indicated in stage (iii)), crack face contact occurs at
Pmin and becomes more and more significant, which also strengthens
the effect of roughness-induced crack closure. At this stage, the SIF
range and the mean stress are reduced by crack closure and residual
stress. This brings the FCG rate down to its smallest value. As the crack
grows further into the overload plastic zone in stage (iv), the crack
opening immediately behind the crack tip gradually increases because
of the increasingly applied SIF range as the crack propagates. When
the crack grows out of the retardation zone in stage (v), neither crack
closure nor residual stress can act. Therefore, the FCG rate recovers to
the baseline state.

It is noteworthy that the overload retardation zone for CG Ni is
slightly larger than its overload plastic zone, whereas for NC Ni the re-
tardation distance is much smaller than the corresponding overload
plastic zone (see Fig. 9). Due to the very high strength of the NC speci-
men, overload cannot generate a large enough plastic stretch meaning
that plasticity-induced crack closure and residual stress effects are
largely suppressed.

4.2. The effect of grain size

Although similar loading conditions are applied to the specimens
having different grain sizes, different degrees of crack growth

retardation are observed (see Fig. 4). Various retardation mechanisms
including plasticity-induced crack closure, residual stress, crack path
tortuosity and roughness-induced crack closure have been considered
to explain the difference. However, grain size is one of the primary
causes for the difference of the retardation mechanisms.

A smaller grain size can lead to higher strength and hence smaller
plastic zone. In other words, the material becomes harder to deform
due to the reduced grain size, which reduces the shape misfit between
the plastically stretched and the elastically deformed material. There-
fore, the primary retardation mechanisms (plasticity-induced crack clo-
sure and residual stress) are minimised, which is supported by the FCG
results (see Fig. 4) and the SIF results (see Fig. 9).

Furthermore, grain refinement not only increases the strength of the
material but also reduces the tortuosity of the crack path (see Fig. 13a)
and the roughness of the fractured surface (see Fig. 12). Crack deflection
can reduce the effective SIF and increase the local Mode Il SIF [15]. The
Mode Il component leads to the relative movement of the crack surfaces
along the crack propagation direction and hence strengthens the effect
of roughness-induced crack closure at low external loading levels.
Though these are not the primary retardation mechanisms, they can
play an important role when the FCG is significantly reduced. Conse-
quently, the NC specimen has the smallest grain size and is found to
be least affected by the retardation mechanisms.

This paper systematically outlines the effect of grain refinement on
crack growth and sheds new light on the design of new materials,
such as gradient metallic materials with gradients in grain size ranging
from nanometres to microns [48-50]. The nano layer provides high
strength and resistance to crack initiation and wear while the coarse-
grain layer contributes to high ductility and resistance to crack propaga-
tion. Overall this kind of hierarchical structure might be expected to
show superior combination of high strength and toughness compared
to single grain-sized materials.

4.3. Further observations

The effective crack driving force can not only be derived from the
crack-tip displacement field by the J-integral method (see Section 2.3),
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Fig. 14. (a) Inferring the closure stress intensity factor, K, at which the crack faces start to contact from the COD results (as shown in Figs. 7 and 8). (b) Comparison between the effective

stress intensity factor ranges determined from the Jand COD results for CG Ni.

it can also be determined from the COD results (see Figs. 7 and 8). This
approach is similar to the compliance technique by using mechanical
strain or displacement gauges [51]. In order to obtain a relatively accu-
rate estimation of K, which is the stress intensity factor where the crack
starts to close, the data points on both sides of the ‘closure knee' are lin-
early fitted respectively (as shown in Fig. 14a). The fraction of P4, at the
intersection of the two fitted lines represents crack closure starts to

occur, from which K and therefore the effective SIF range, Ke™ can
be determined as follows.
KM 1,k Ky &b

The results are shown in Fig. 14b comparing the effective SIF range
evaluated by the J-integral and the compliance methods. It is observed
that the values assessed from the COD curves are well below the nom-
inal and the Jestimated ones. Theoretically, the effective crack driving
force should be determined by

ket 1, el eff a’b

max min

The effective SIF is still decreasing as the specimen is unloaded from
K to the minimum load because the crack does not fully close at K.
This means Eq. (6) actually underestimates  K®". The K°Tvalues deter-
mined by Eq. (6) will be more significantly underestimated if the clo-
sure effect is prominent (e.g. OL+132k in Figs. 14b and 7), which means
Ke, at this moment is evidently smaller than K.

The parts of the cyclic loading from K¢ to K&, and from K&, to K
could have a contribution to the cyclic deformation and therefore the
crack growth. Eq. (6) could be used if closure is not significant when
Kq is close to K&, However, Eq. (7) gives a more accurate estimation
of K which can be achieved by fitting the displacement or strain
field through least square method [14] or by the J-integral method.

Another interesting finding is in Fig. 9 showing that the retardation
distance for CG Ni is slightly larger than its monotonic plastic zone in-
duced by overload while the retardation length for NC Ni is significantly
smaller than its overload forward plastic zone. This might be explained
by cyclic softening observed in UFG Ni [52] and NC Ni [53] due to grain
coarsening especially under high strains or stresses. Plasticity-induced
closure is due to the synergetic effect of the monotonic and cyclic plastic
deformation around the crack tip. The forward deformation increases
while the reverse deformation decreases the closure load and thus the
closure effect. The reverse deformation becomes more pronounced for
the NC and UFG cases due to cyclic softening especially after overload.
Therefore, the closure effect becomes smaller for cyclic softening

materials compared to hardening materials in terms of the relative re-
tardation distance to the overload plastic zone.

5. Conclusion

Fatigue experiments under constant amplitude loading at a stress
ratio of R = 0.1 were conducted on two compact tension specimens of
nanocrystalline and coarse grained Ni. A 100% overload (Po. = 2Pmax)
was applied generating overload forward plastic zone sizes (estimated
by Irwin's model) of 120 pm and 1440 pm, respectively. Energy disper-
sive X-ray diffraction measurements were conducted on the NC speci-
men to study the variation in stress as a function of crack growth past
the overload. Digital image correlation was applied for both cases to
measure the crack length, crack opening displacement and the stress in-
tensity factor range. Post-mortem fractography analysis and fracture
surface roughness measurements were conducted to help understand
the retardation mechanisms. The results are compared with our previ-
ous study on ultra-fine grained Ni under the same loading conditions;
this research therefore covers grain sizes ranging from microns down
to nanometers.

It can be concluded that:

(1) FCG retardation was observed for all the specimens after the ap-
plication of overload. CG Ni shows the sharpest decrease in FCG
rate and the longest retardation distance while only transient re-
tardation was observed for NC Ni. Due to the very small plastic
zone, flat and smooth crack surfaces and straight crack path for
the NC specimen, it is least affected by overload.

(2) For the CG and UFG specimens that were evidently retarded by
the overload, no significant decrease in FCG was observed imme-
diately after overload. It is believed that the sudden rise in ap-
plied load and the significant crack opening caused by overload
impede crack closure and offset the retardation effects of crack-
tip blunting and residual stress. As the crack grows further into
the overload plastic zone, an overload wedge is developed due
to the combined effects of plasticity-induced crack closure and
residual stress that retard crack propagation.

(3) Grain size plays a fundamental role in the fatigue overload be-
haviour of the material. Grain refinement that strengthens the
material reduces the plasticity that is introduced by the overload.
The primary retardation mechanisms, plasticity-induced crack
closure and residual stress, are weakened. Due to smaller grain
size, the crack surfaces get less rough and the crack becomes
straighter, which also diminishes the retardation effects of
crack tortuosity and roughness-induced crack closure.
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Appendix A

It can be seen from Eqg. (3) that if the strain and stress matrices of
each element on the integral path and the relative distance between el-
ements are determined, the J-integral through a specific contour path
can then be estimated. A routine was written in Python and can be di-
rectly performed to the crack-tip displacement field to calculate the J-

integral. Here the evaluation procedure and the verification of the rou-
tine are introduced.

A.L. Estimation of the displacement eld

As is described in Section 2.3, the displacement field in the crack
opening direction (uyy) and along the crack propagation direction
(uyy) is estimated using the commercial software LaVision DaVis
ver.8.4. Therefore, the displacement matrices in both directions are ob-
tained as shown in Fig. 3.

A.2. Estimation of the strain eld

Although the strain field can be directly calculated using specific al-
gorithms or numerical differentiation of the displacement field, the
great variation in the strain results due to the noise of the estimated dis-
placement results indicates that these methods cannot be used for reli-
able strain measurement [54,55]. Therefore, it is widely believed that
smoothing the displacement field first followed by differentiation
would improve the accuracy of the strain measurement [56].

In order to calculate the full-field strain distribution, a small strain
calculation window consisting of (2 m + 1) x (2 m + 1) points is first
defined as shown in Fig. A.1. The strain calculation window should be
small enough to ensure the estimated results can accurately describe
the local deformation. However, the calculation window cannot be too
small such that the noise can be effectively reduced. After an appropri-
ate strain calculation window size is selected, the displacement vectors
within it can be approximated to a linear plane:

Uxd; jP Yag b aix p azy

i1 . .
Updi P Ybo b bixp by XY mimP 1P
EQ. (A.1) can be rewritten into the form of matrix as
0 1 0 1
1 m m Ux® mMm; mbp
1 mp 1 Uxd mp 1, m
1 0 0 @alA Yy U ®0; 0 P 3A:2p
1 m 1 m Uydn 1;mp
1 m m Uy @M; m b

Fig. A.1. Schematic showing the principle of the pointwise least squares algorithm for full-field strain calculation. The red box represents the strain calculation window comprising

(2 m + 1) x (2 m + 1) points of the displacement field in the two directions (uyy and uy,).



W. Zhang et al. / Materials and Design 189 (2020) 108526 15

Fig. A.2. Theoretically generated displacement fields (a) in the crack opening direction and (b) along the crack growth direction. Strain fields calculated by the least squares method (c) in

the crack opening direction and (d) along the crack growth direction.

0 1 0

1 m m uyd m; mp

1 mpl mEg 4 uyd mp1; m
bo

1 0 0 &@p Ay, Uy, 30; 0P 3A:3p
b2

1 m1 m uydn 1,mp

1 m m Uyydm; mp

Thus the coefficients in Eq. (A.1) can be determined by the least
squares method. a; and b, are the normal strains while a, and b; are
the components of shear strains.

A.3. Estimation of the stress eld

Once the strain matrix is determined, the stress matrix can be eval-
uated by
fgvxalfg 0A:4b

where D is the stress-strain matrix. Here for linear elastic materials
under plane stress conditions, Eq. (A.4) can be rewritten as

0 1 0 10 1
XX E 1 O XX
@ Ay @ 1 0o AQ@ A AA5P
1 2
xy 00 a R xy

where E is the elastic modulus and is the Poisson's ratio.

Therefore, with the input of the displacement fields (u,, and uyy) and
the material properties (E and ), the routine can be implemented to
calculate the J integral, which is the sum of the value of each element
on any user defined contours as shown in Fig. 3.

A4. Veri cation
In order to verify the routine, a perfect displacement field in two ori-

entations (uyy and u,,) was first generated as shown in Fig. A.2(aand b).
The applied stress intensity factor, K,, is equal to 10 MPam®®, with

Young's Modulus E = 193.3 GPa and Poisson's ratio = 0.33, which
are the bulk properties of nickel following the Kroner Modelling Scheme
[32]. Theoretically, the J-integral should be path-independent for any
contour surrounding the crack tip in the elastic regime. This means, in
this case, the routine should give a value that is very close to 10
MPam®® no matter which integration path is selected or how large
the strain calculation window is.

The nominal strain fields calculated by the least squares method
discussed in Section A.2 are shown in Fig. A.2(c and d). Four integration
paths (as shown in Fig. 3) and three strain calculation windows (indi-
cated by m) were considered for the comparison of J. The J values
were then converted to K, by Eq. (4). The corresponding results are
given in Table A.1 and are in good agreement with the applied value.

Therefore, this routine for determining the J-integral is reliable and
computationally efficient. Accurate determination of the crack-tip posi-
tion is not required. As long as the displacement fields are obtained, the J
values can be quickly estimated with the known input variables E and
A small integration contour with small strain calculation window gives
higher accuracy and hence is suggested for the J estimation.

Table A1
J-integral results (converted to K, in MPa m°®®) estimated by the routine for various inte-
gration contours and strain calculation windows. The theoretically applied K, is 10
MPam®®.,

m=1 m=3 m=>5
Path 1 9.84 9.78 9.19
Path 2 9.39 9.30 9.10
Path 3 9.22 9.15 9.07
Path 4 9.14 9.09 9.06
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