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ABSTRACT In polycrystalline metals, microstructural features such as grain boundaries (GBs)
influence fatigue crack initiation. Stress and strain heterogeneities, which arise in the
vicinity of GBs, can promote the nucleation of cracks. Because of variations in grain size
and GB types, and consequently variations in the local deformation response, scatter in
fatigue life is expected. A deeper quantitative understanding of the early stages of fatigue
crack nucleation and the scatter in life requires experimental and modelling work at
appropriate length scales. In this work, experiments are conducted on Hastelloy X under
fatigue conditions, and observations of fatigue damage are reported in conjunction with
measurements of local strains using digital image correlation. We use a recent novel
fatigue model based on persistent slip band–GB interaction to investigate the scatter in
fatigue lives and shed light into the critical types of GBs that nucleate cracks. Experimental
tools and methodologies, utilizing ex situ digital image correlation and electron backscatter
diffraction, for high resolution deformation measurements at the grain level are also
discussed in this paper and related to the simulations.
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NOMENCLATURE br ¼ the residual Burgers vector due to slip transmission
d ¼ the mean dislocation spacing within the persistent slip band (PSB)
E ¼ Energy of PSB interacting with a grain boundary (GB)

Eapp ¼ the energy of the stress field due to the applied forces
Ehard ¼ the work hardening energy of the material

Einteraction ¼ the energy associated with PSB–GB interaction resulting in
dislocation pile-ups and steps/ledges at the GB

E
lattice shearing ¼ the energy for the formation of the PSB by shearing the lattice
Enucleation ¼ the energy to nucleate a dislocation from the GB
Epile - up ¼ the energy of the stress field due to the dislocation

pile-ups at the PSB
h ¼ the PSB width
L ¼ the grain size (also assumed to be the length of the PSB)
L0 ¼ the grain size of neighbouring grain
Lcs ¼ the critical grain cluster size
m ¼ the Schmid factor of the grain containing the PSB

npendis ¼ the number of dislocations penetrating the GB
N ¼ the number of cycles
Nin ¼ the number of cycles to crack initiation to a critical size
R ¼ fatigue loading ratio
Y ¼ the extrusion height

@ Xi ¼ the slip increment

Q3
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I NTRODUCT ION

Heterogeneous plastic flow and strain accumulation at
the microstructural level are precursors to fatigue crack
initiation.1–4 In the absence of material defects such as
pores or inclusions, the microstructure of the material,
that is, grain size, grain orientation and grain boundary
(GB) character, plays an important role in introducing
deformation heterogeneities in the material response.5

Variability in the material at the microstructural level,
and consequently in the local deformation response, has
been known to contribute to the excessive scatter in the
fatigue lives of polycrystalline metals. Several microstruc-
ture-based models have been proposed to explain and
predict this experimentally observed scatter in life.6–10

In general, these types of models are based on describing
the local, inhomogeneous material response under cyclic
loading and proposing a critical condition for crack
initiation. Different crack initiation criteria have been
introduced that reflect the state of knowledge on the
mechanism of crack nucleation and the state variables
that can be described either through modelling or
experiments. Although significant progress in the modelling
aspect has been made, supportive quantitative, full field
and multiscale experimental work is limited. These kinds
of measurements, for example, the full field experimental
measurement of strain evolution at the grain level in
fatigue, are challenging but can provide crucial and
specific information that will help advance our current
knowledge of the early stages of fatigue crack initiation
and thus help improve crack initiation models. In the
present paper, we aim to explore the scatter in fatigue life
for a nickel-based superalloy, Hastelloy X, through
experiments and simulations. We also use digital image
correlation (DIC) in conjunction with electron backscatter
diffraction (EBSD) to make high resolution strain

measurements at the microstructural level and evaluate
the role of GBs in introducing strain heterogeneities.
The experimental observations are discussed in relation
to the crack initiation fatigue model used in this work.

Various features (e.g. material flaws, stress concentra-
tions and GBs) and different driving forces can induce
fatigue crack initiation.11,12 In the current work, we are
concerned with fatigue cracks initiating in the vicinity
of GBs, which as will be seen, is the dominant crack
initiation mechanism for the nickel-based superalloy
Hastelloy X. It is well known that certain types of GBs
are susceptible to crack initiation. Particularly, twin
boundaries (TBs), also referred to as Σ3 GBs using the
coincident site lattice (CSL) notation, have been
identified as preferred sites for fatigue crack initiation.13–16

Different proposals describing a stress concentration
near TBs have been put forward. The stress concentrations
arising from slip bands impinging on the TB,17 TB
ledges15 and the elastic incompatibility across the TB13,18

have all been used to evaluate the stress field near TBs
and explain their tendency to nucleate fatigue cracks.

Several approaches have been proposed to develop
models capable of predicting fatigue crack initiation.
Some of these models utilize finite element crystal
plasticity simulations to describe the local stress and
strain fields at the crystal level.7,9,19–23 The simulation
results along with experimental life data were used to
predict crack initiation based on the critical accumulated
slip9,23 or based on energy considerations.22 Other
modelling approaches rely on dislocation–GB interac-
tion. The foundation for these types of models goes back
to the early work of Lin and Ito,24 Tanaka and Mura,25

and Mughrabi and coworkers26 on persistent slip band
(PSB) mechanisms. More recently, significant advances
have been made in this field with the use of improved
computational tools such as atomistic simulations.

Δe ¼ applied strain range for fatigue loading
Δs ¼ the evolution of the stress range for a constant

applied strain range Δe
exx ¼ the horizontal strain
exy¼ the shear strain

eyy ¼ the vertical strain along the loading direction
r ¼ the dislocation density within the PSB
s ¼ the applied stress
Σ ¼ the character of GB in the coincident site lattice notation

�t ¼ internal stress field that dislocations must overcome to
deform the material by increment @ X

tA ¼ the applied shear stress

t
dis¼ the stress field created by dislocation dipoles within the PSB

th ¼ the hardening within the PSB due to dislocation interaction
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Sangid et al.,27,28 proposed a model for fatigue crack
initiation based on the energy of PSB interacting with a
GB. The model considers the specifics of the GB
structure29 and the differences in energy barriers for slip
nucleation and slip transmission across different GBs30

and different grain clusters.28 [Note that the concept of
grain clusters, that is, groups of grains connected by low
angle GBs (LAGBs), which allow for slip transmission,
controlling fatigue damage has been previously addressed
in various experimental and numerical studies5,19,31]. The
ability to determine the critical GB types for fatigue crack
initiation as well as the scatter in life is the main strengths
of this model.27,28 In the current work, we will apply this
novel fatigue model, briefly discussed in theQ5 Fatigue
Model section, to investigate fatigue life scatter in Hastel-
loy X. We also discuss the critical grain cluster size, both
observed and calculated, in Hastelloy X and how it influ-
ences the predicted life for crack initiation.

The majority of available experimental work on
fatigue investigates the nominal sample response, that
is, the average stress–strain or hysteresis loops, life data
and postmortem microstructural analysis to determine
the possible deformation mechanisms and/or critical
microstructural features, for example, GBs, which
initiated cracks under cyclic loading.12,32 Because
substantial advances have been made on the modelling
side towards microstructural, or even atomistic
informed, fatigue crack initiation models,7 there is a
need for high resolution and local deformation
measurements to help validate and refine these types
of models. The optical technique of DIC provides the
means to make such measurements.33,34 Its extension
to high resolutions, as we do in this work, can provide
further quantitative understanding of the localized de-
formation response. Combined with crystal orientation
and GB characterization using EBSD,35 significant
insight into the strain localization regions and specific
GBs response, for example, shielding or transmitting,
and how they influence fatigue crack initiation can
be ascertained.36

In summary, we demonstrate how physics-based
fatigue modelling and high-resolution DIC measurements
can be utilized to better understand the role of GBs in
fatigue crack initiation and help explain and predict the
experimentally observed scatter in life under cyclic loading
conditions. To do so, we present high resolution DIC/
EBSD results for strain accumulation at the microstruc-
tural level and describe how these results can be used to
shed light into the specific GB response in blocking or
transmitting slip (which leads to the formation of grain
clusters). The experimental observations along with
scanning electron microscope (SEM) analysis of fatigue
cracks in Hastelloy X are used to justify modelling crack
initiation based on PSB–GB interaction (Q6 Microstructural

analysis of fatigued samples section). Also, life predictions
from simulations are obtained using the fatigue crack
initiation model and compared with experimental life data
for the Hastelloy X subjected to fatigue loading.

MATER IAL AND METHODS

Material and sample preparation

Polycrystalline Hastelloy X was investigated in this study.
The alloy was solution heat treated at 1177 �C. Dog bone
specimens were electro-discharge machined from a
3.2mm thick sheet as in the received condition. The
sample gauge area was 4.0� 3.2mm, and the thickness
was 1.5mm. The surface of each specimen was mechani-
cally polished using SiC paper (up to P1200) followed by
finer polishing using alumina polishing powder (down to
0.3mm) and vibro-polishing with colloidal silica
(0.05mm). The final surface finish was adequate for
microstructural surface characterization using EBSD. For
microstructure measurements, an SEM equipped with an
EBSD detector was used with a measurement spacing of
1mm. Figure F11a shows a grain orientation map of one of
the samples investigated in this study. The total number
of grains in the region of interest was 2789 grains with
an average grain diameter of ~24. The percentage of
annealing TBs (Σ3 type GBs using the CSL notation)
was about 30% of the total number of GBs, which
corresponds to about 65% of the total CSL content as
shown in Fig. 1b.

High resolution digital image
correlation measurements

Digital image correlation is an optical technique that uses
the comparison between a reference (undeformed) and a
deformed digital image of the random speckle pattern
on a material surface to measure in-plane surface
displacement and strain components.37 The DIC
measurement resolution is highly dependent on the
optical magnification at which the reference and
deformed images are captured.34 With increased
magnification, accurate strain measurements with sub-
grain level resolution can be achieved. The challenge
associated with higher magnification imaging is that it
reduces the field of view and thus imposes limitations
on the area/number of grains that can be studied. The
ex situ technique used in this study, and described in
detail in Ref. 33, addressed this problem and enabled high
resolution measurements over relatively large areas by
capturing and stitching enough high magnification
images to cover the required region of interest.

Q4FAT IGUE CRACK IN I T IAT ION IN HASTE L LOY X 3
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The DIC results reported in this paper were obtained
using images captured at either 10� (0.436 mm/pixel) or
25� (0.174mm/pixel) optical magnifications. In both
cases, a fine speckle pattern was achieved by roughening
the highly polished surfaces, initially required for EBSD,
with silicon carbide powder (1000Grit). This method for
creating the speckle pattern allowed for a subset size of
~9.2mm and ~4.7mm for the 10� and 25� magnifications,
respectively. The speckle pattern quality, selected magnifi-
cation and the achieved DIC resolution allows for sub-
grain level deformation measurements (average number
of DIC correlation points per grain is equal to 600) and
enables quantitative analysis of the plastic strain fields
in relation to the underlying microstructure of the
polycrystalline specimen.

Fatigue testing

Using a servohydraulic load frame, specimens were
fatigue loaded to failure in strain control at a rate of
0.4Hz and a loading ratio, R, of zero. Two strain ranges
were tested, 0.8% (four samples) and 1% (four samples).
These experimental results were collected to establish the
scatter in fatigue life for later comparison with life from
simulations obtained using the fatigue model. For
samples where DIC measurements were to be performed,
we adopted a different loading condition. These samples
were loaded in load control, instead of strain control, at a
rate of 0.4Hz, loading ratio, R, of �1 and stress range of
750MPa. This was chosen to avoid using an extensometer
and guarantee that the surface of the sample, where
DIC measurements were made, remained exposed and
unchanged by any contact from the extensometer. The
purpose of these samples was to investigate the local
material response and the role of GBs rather than to

establish fatigue life for model comparison. Thus, all
fatigue life data shown in this work are only from strain
control experiments.

Fatigue model

The fatigue model described briefly in this section, and in
detail in Ref. 6,27,28, predicts fatigue crack initiation based
on PSB–GB interaction. In the formulation of the model,
the energy of a PSB interacting with a GB is described,
and its stability is used as a criterion for fatigue crack
initiation. The energy expression of a PSB evolves with
the number of loading cycles and includes both
continuum and atomistic terms as shown in the
following expression:

E ¼ �Eapp s;m;L;Nð Þ � Ehard r;L;Nð Þ
þEpile�up h; d;L;Nð Þ þ Enucleation m;Σ; h;L;L’;Nð Þ
þEinteraction m;Σ; h;L;L’;Nð Þ þ Elattice shearing L;Nð Þ;

(1)

where s is the applied stress,m is the Schmid factor of the
grain containing the PSB, L is the grain size (also
assumed to be the length of the PSB), N is the number
of cycles, r is the dislocation density within the PSB, h is
the width of the PSB, d is the mean dislocation spacing
within the PSB, Σ is the character of GB in the CSL
notation and L0 is the grain size of neighbouring grain.
The first three terms in Eq. (1) are based on continuum
mechanics concepts for modelling dislocations. These
terms represent the energy of the stress field due to the
applied forces (Eapp), the work hardening energy of the
material (Ehard) and the energy of the stress field due to

Fig. 1 (a) Grain orientation map from electron backscatter diffraction. (b) Grain boundary character distribution in coincident site lattice
(CSL) notation showing a high percentage of annealing twin boundaries (i.e. Σ3 boundaries).

C
ol
ou

r
on

lin
e,

B
&
W

in
pr
in
t

4 W. ABUZAID et al.

© 2013 Wiley Publishing Ltd. Fatigue Fract Engng Mater Struct 00, 1–18

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120



the dislocation pile-ups at the PSB (Epile - up). The PSB
structure consists of a number of dislocation layers (i.e.
planes at which dislocations glide), and each plane within
the PSB has individual contribution to the continuum
terms. Energy from these terms represents an internal
barrier that should be overcome by dislocations in order
to deform the material plastically. The remainder of the
terms in Eq. (1) are computed from atomistic simulations
and represent the energy to nucleate a dislocation from
the GB (Enucleation), the energy associated with PSB–GB
interaction resulting in dislocation pile-ups and steps/
ledges at the GB (Einteraction) and the energy for the
formation of the PSB by shearing the lattice (Elattice shearing).
GBs act as sources of dislocations that are agglomerated in
the PSB, and they act as barriers for slip transmission.
Each GB has a different energy barrier for dislocation
nucleation and dislocation penetration depending on its
character. These atomistic energies are incorporated into
the evaluation of Enucleation and Einteraction. The dislocation
must overcome an energy that can be associated with
destroying the lattice stacking sequence in the matrix to
form slip bands by cutting the matrix. This energy
corresponds to the stacking fault energy that is
incorporated into the evaluation of Elattice shearing. Writing
the energy expression as shown in Eq. (1) allows us to
consider the main microstructural features that influence
fatigue crack initiation. For example, the Schmid factor,
which is related to crystal orientation and loading
direction, and grain size are included in the continuum
terms of Eq. (1). By incorporating the atomistic terms,
the differences in response between the various types of

GBs (different CSL) are also accounted for. This is
important if we want to accurately capture and explain
some of the previous experimental results on certain types
of GBs, particularly Σ3 TBs, which have been reported as
preferred sites for fatigue crack initiation.13–15,38

The criterion for when fatigue crack initiation occurs
is based on the stability of the PSB. Each of the energy
expressions in Eq. (1) can be expressed in terms of the slip
increment (@ Xi), which is defined schematically in the
inset drawing of Fig. F22. To check for the stability of the
PSB, the derivatives of the PSB energy terms with re-
spect to the slip increment are computed. As loading pro-
gresses, the calculated derivatives will evolve with the
number of loading cycles as illustrated in Fig. 2 for one
of the Hastelloy X simulations conducted in this study.
The coloured lines represent the evolution of each of
the individual energy terms in Eq. (1), and the black line
corresponds to the total energy that is calculated by add-
ing the contributions from all of the individual
components (i.e. from the coloured lines). Eventually,
initiation is predicted once the magnitude of the total
energy derivative reaches zero in addition to the second
derivative being positive in order to insure that the
energy corresponds to a local and stable minimum,
expressed by

@E
@Xi

¼ 0: (2)

The methodology described earlier for predicting
crack initiation based on PSB–GB interaction is also

Fig. 2 The evolution of the individual (coloured lines) and total (black line) energy rate terms shown in Eq. (1) with increasing loading cycles.
Each term is expressed as the energy derivative with respect to the slip increment, @ Xi (@ Xi shown in the inset figure). Initiation is predicted
once the total energy reaches a stable minimum (i.e. its derivative is zero) in addition to the second derivative being positive (marked with an
arrow in the figure).
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applicable to polycrystals. In this case, the energy
equation is evaluated for each grain in the aggregate or
for each grain cluster, that is, group of grains connected
with LAGBs. LAGBs allow PSBs to traverse the GB (i.
e. slip transmission), thus increasing the length of the
PSB and consequently influencing the energy terms in
Eq. (1). On the basis of this condition for slip transmission
(i.e. slip passing through a LAGB), EBSD measurements
of grain orientations can be easily used to construct the
grain clusters as detailed in Appendix D in Ref. 28. It
should be pointed out, however, that other types of GBs
(e.g. Σ3 GBs) can, under certain conditions (e.g. high
resolved shear stress and low residual dislocation as
discussed in Ref. 40), allow slip to penetrate through the
interface and potentially result in the creation of a grain
cluster. In our application of the model, we do not account
for this, and the grain clusters are strictly defined using the
concept of LAGBs. Once the grain clusters are defined on
the basis of EBSD measurements, the number of cycles to
crack initiation for each grain or grain cluster is evaluated
in the model, and the minimum calculated number of
cycles is considered as a limiting case that determines the
life of the aggregate.

The calculated life for a polycrystalline aggregate
pertains to that particular microstructure, that is, the
spatial distribution of grain size, orientation and GB
character that is established from EBSD. By spatially
varying the microstructure through simulations and
reevaluating the life for each of the simulated
microstructures, the scatter in fatigue life can be
predicted (here, we strictly refer to the scatter intro-
duced by the microstructure). In our application of
this model, each of the simulated microstructures is
derived from the same experimental EBSD measure-
ments of Hastelloy X, but with the grains spatially
rearranged. Using the EBSD data (~2700 grains in
this study), the distribution of grain size, Schmid
factor (which relates to grain orientations), number
of neighbouring grains (each grain is surrounded by
a different number of grains) and the GB character
(CSL Σ value) are established. These distributions
are used to help generate simulated microstructures
that are statistically equivalent to the EBSD measure-
ments. Each simulated microstructure consists of a
certain number of grains (i.e. a subset of the EBSD
data, 350 grains in this study). For each grain, the
grain size, Schmid factor and number of neighbouring
grains are assigned, and the information of the
neighbouring grains is selected from the measured
distributions until the required number of grains is
reached in the simulated aggregate (350 grains). This
process of creating a simulated microstructure is
repeated to generate a large number of aggregates
(300 in this study) that we evaluate the life for each.

RESULTS

Microstructural analysis of fatigued samples

In this section, we provide some microstructural SEM
and transmission electron microscope (TEM) analysis
of fatigued Hastelloy X samples. The aim is to investigate
the deformation and crack initiation mechanisms and
provide justification for using the PSB–GB initiation
model described previously for the alloy under consider-
ation here. SEM analysis of samples loaded in fatigue, but
interrupted prior to sample failure, reveal that micro
cracks predominantly initiate in the vicinity of slip
band–GB interaction regions as shown for example in
Fig. F33a. We also note that the material exhibits planar slip
as shown by the TEM image in Fig. 3b. The observations

(a)

(b)

Fig. 3 (a) Scanning electron microscope micrograph showing micro
cracks in the vicinity of slip band–grain boundary interaction regions
resulting from fatigue loading prior to sample complete failure. (b)
Transmission electron microscope image showing planar slip for
Hastelloy X.
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we make on fatigue cracks in Hastelloy X supports our
approach to model fatigue crack initiation using the
model described in the Fatigue Model section. In the
next section, we provide further insight into the applica-
bility of the model, primarily on the deformation by grain
clusters, using DIC.

High resolution strain measurements

Following the ex situDIC procedure described briefly in theQ7

High Resolution Digital Image Correlation Measurements
section and in detail in Ref. 33, high resolution strain
measurements were made on Hastelloy X samples loaded
either in uniaxial monotonic tension or in the stress
controlled fatigue loading described earlier. FigureF4 4a shows
a contour plot of the vertical strain field eyy from a
monotonic uniaxial tension test. This component of the
strain tensor along with two other components, the
horizontal strain field exx and the shear strain field exy, were
measured using DIC. Because we make these strain
measurements ex situ, with the sample being unloaded, the
measured strain components are considered residual plastic
strains (note that although elastic strains may exist, their
magnitudes are likely to be small). Crystallographic orienta-
tion fromEBSDwas numerically overlaid on theDIC strain

data utilizing the fiducial markers that permit accurate
alignment. As a result, for each DIC measurement point,
the crystal orientation is determined from EBSD. This also
allows us to accurately overlay the GBs on all the strain
contour plots.

The full field strain results show a high level of
heterogeneity in plastic strain accumulation, although
the loading is uniaxial tension. Differences in strain
magnitudes are observed even within single grains with
regions in the vicinity of GBs, that is, GB mantles, and
regions away from GB, that is, cores, exhibiting variations
in the measured strains. Focusing on the GB mantles, the
regions close to GBs, we observe that both the highest and
the lowest measured strains are found in the GB mantles.
On the basis of this observation, we can classify each
boundary as a transmitting boundary, if high strains are
measured in both mantles across the interface (high–high
mantle strains), or a blocking boundary if high strains are
measured on only one side of the GB (high–low mantle
strains). Examples of these two cases (the regions marked
as ‘Transmission’ and ‘Blockage’ in Fig. 4a) are shown in
Fig. 4b and c, respectively. We note that in both cases,
the GBs are Σ3 GBs. Nevertheless, and despite the
similarity in GB character, a different response is observed
from DIC local measurements. Relating these two

Fig. 4 (a) High resolution strain field, eyy, along the loading direction, for a sample loaded in uniaxial tension. Grain boundaries (GBs) from
electron backscatter diffraction are overlaid on the strain contour plot. Some regions show high strains localizing and extending through
multiple GBs, denoting the formation of grain clusters (examples are highlighted in (a)). (b) High strains across a GB can be associated with slip
transmission across the GB (which is necessary to form a grain cluster). (c) High strain on one side of the GB can be an indication of blockage
or the formation of a pile-up. The GB character for both of the examples shown in (b) and (c) is Σ3, yet the observed response from DIC
measurements is different.
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examples to the fatigue model used in this study, we note
that the blockage case (Fig. 4c) can be a result of slip
interacting with a GB and creating a pile-up as considered
in the fatigue model. The transmission case (Fig. 4b)
indicates slip transmission across the GB and is consistent
with the concept of grain clusters in which a PSB can form
over multiple grains by transmitting through some GBs.
Further evidence of the formation of grain clusters is
observed in Fig. 4a; in certain regions, we clearly notice
that high strains localize and extend through multiple
GBs. These regions are typically isolated and surrounded
by low strain regions. Some of these features are marked
in Fig. 4a as an example. FigureF5 5a shows an enlarged view
of one of the grain clusters – the lower one – marked in
Fig. 4a. The details of slip penetrating the GBs (Σ3 in this
case) are clear in this figure. SEM analysis of the same
region provides support for this conclusion by showing
continuous slip traces across the Σ3 GBs as shown in
Fig. 5b. The experimental results presented in Figs 4 and 5
provide clear evidence for the formation of grain clusters
and support our modelling approach.

Strain evolution in fatigue

The results presented in the High Resolution Strain
MeasurementsQ8 section for uniaxial tension indicate that
GBs play an important role in introducing plastic strain
heterogeneities. Observations that indicate slip blockage
(pile-up formation) and slip transmission (leading to the
formation of grain clusters) were made. In this section,
we present some results obtained under cyclic loading
conditions to further explore the role of GBs in fatigue.
FiguresF6 6a–c show contour plots of the vertical strain

field eyy (along the loading direction) at 1000, 10 000
and 30 000 cycles, respectively, of a fatigue loaded
sample, in load control, at a rate of 0.4Hz, loading ratio,
R, of �1 and stress range of 750MPa. These results were
obtained using the same ex situ procedure used for the
uniaxial tension case but at a lower measurement
resolution [10� (0.436 mm/pixel) versus 25� (0.174 mm/
pixel)] to allow the investigation of a bigger region of
interest, thus giving a higher probability of capturing
the region that eventually initiates cracks. For each
measurement, the sample was removed from the load
frame, and the deformed images were captured in the
optical microscope. Subsequently, the sample was
reinstalled in the load frame for additional loading.

In addition to similar observations as in uniaxial
tension (Figs 4 and 5), the full field contour plots in Fig. 6
clearly show that specific regions accumulate strain with
additional loading cycles, whereas other regions remain
relatively unchanged with no significant strain evolution.
GBs delineate these regions and again indicate the
formation of grain clusters and blockage with high strain
accumulation on one side of the interface. The role of
GBs in strain accumulation is further clarified by
monitoring the strain evolution in the vicinity of a
specific GB, as shown in Fig. 6d (the GB region selected
is shown in the inset of Fig.6d). We measure an increase
in strain at that particular boundary while noting that the
nominal (average) strain for the entire sample was
relatively constant with increasing loading cycles (0.06
and 0.09% at 1000 and 30 000 cycles, respectively).
This observation highlights how nominal sample
response (e.g. average strain) is inadequate to capture
deformation localization and the increased level of

Fig. 5 (a) An enlarged view of the lower of the three grain clusters marked in Fig. 4a. The eyy strain contour plot shows high strains across
multiple Σ3 grain boundaries (GBs). (b) Scanning electron microscope micrograph of the same region in (a) showing continuous slip traces
across the same GBs with high measured strains. The results in (a) and (b) provide evidence of slip transmission across the GBs that leads to the
formation of a grain cluster.
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heterogeneity that develops with additional loading. The
DIC results provide such quantitative insight during fa-
tigue. The quantitative correlation between such
measurements and crack initiation has not been
established experimentally in this work and will be
perused in a future effort. Nevertheless, the results
obtained in fatigue provide additional support for our
modelling approach that is based on PSB–GB interaction
that leads to fatigue crack initiation at particular GBs.

Scatter in fatigue life

FigureF7 7a shows stress–strain curves for selected cycles of
one of the Hastelloy X samples loaded in fatigue (Δe = 1%,
R = 0). We observe material hardening in the initial
(about 100) cycles, that is, the increase in the stress
range seen in Fig. 7a, and more clearly in Fig. 7b, for
cycles 1–100, followed by softening until failure. The

rate of softening was linear up to the point where a ma-
jor crack developed in the sample resulting in a sharper
and more pronounced stress drop with additional load-
ing cycles. The fatigue lives that we report in this study
represent the number of cycles at which this transition
was observed, although all samples were fatigue loaded
to complete failure (see Fig. 7b for a pictorial illustration
of this definition of ‘fatigue life’). SEM analysis of the
failed samples revealed numerous micro cracks on the
sample’s surface (across the entire gauge section) in
addition to the main crack causing failure (a representative
case for one of the tested samples is shown in Fig. F88a). As
we indicated earlier (Fig. 3a, notice that no major/main
crack has developed in that case), these micro cracks
clearly initiate in the vicinity of GBs, that is, along slip
bands and around slip band–GB interaction regions.
Two different strain ranges were tested in the current
work, 0.8 and 1.0%. The fatigue lives for the 0.8% strain

Fig. 6 (a)–(c) Contour plots of the vertical strain field eyy (along the loading direction) at 1000, 10 000 and 30 000 cycles, respectively. We
observe that particular regions, in the vicinity of grain boundaries (GBs), accumulate strain with additional loading cycles, whereas other
regions remain, relatively, unchanged with no significant strain evolution. Strain evolution with loading cycles in the vicinity of a single GB
is shown in (d). An increase in strain in that particular region is seen, whereas the nominal (average) strain of the entire sample remains
relatively constant.
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amplitude ranged from 8200 to 14000 cycles and for the
1.0% strain amplitude between 3200 and 8000 cycles.

Life predictions from simulations

On the basis of the microstructure characterized using
EBSD (Fig. 1a), we evaluate the number of cycles to
nucleate a crack (GB life) for each grain cluster using
the fatigue model described earlier. The term ‘GB life’
as used in the current paper refers to the number of

cycles to nucleate a crack at the PSB–GB interaction
region that spans the length of the grain cluster. A
selected region of the entire EBSD scan is shown in
Fig. F99a. The predicted GB life (NGB) is plotted spatially
for this region in Fig. 9b. Different GB colours indicate
different life ranges that are defined in the legend of this
figure. The GBs coloured with red correspond to lives
less than 15 000 cycles, blue GBs represent lives between
15 000 and 50 000 cycles and finally the black boundaries
have lives exceeding 50 000. Many of the red marked GBs

Fig. 7 (a) Stress–strain response for selected cycles. Initial hardening is observed followed by softening. Colours indicated particular cycle
numbers. (b) Stress range versus fatigue cycle number (for the same sample as shown in Fig. 7a). Initial hardening is observed followed by a
linear softening. Once a major macrocrack has developed, accelerated drop in stress range is seen with additional loading cycles. The life of the
sample was assumed to correspond to this transition point as marked in the figure.
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Fig. 8 (a) Scanning electron microscope micrograph of the sample shown in Fig. 7 after failure. Both the sample’s surface and the fracture
surface are shown. (b) Higher magnification image of the region marked in (a) with a rectangle.
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(life <15 000) are Σ3 TBs, which is consistent with exper-
imental observations of their tendency to nucleate fatigue
cracks. We emphasize that short lives are not predicted
for all of the Σ3 GBs. Depending on the energy terms
described in Eq. (1), each particular Σ3 GB, and each
GB in general, will have a different predicted life.

Figure 9b displays the number of cycles to reach a
critical state of initiation for each GB. The GB with
minimum number of cycles to initiation dictates the life
of the aggregate (from the simulation). This life
corresponds to a PSB reaching a stable minimum energy
configuration and resulting in crack initiation at the
PSB–GB intersection region (due to the formation of
steps/ledges). The crack length is not defined in the
model formulation although one may expect that
following initiation at the PSB–GB interaction region,
the crack will grow to the PSB length (cluster length)
within a relatively short number of cycles (Fig. 3a shows
evidence of crack initiation in slip–GB interaction region
that extends along the slip trace). In this work, we
compare the life from simulations with experimental life
results, which, recall, as defined in theQ9 Scatter in Fatigue
Life section is not the life to complete failure. Because a
crack length is not defined in both cases, some deviation
between the lives established experimentally and through
simulation is likely. Nevertheless, we expect that the
difference between the number of cycles to generate a
crack length on the order of the cluster size (multiple
grains) to be close to the life as defined in our experiments.

The microstructure characterized using EBSD is then
varied to create simulated microstructures (see Fatigue
Model section). By reevaluating the life for each of the
simulated aggregates, we predict a scatter in fatigue life.
The number of cycles for fatigue crack initiation, as
predicted from the model (red diamonds), and the
experimental life data (black triangles) for different strain
ranges are plotted together in Fig. F1010a. The simulations
are established from 300 different simulated aggregates
at three different strain ranges, 1.2, 1.0 and 0.8% applied
strains. The experimental results are given for 1.0 and
0.8% applied strain ranges. Experiments at 1.2% were
not possible with the sample dimensions used in this
study. The 1.2% simulations are included to show the
prediction capability of the model outside the range
tested. The modelling approach yields good predictions
of the experimental scatter in fatigue life (about 85% of
the simulated life predictions are within the range of
the set of experimental values).

The scatter in life from simulations is introduced
by variations in the simulated microstructures (i.e.
difference in grain size, GB character, GB neighbour
information and Schmid factor). The critical grain
clusters that exhibit the minimum life can be in the form
of a single grain or a group of grains that are connected
with slip transmission permitted at LAGBs. Slip
transmission through multiple GBs increases the cluster
size and continues until slip is impeded, thus creating a
pile-up, by a blocking high angle GB. Therefore, critical

Fig. 9 (a) Grain orientation map of a selected region. This information is utilized by the fatigue model to predict the number of cycles for crack
initiation (grain boundary (GB) life) as shown in (b) for 1% applied strain range. Many of the red marked GBs (life <15 000) are Σ3 twin
boundaries but a short life is not predicted for all the Σ3 GBs in the simulation.
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grain clusters are typically surrounded by high angle GBs
(e.g. Σ3) where blockage occurs. The implication of the
increase in cluster size as stated earlier is that it increases
the length of the PSB and, consequently, the energy
terms in Eq. (1). The shaded grain clusters shown in
the insets of Fig. 10a show the extreme cases where crack
initiation is predicted. The grain cluster on the left with
lower cycles to crack initiation corresponds to a large
grain surrounded by smaller grains, and its GB character-
istics are mainly Σ3 TBs that exhibit the highest energy
barrier for slip transmission. The grain cluster on the
right with higher cycles to crack initiation is surrounded
by almost equiaxed grains and with no Σ3 TBs.

The effect of the critical grain cluster size, Lcs, on
fatigue crack initiation is illustrated in Fig. 10b. In this
figure, the inset schematically shows a representative
grain cluster and its size, Lcs. This grain cluster consists
of three grains that are connected by Σ1 LAGBs. To
obtain the data points in Fig. 10b, the entire range of
cycles to crack initiation for each strain range in Fig. 10a
is divided into five equal intervals (binned based on
number of cycles to crack initiation). Then, mean values

of critical grain cluster size and mean values for cycles
to crack initiation within each interval are plotted in
Fig. 10b. The size of the grain cluster where fatigue crack
initiation is predicted decreases with increasing number
of cycles to crack initiation. The following equation is
obtained by fitting to the simulations results in Fig. 10b,

Δe ¼ 0:128N in
�0:09Lcs

�0:55; (3)

where Δe is the applied strain range, Nin is the number of
cycles to crack initiation to a critical size and Lcs is the
critical grain cluster size in mm. Similar to the Hall–Petch
type relation, Eq. (3) exhibits almost a square root
dependence for the grain cluster size. The results
presented in Fig. 10b, which lead to Eq. (3), represent a
statistical approach to examining the importance of the
microstructural attributes considered in the fatigue
model, in this case the cluster size, on the number of
cycles to crack initiation. Similar analysis on the other
contributing factors can help us identify the key
parameters that have the largest influence on the
calculated life.

(a)

(b)

Fig. 10 (a) The number of cycles for fatigue crack initiation, as predicted from the model (red diamonds), and experimental life data (black
triangles) for different strain ranges. The simulations are established from 300 different simulated microstructures. The inset to the left
shows a grain cluster with a low number of cycles to crack initiation. This grain cluster is comprised of a large grain surrounded by smaller
grains, and its grain boundary characteristics are mainly Σ3 twins. The grain cluster shown in the inset to the right has equiaxed grains, with no
Σ3 twin boundaries and exhibits a longer predicted life. (b) Critical cluster size versus number of cycles for fatigue crack initiation at different
applied strain ranges. The size of the grain cluster where fatigue crack initiation is predicted decreases with increasing cycles to crack initiation.
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DISCUSS ION

Consideration of the microstructural features that induce
local inhomogeneity in the material response, and thus
create conditions that facilitate the nucleation of fatigue
cracks, is vital for the development and refinement
of crack initiation models. In the current work, we utilize
EBSD to describe the microstructure of polycrystalline
Hastelloy X, that is, GB types and grain sizes, and use
that information in a fatigue crack initiation model.
We also use EBSD data to enable high resolution
experimental measurements in relation to the microstruc-
ture. In the model, the energy of PSBs interacting with
GBs was considered, and in the experiments, the strain in
GB regions and the formation of grain clusters were
observed. We believe that analysis at the scales considered
here, experimentally and through simulation, can give us
new insights into the early stages of fatigue crack initiation
and help refine model predictions. For example, by
consideration of EBSD, the model selects the most
favourable conditions for crack nucleation from a cluster
of grains. Verification of model predictions from
experiments (locally, for the particular regions where
initiation is predicted) is possible through strain
measurements at the mesoscale (using ex situ DIC) and will
be pursued in future efforts.

The model prediction for the scatter in life is in good
agreement with the experimental results plotted in
Fig. 10a. Despite the fact that simulation results show a
higher limit for life compared with that captured by the
experiments, about 85% of the simulated results are
within the range of the experimental values. A possible
cause for the deviation may be from the fact that the life
as established from experiments does not correspond
exactly to the crack initiation life. A crack growth portion
must be present and is not accounted for in the procedure
for determining the life as shown in Fig. 7b. The
contribution to life from crack growth, compared with
initiation, is obviously dependent on the loading condi-
tions (i.e. more important in high cycle fatigue compared
with low cycle fatigue). Nevertheless, being able to
remove (subtract) the crack growth portion from the
established life will enable a more reliable comparison
with model predictions and will also help evaluate the
accuracy of the current approach for determining life
experimentally. High resolution in situ experiments, or
interrupted ex situ experiments, will be required to
address this issue. Such an effort will be pursued in future
work where we will also monitor strain evolution locally
prior to crack initiation. Other factors can also contribute
to the observed deviation between experimental and
simulation results, for example, the model does not
capture the local stress state (i.e. we are not solving the
initial boundary value problems for local/grain level

stress state). Further analysis will be required to evaluate
and address this issue.

The predicted GB life plots shown in Fig. 9b can be
useful in the visualization of the critical location for crack
initiation. It is observed that Σ3 TBs are the favourable
fatigue crack initiation sites with lower cycles to crack
initiation particularly less than 15 000 cycles. This result
is arrived at through consideration of the PSB–GB
interaction model and is consistent with various supporting
experimental results, for example, Heinz and Neumann,38

Miao et al.13 and Boettner et al.,15 regarding the tendency
of Σ3 TBs to nucleate cracks. We emphasize that not all
TBs in the simulation exhibit the same life, and we are able
to isolate the specific ones in which the energy terms,
considered in the model, lead to the relatively shorter life
compared with other TBs present in the microstructure.

In this study, fatigue crack initiation is correlated with
the size of the critical grain cluster exhibiting the lowest
number of cycles to crack initiation. The critical grain
cluster size, Lcs, is not predefined – it is an outcome
of the fatigue model depending on the simulated micro-
structure and the magnitude of loading. A grain cluster
can be either a single grain, or a number of grains
connected with LAGBs allowing slip transmission. With
crystal orientation measurements, LAGBs can be
selected and used within the fatigue model to establish
the critical cluster size that results in crack initiation.
We show the influence of cluster size as an example with
a �0.5 dependence in agreement with other works.39

In the concept of grain clusters, GBs that allow slip
transmission lead to the formation of grain clusters and
do not nucleate cracks. This assumption is justified as
the blocking GBs (where pile-ups form) are expected
to be more damaging. However, it should be pointed
out that in some cases, slip transmission will leave a
residual dislocation in the GB plane. The magnitude
of the residual Burgers vector (br) due to slip
transmission has a predominant effect on the GB
resistance against slip transmission40 and consequently
on the strain magnitudes across the GB.36 It is also
expected that this would have an influence on the
propensity to nucleate cracks in the vicinity of the
transmitting GBs. In fact, some researchers have
utilized some of these concepts in proposing crack
initiation parameters.11,41 In Hastelloy X, we observe
some cases of fatigue cracks near transmitting GBs.
For example, the SEM micrograph shown in Fig. F1111a
shows a grain with slip traces clearly penetrating a
TB and transmitting into the twin. This reaction can
result in a residual Burgers vector (see schematic in
Fig. 11b) that might have played a role in the initiation
of the micro crack also shown in the image of Fig. 11a.
Establishing estimates of the residual Burgers vector
due to slip transmission has been demonstrated in
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Ref. 36 using DIC. Further experimental work in
fatigue that combines high resolution strain measure-
ments, crystal orientation measurements and analysis
of br and the associated strains across the interface,
for the GBs that nucleate cracks, can help us better
understand some the pertinent issues regarding fatigue
crack initiation. Particularly, the importance of the
residual Burgers vector can be ascertained. In addition,
an improved definition of a grain cluster that considers
not only the well-known condition of LAGB but also
accounts for the other contributing factors that control
the transmission of slip through interfaces should be
evaluated.

In the results reported in Fig. 4, we provide an
example of high resolution strain measurements in GB
regions and demonstrate how these results, when
combined with crystal orientation measurements, can be
utilized to distinguish between two possible reactions,
blockage and slip transmission. The difference between
these reactions, as well as between cases of transmission
with dissimilar magnitudes of br, influences the resulting
residual strain field that we measure using DIC.36

Traditionally, these types of reactions have been studied
using higher resolution experimental techniques such as
the TEM40,42,43 and more recently through atomistic
simulation.30,44,45 Although more details can be obtained
with the TEM and atomistic simulations, the number of
GBs that can be practically investigated is limited.
Utilizing DIC and EBSD allows the consideration of a
substantial region consisting of 100 grains. Therefore,
conclusions that are statistically sound can be drawn.
This advantage becomes even more important when the

focus is on crack initiation. Experimental measurements
over a large region give a better chance to capture the
critical GBs that nucleate cracks. Consequently, the
correlation between some of important aspects, that is,
blocking, transmission, magnitude of br, strain levels in
the vicinity of GBs and crack initiation in fatigue can be
investigated. The techniques and analysis methodologies
described in the current paper provide the required
foundation for such an effort.

Despite the advantages of DIC and EBSD as
employed in this work, the measurements are restricted
to the surface of the sample. No direct insight into the
thickness direction is possible, as in any two-dimensional,
surface measurement technique. The impact of this
limitation in fatigue is expected to be minor considering
the vast experimental evidence of fatigue cracks initiating
at the surface. Also, and related to the DIC measure-
ments, the strains normal to the surface of the specimen
(i.e. ezz in the z direction) were not directly measured,
although they can be estimated by assuming plastic
incompressibility (see Ref. 36 for example). One can argue
that this component is important as it may relate to the
formation of extrusion/intrusions on the sample’s
surface. Atomic force microscopy has been typically used
to measure the height profile of such features in
fatigue.46–49 Incorporation of both measurement techni-
ques (surface strains from DIC and atomic force
microscopy measurements of extrusions) can be particularly
useful. For example, the correlation between the well-know
damage initiation sites in fatigue (i.e. extrusions) and surface
strain measurements using DIC can provide quantitative
insight into the critical conditions (i.e. local strain

Fig. 11 (a) Scanning electron microscope micrograph showing microcracks in the vicinity of slip bands–grain boundaries interaction regions.
Continuous slip traces across the twin boundary indicate possible slip transmission across the interface. (b) Schematic of slip transmission
through a grain boundary, where b1 and b2 are the Burgers vector of the incident and transmitted dislocations across the grain boundary (GB)
plane, and br is the residual dislocation left in the GB plane due to slip transmission.
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magnitudes and extrusion height) resulting in the formation
of cracks. These aspects should be the subject of
future investigations.

CONCLUS IONS

In this work, a recently developed crack initiation
fatigue model and novel high resolution experimental
measurements were used to investigate the scatter in
fatigue life for the nickel-based superalloy, Hastelloy X.
The major contributions and outcomes of this study are
summarized as follows:

• The work provided experimental evidence of strain
accumulation at GBs in Hastelloy X. High strains
across GBs were associated with slip transmission
(which leads to the formation of grain clusters), and
the formation of pile-ups impinging on GBs was
correlated with cases were high strains were observed
on one side of the interface only.

• The fatigue model used6,27,28 can predict the
experimentally observed scatter in fatigue life relying
only on the microstructural variations established
through simulated microstructures (on the basis
of EBSD measurements but with grains
rearranged spatially).

• The variation in fatigue life was linked to a grain
cluster size, Lcs, defined as a series of grains bounded
by GBs unfavourable for slip transmission. Experimen-
tal observation from DIC showed evidence of strain
localization in grain clusters that supports the
modelling approach. The critical grain cluster size Lcs
is an outcome of the model used and provides a
possible means for the statistical ‘upscaling’ of the
microstructurally based life predictions to a
macroscale model.

• Evolution of the local plastic strains in the vicinity of
GBs under fatigue loading was demonstrated using
the full field measurement techniques at the grain
level. Local ratcheting at the crystal level was observed
with relatively constant nominal average strain.
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APPENDIX

As stated earlier, the initiation model is based on
the stability of the persistent slip band. The energy
terms include contributions from mesoscale factors
as well as atomistic interactions. In Table T11, the
terms are classified into these two main categories.
The continuum terms incorporate the Schmid
factors because the orientation of each grain (hence
the 12 slip systems) are all defined based on EBSD.
The basis for the molecular dynamics calculations
for transmission, nucleation at the grain boundaries
and energy barriers for glide has been described in
Ref. 50. We demonstrate (via schematics) only the
cases for interaction with Σ3 boundaries in Table 1.
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The fatigue model used in this study was originally
developed for another nickel-based superalloy that is
Udimet 720.6,27,28 To use this model for a different
material particularly for Hastelloy X in this study,
related experimental data are required (tabulated in
TableT2 2). These experimental data are evolution of
stress range (Δs), PSB width (h), dislocation density
(r) and number of dislocations penetrating the GB
(npendis ) with number of cycles. The Δs plays a role in
the energy of the stress field due to the applied forces
(Eapp) and has different evolution for different
applied strain ranges. One of them for 1% is shown

in Fig. 7b. Stress range exhibits hardening up 100 cycles
than softens with a very small slope compared with the
hardening before crack initiation. A curve is fitted to
the experimental data for the hardening range, and
then it is assumed that it is constant at the highest value
for the remaining cycles. Evolution of h is used to
determine the evolution of number of dislocation layers
in the PSB. Each dislocation layer has a contribution to
the continuum energy terms. Evolution of dislocation
density, r and evolution of extrusion height Y are
obtained via curve fitting from the studies of Huang
et al.51 and Risbet et al.,49 respectively.

Table 1 Model details

Model details Purpose

Continuum terms in Eq. (1) Account for the internal stress field �tð Þ that
dislocations must overcome to deform the
material by increment @ X

Et ¼ �t b
!
Lnlayers@X

�t ¼ tdis � th � tA

nlayers ¼ h= b
!

• The stress field created by
dislocation dipoles within the PSB (tdis)

• Hardening within the PSB due to
dislocation interaction (th)
• The applied shear stress (tA)

Atomistic terms in Eq. (1) Dislocation nucleation from GB

• GB act as a source for dislocations
• Dislocations agglomerate in the PSB
• Different GBs types have different
energy barriers for dislocation nucleation

Dislocation–GB interaction to form extrusions

• Dislocations glide and interact with GB
• Dislocations penetrating the GB results
in the formation of extrusions
• Different GBs types have different energy
barriers for dislocation to penetrate the GB

Dislocations shearing the lattice

• Accounts for the energy barrier for
dislocations to shear the lattice
(dislocation glide) and form PSBs
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 Click on the Strikethrough (Del) icon in the 
Annotations section. 

 

 

3. Add note to text Tool – for highlighting a section 
to be changed to bold or italic. 

 

Highlights text in yellow and opens up a text 
box where comments can be entered. 

How to use it 

 Highlight the relevant section of text. 

 Click on the Add note to text icon in the 
Annotations section. 

 Type instruction on what should be changed 
regarding the text into the yellow box that 
appears. 

4. Add sticky note Tool – for making notes at 
specific points in the text. 

 

Marks a point in the proof where a comment 
needs to be highlighted. 

How to use it 

 Click on the Add sticky note icon in the 
Annotations section. 

 Click at the point in the proof where the comment 
should be inserted. 

 Type the comment into the yellow box that 
appears. 
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For further information on how to annotate proofs, click on the Help menu to reveal a list of further options: 

5. Attach File Tool – for inserting large amounts of 
text or replacement figures. 

 

Inserts an icon linking to the attached file in the 
appropriate pace in the text. 

How to use it 

 Click on the Attach File icon in the Annotations 
section. 

 Click on the proof to where you’d like the attached 
file to be linked. 

 Select the file to be attached from your computer 
or network. 

 Select the colour and type of icon that will appear 
in the proof. Click OK. 

6. Add stamp Tool – for approving a proof if no 
corrections are required. 

 

Inserts a selected stamp onto an appropriate 
place in the proof. 

How to use it 

 Click on the Add stamp icon in the Annotations 
section. 

 Select the stamp you want to use. (The Approved 
stamp is usually available directly in the menu that 
appears). 

 Click on the proof where you’d like the stamp to 
appear. (Where a proof is to be approved as it is, 
this would normally be on the first page). 

7. Drawing Markups Tools – for drawing shapes, lines and freeform 
annotations on proofs and commenting on these marks. 

Allows shapes, lines and freeform annotations to be drawn on proofs and for 
comment to be made on these marks.. 

How to use it 

 Click on one of the shapes in the Drawing 
Markups section. 

 Click on the proof at the relevant point and 
draw the selected shape with the cursor. 

 To add a comment to the drawn shape, 
move the cursor over the shape until an 
arrowhead appears. 

 Double click on the shape and type any 
text in the red box that appears. 




