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a b s t r a c t

A grain-level fatigue crack nucleation criterion for cold dwell in Ti-6242 alloy is developed in this paper
using a rate and size dependent anisotropic elasto-crystal plasticity constitutive model, and validated
with experiments. Early crack initiation in Ti-6242 under cold dwell fatigue has been identified to be
caused by stress concentrations in a hard grain, induced by load shedding from creep in adjacent soft
grains. Accurate prediction of local stress and strain evolution during loading requires a robust represen-
tation of morphological and crystallographic features of the microstructure. These are accounted for in
the FE model in a statistically equivalent sense. The proposed crack nucleation model is based on the
observed similarities between crack evolution at the tip of a crack and a dislocation pileup. The nucle-
ation model is calibrated and validated using data available from acoustic microscopy though real time
monitoring of crack evolution in dwell fatigue experiments.

� 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Many of the widely used fatigue lifing techniques, such as the
stress or strain life approaches are empirical and macroscopic in
nature [1]. Most of them are phenomenological and do not account
for the material microstructure or the interacting mechanisms at
the microstructure level. As a result, many of them fail to predict
crack initiation as well as the observed variation in fatigue lives
with microstructure with precision [2]. A microstructure level
crack nucleation model, motivated from the understanding of the
microstructural mechanisms and their interactions, is necessary
to develop robust predictive capability. With this motivation, this
work attempts to develop a microstructural crack initiation crite-
rion for the polycrystalline titanium alloy Ti-6242 under cyclic cold
dwell loading conditions. Ti-6242 alloy, consisting of a-b phases, is
widely used in aircraft engine components due to its desirable
mechanical and structural properties. However, its premature fail-
ure under dwell loading has drawn significant research attention
[3,4]. The dwell sensitivity of Ti-6242 has been attributed to local
creep effects that occur during the hold period of dwell loading
in [5].

Experimental studies using fractography and orientation imag-
ing microscopy (OIM) images at failure sites have shown that the

failure site is faceted with no ductility in [6–8]. However a large
amount of slip accumulation is observed around the failure site.
These observations infer the occurrence of the time dependent
stress redistribution between neighboring grains of different
strengths. Time dependent load shedding, due to plastic strain
accumulation in the neighboring soft grains, causes evolving stress
concentration in a hard grain with higher slip system resistance.
This load shedding behavior has been postulated to be responsible
for crack initiation in Ti-6242 under dwell fatigue in [3,8]. Cyclic
plasticity and fatigue failure in Ti alloys have been investigated
at the microstructural level using computational crystal plasticity
models in [9,10].

For computational modeling of the load shedding phenomenon,
a rate and size dependent anisotropic elasto-crystal plasticity con-
stitutive model that has been developed and experimentally vali-
dated in [11–14] is employed. The model does not account for
diffusion-mediated mechanisms such as dislocation climb, since
cold creep phenomenon occurs at temperatures lower than that
at which diffusion-mediated deformation is expected (room tem-
perature is about 15% of the homologous temperature for tita-
nium). TEM studies [15] have shown that deformation actually
proceeds via dislocation glide, where the dislocations are inhomo-
geneously distributed into planar arrays. In addition, twinning is
not considered in this model, as it has been experimentally ob-
served in [16] that twinning occurs in Ti alloys only with low Al
content. As the Al content in Ti-6242 is �6.01%, no twinning is ex-
pected and plastic deformation is found to occur only due to slip
accumulation in slip systems. Details of the model have been given
[12,14]. For accurate capture of the complex local stress and strain
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evolutions during load shedding, critical microstructural features
such as grain sizes and shapes and grain orientations are accounted
for in the FE model in a statistically equivalent sense. Extensive
techniques for generating 3D statistically equivalent FE models
from 2D orientation images of FIB generated sections of a polycrys-
talline microstructure have been developed in [17,18]. In addition,
a method of projecting 2D morphological and crystallographic data
to statistically equivalent 3D microstructural images using weights
that are derived from stereological projections of 2D statistical dis-
tribution functions has been developed in [19]. This method is used
in this work to create 3D representative microstructures for
simulation.

The crack nucleation model is based on evolving stresses in a
grain, associated with dislocation pileups in neighboring grains.
It is conceived from some of the dislocation pileup based nucle-
ation models, proposed in the literature e.g. [20]. The model is cal-
ibrated using results and observations from crystal plasticity FE
simulations of a variety of dwell fatigue experiments. The func-
tional form of the crack nucleation due to load shedding is moti-
vated from the equivalence between crack nucleation ahead of a
dislocation pileup and crack evolution at a pre-existing crack tip.
The nucleation criterion at a point in a grain depends on an effec-
tive stress measure on a slip system, as well as a length scale cor-
responding to the dislocation pileup in the neighboring grains.
Using definitions of statistically stored and geometrically neces-
sary dislocations [21], this length scale is shown to be a known
function of the equivalent plastic strain and its gradient. Material
constants analogous to fracture toughness are calibrated using
dwell fatigue simulation data at critical failure sites. The simula-
tion results are compared with experimental data from acoustic
microscopy of crack monitoring in [4] for validation. Accurate
predictive capabilities of the resulting model, in terms of num-
ber of cycles for crack initiation and also the location of crack ini-
tiation are demonstrated through a number of experimental
validations.

2. Load shedding phenomenon in polycrystalline Ti-6242

2.1. Experimental observations

2.1.1. Crack initiation site under dwell loading conditions
Extensive experimental studies on the relation between crack

evolution and crystallographic orientations in samples of Ti-6242
have been conducted in [6] using quantitative tilt fractography
and Electron Back Scattered Diffraction (EBSD) techniques in
SEM. Fig. 1 shows a fractograph of a small region of crack initiation
site for a failed Ti-6242 sample in dwell fatigue. The failure site is
found to consist of facets that form on the basal plane of the pri-
mary a grains (hcp). They predominantly lie on a plane perpendic-
ular to the principal tensile loading direction [6–8]. It has been
observed in [22] that the angle between the loading axis and the
‘c’-axis, i.e. the ‘c’-axis orientation (hc) of the grains at the failure
site is quite small (�0–30�). Furthermore, the failure site shows a
low prism activity with Schmid factor (SF) �0–0.1 and a moderate
basal activity with a SF �0.3–0.45. However, the region surround-
ing the failure site has a high prismatic and basal activity with a SF
�0.5. Thus, it may be inferred that while crack initiation occurs in a
region that is unfavorably oriented for slip, it is surrounded by
grains that are favorably oriented for slip. In other words, crack ini-
tiates in a hard-orientation grain surrounded by soft-orientation
grains. The observations suggest time dependent accumulation of
stress in hard oriented grains due to load shedding with increasing
plastic deformation in the surrounding soft grains, which is
responsible for crack initiation in alloys like Ti-6242 under creep
and dwell loading.

2.1.2. Crack detection and monitoring in mechanical tests on Ti-6242
Ultrasonic techniques, such as in situ surface acoustic wave

techniques have been developed for monitoring the subsurface
phenomenon of crack initiation [3,4], which have been applied to
high micro-texture a/b forged Ti-6242 samples in [4,23] for dwell
fatigue and creep experiments. The experiments monitored crack
initiation and growth in real time, thus making estimation of the
time for crack initiation possible. Three dwell fatigue experiments
from this set are considered as references in the present study. The
microstructures of the samples in the three experiments are la-
beled as MS1, MS2 and MS3.

Each trapezoidal dwell cycle in the dwell tests has a maximum
applied traction (load) of 869 MPa at a hold time of 2 min, and a
loading/unloading time of 1 s. The value of maximum applied load
corresponds to 95% of the macroscopic yield stress of the material
[4]. The stress ratio, measured as the ratio of the minimum to max-
imum load, is zero. In [4,23] crack growth in samples MS2 and
MS3 is monitored through micro-radiographic images taken by
interrupting the experiment every 15 cycles. An ultrasonic modu-
lation technique, which can enhance the strength of the crack gen-
erated ultrasonic signal, has been implemented for better crack
detection. It involves application of a small modulation load for
5–10 s at the maximum, minimum and average loads during the
loading and unloading part. The small magnitude of the modula-
tion load is not expected to affect the dwell fatigue response of
the samples [4]. Fig. 2 is a sample plot of the observed crack length
as a function of the number of cycles for a secondary crack in the
MS2 sample. This crack is of length 125 lm at 625 cycles, while at
663 cycles, it is of length 470 lm. Extrapolating backwards to zero
length as shown in Fig. 2, the number of cycles to crack initiation
for this crack is estimated to be approximately 530. Similarly, the
number of cycles to crack initiation is determined for all cracks in
MS2 and MS3. The crack initiation cycles extrapolated from the
plots for the primary cracks, i.e. the crack grew to cause final
failure, are given in the Table 1. It can be seen that the primary
crack initiated at 83% life (550 cycles) for the MS2 sample, while
it initiated at 85% life (380 cycles) for the MS3 sample. The results
in [4] generally suggest that primary crack initiation in dwell
fatigue occurs in the range 80–90% of total number of cycles to
failure.

Fig. 1. Fractograph of a faceted initiation site for a failed Ti-6242 dwell fatigue
sample [7].
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2.2. Finite element modeling of the load shedding phenomenon

2.2.1. The crystal plasticity based FE model
Ti-6242 is a biphasic polycrystalline alloy with a highly aniso-

tropic microstructure with colonies of transformed b phase in a
matrix of primary a grains. The alloy considered in this study con-
sists of 70% primary a and 30% transformed b grains. The primary a
phase consists of equi-axed grains with an hcp structure whereas
the transformed b colonies have alternating a (hcp) and b (bcc)
laths. To incorporate the effect of various microstructural parame-
ters, a size and time dependent large strain crystal plasticity based
finite element model has been systematically developed in [12–
14,24]. The model incorporates a rate dependent anisotropic elas-
to-crystal plasticity constitutive model for the different phases in
this material. Tension–compression asymmetry is accounted for
in the slip system variables and a homogenized model of the
a + b phase colony regions in the Ti-6242 microstructure has been
developed. To account for size effect, a Hall-Petch type relation for
size dependent initial deformation resistance with various charac-
teristic length scales, depending on the slip direction, is incorpo-
rated in the model [14,24]. Material properties for each of the
constituent phases and slip systems in the crystal plasticity model
and the parameters in the size effect relationship are calibrated
and provided in [12–14,24].

2.2.2. Image based statistical representation of actual microstructures
The importance of representing critical morphological and crys-

tallographic features of the polycrystalline microstructures in the

accurate predictions of stress and strain localization and crack ini-
tiation has been emphasized in [14,19,24]. In the recent years,
there have been significant advances in reconstruction and simula-
tion of 3D polycrystalline microstructures based on information
obtained from a dual beam Focused Ion Beam-Scanning Electron
Microscope system (FIB-SEM). This system is able to acquire 3D
orientation or electron backscatter diffraction (EBSD) data from a
series of material cross-sections. This information has been suc-
cessfully used in [17] for automatic segmentation of individual
grains from the image and subsequently translated into a 3D mesh
for FEA. Through a multitude of data sets, the distributions of
microstructural parameters can be captured and accurately repre-
sented in the form of 3D microstructure reconstruction [18]. Com-
putational tools have recently been developed in [19] to create 3D
synthetic microstructures that yield 2D projected distributions,
which are statistically equivalent to measured 2D OIM distribu-
tions of certain microstructural features. These microstructures
are built by projecting 2D morphological and crystallographic data
in the third dimension using weights derived from stereological
projections of 2D statistical distribution functions. The synthetic
microstructure generation method in [19] is used in this work to
construct statistically equivalent finite element models to aid in
the development of a microstructural crack initiation model.

The microstructures are created from observations of two spe-
cific sites in the material samples, viz. (i) a critical region, in the
vicinity of a dwell fatigue failure, and (ii) a non-critical region,
away from it. The first sample considered is MS1. Two orientation

Fig. 2. Crack length as a function of number of cycles for a secondary crack in the
microstructure MS2.

Table 1
Primary crack initiation data in dwell fatigue experiments on Ti-6242 by ultrasonic
monitoring

Microstructure
label

Test type Sample
life

Time to primary crack
initiation (from
ultrasonic monitoring)

% Life at
primary
crack
initiation

MS1 2-Min dwell
load

352
cycles

– –

MS2 2-Min dwell
load (with
modulation)

663
cycles

550 cycles 83

MS3 2-Min dwell
load (with
modulation)

447
cycles

380 cycles 85

Fig. 3. OIM scans of (a) the critical primary crack initiation site and (b) a non-
critical region away from crack in the MS1 microstructure.
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imaging microscopy or OIM scans are performed on this sample;
the first on a small critical region surrounding the primary crack
tip as shown in Fig. 3a, while the second on a non-critical region
away from the crack as shown in Fig. 3b. Two FE models of statis-
tically equivalent simulated microstructures at the critical and
non-critical regions are developed for analysis. In the development
of the crack initiation model, it is expected that the initiation crite-
rion will be met at some location in the critical FE model, but will
not be satisfied in the non-critical FE model. These models are vital
to test the sensitivity of the criterion to microstructural conditions.

The following steps are performed for the construction of 3D
microstructures from 2D OIM scans at the critical and non-critical
sites. As discussed in [18,19], statistical distribution functions of
various microstructural parameters in the 2D OIM scan are gener-
ated and subsequently projected in the third dimension for creat-
ing the 3D statistics. The assumptions and process implemented
to extract 3D statistics from the 2D distributions of morphological
and crystallographic features are briefly outlined in this section
and are described in [19].

(i) Distribution functions of grain size and shape: Characterization
of the 2D OIM scan involves measuring the aspect ratio, area
and principal axes orientation of ellipses that are fit to grains
in the scan. To determine the 3D size and shape distributions
of the grains in the microstructure, an assumption made
here is that grain sections in the 2D OIM scans have a similar
size and shape correlation to their parent 3D structures, as
elliptical sections through ellipsoidal 3D grains have to each
other. A large number of ellipsoids of various sizes and

shapes are randomly sectioned and the resulting elliptical
sections are recorded. Probabilistic weighting functions are
created for the grain reconstruction process. The 3D ellipsoid
that produces an elliptical section closest in shape and size
to a 2D OIM grain scan is assumed to have a high probability
in representing the corresponding 3D grain. An assumption
is also needed for the orientation distribution of the ellip-
soids relative to the sectioning plane of the OIM scan. In
[19], three orthogonal sections have been taken to help
determine this distribution. However, in this work, only
one section of the surface scan is available, and the orienta-
tion distribution of the ellipsoids is assumed to be random.
After the determination of the 3D size and shape distribu-
tions, a constrained Voronoi tessellation is executed for gen-
erating the grain shapes, with initial seed points at the
centroid of the ellipsoids as discussed in [18,19]. Fig. 4a
shows the distribution of 2D grain size observed in the scan,
while the histogram of the reconstructed 3D grain size dis-
tribution is shown in Fig. 4b. The observed mismatch
between 2D and 3D distributions is attributed to the fact
that only one 2D section is used to construct the 3D model.
Many of the grain sections in the OIM are not through the
‘‘center” of the grains and thus may appear smaller than
the true grain size. This explains the shift of the mean of
the 3D grain size distribution to the right in comparison with
the 2D distribution.

(ii) Distribution of number of neighbors: The reconstructed 3D
grains are placed in a representative cubic volume with a
constraint that each grain has appropriate number of neigh-
bors, as determined by 3D projection of the 2D OIM scan,

Fig. 4. Grain size distributions (a) from OIM scan of critical region of MS1 and (b) in
the critical FE model.

Fig. 5. Micro-texture distributions (a) from OIM scan of critical region (b) in the
critical FE model of MS1.
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discussed in [19]. In the 2D OIM scan, grains have 3 to 12
neighbors depending on their size, while corresponding
grains in the 3D representation have 8 to 25 neighbors.
The representative cube for the MS1 microstructure has
dimensions 65 lm � 65 lm � 65 lm and consists of 949
grains.

(iii) Distribution of crystallographic orientations: The crystallo-
graphic orientation assignment to the grains in the cubic
volume is executed by 3 major steps delineated as (a) Orien-
tation probability assignment method (OPAM); (b) Misori-
entation probability assignment method (MPAM) and (c)
Micro-texture probability assignment method (MTPAM).
These are described in detail in [12,18]. Fig. 5 shows the
micro-texture distribution in the 2D scan and in the 3D
model, with satisfactory agreement.

The reconstructed 3D model has distributions of orientation,
misorientation, micro-texture, grain size and number of neighbors
that are statistically equivalent to those observed experimentally
from the OIM scan. The model is subsequently discretized into a fi-
nite element mesh of 78,540 tetrahedron elements. The present 3D
FE model is considered to be fairly representative of the micro-
structural characteristics in the critical and non-critical regions.

2.2.3. Mesh convergence study
Since local variables in the finite element simulations are piv-

otal to the development of the crack nucleation criterion, a sensi-
tivity study of the local variables with respect to mesh density is
done prior to the dwell fatigue analysis. The MS1 microstructure
is used for this study with two different mesh densities. Both FE
models have the same number of grains i.e. 949 and the same ori-
entation, misorientation, micro-texture and grain size distribu-
tions. The first model consists of 78,540 elements while the
second has 116,040 elements, which is approximately 150% higher
in mesh density. A creep simulation is performed for both these
models for 1000 s at an applied load of 869 MPa in the y-direction.
The local stress component in the loading direction and the local
plastic strain at the end of 1000 s are compared for various sections
in the FE models. The stresses are found to be in good agreement

for the two models. Plots comparing the distribution of these vari-
ables along a section parallel to the x-axis, in Figs. 7a and b show
excellent agreement between the two models. Results along other
sections also confirm this agreement. These results indicate that
the 78,540-element mesh is a converged mesh for the loading con-
sidered, and is henceforth used in this study for the development of
the crack initiation criterion.

2.2.4. Load shedding simulation in polycrystalline Ti-6242
For a heuristic understanding of the effect of microstructure on

the grain-to-grain load shedding behavior, a dwell fatigue FE sim-
ulation is performed for the microstructure of sample MS1, ex-
tracted from the critical region. The simulation is run for 352
cycles, which corresponds to the number of cycles to failure for
the experiment. Each dwell cycle in the applied dwell loading
has a maximum applied traction (load) of 869 MPa at a hold time
of 2 min, and a loading/unloading time of 1 s. Simulation is con-
ducted with the polycrystalline FE model shown in Fig. 6, where
the time dependent dwell loading is applied in the form of a
uniform tensile load on the Y = 65 lm face of the model in the
Y-direction.

Results of the simulations are shown in Fig. 8a and compared
with morphological variations in Fig. 8b. Fig. 8a plots the local
stress r22 after 1 cycle and 300 cycles respectively, along a section
A–A in Fig. 6, which passes through a hard–soft grain combination
as shown in the prominent SF plot of Fig. 8b. In Fig. 8a, there is a
stress peak at point X and stress valley at point Y. The stress peak
at X at 300 cycles is considerably higher than that at 1 cycle, and
much higher than the applied stress. The peak stress rises with
time while the valley drops with time as a result of load shedding
caused by plastic strain in the neighborhood of X. The prismatic SF
is seen to be the prominent SF for this section as shown in Fig. 8b.
Points X and Y, where maximum variation in stress profile is seen,
have only a moderate basal SF (�0.3–0.4). The point X has a low SF
(�0.11) while the neighboring point Y has a high SF (�0.49). This
high mismatch in SF causes load shedding from grain at point Y
onto the grain at point X. These observations are consistent with
the results of simulations in [11–14,24], where a high stress
concentration is induced in the hard oriented grain due to time

Fig. 6. FE model for polycrystalline Ti-6242, which is statistically equivalent to the OIM scan of the critical region of microstructure MS1. Also shown is the contour of ‘c’-axis
orientation distribution (radians).
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dependent plastic strain accumulation in the neighboring soft ori-
ented grain. This analysis demonstrates the importance of load
shedding induced stress concentrations in a hard grain on the
development of a criterion for crack initiation at the level of a grain.

3. Crack nucleation criterion based on local variables in fem
solution

The term nucleation has been used in the literature to depict
different phenomena and the main difference arises from the
length scale under consideration [1]. The present work proposes
criterion for grain-level crack nucleation at the length scale of indi-
vidual grains. The criterion is proposed in terms of variables that
are calculated using the crystal plasticity based computational
model at the slip system level. However, the proposed criterion
does take into account dislocation distributions that occur due to
the impedance in their transfer from soft grains to hard grains.

3.1. A few relevant models of crack nucleation in the literature

Crack nucleation in metallic grains has been modeled analyti-
cally by a few researchers using dislocation theory. The crack initi-

ation mechanism using a dislocation pile up model at the grain
boundary of a crystalline solid has been explained by Stroh [25].
Assuming that the local stress concentration at the tip of the dislo-
cation pile up is directly proportional to the number of disloca-
tions, the model proposes that a crack initiates if:

nrn P 12aG ð1Þ

where n is the number of dislocations in the pile up, rn is the stress
normal to the slip plane, G is the shear modulus and a ¼ c

bG is a
material constant in which c is the surface energy and b is the Bur-
gers vector. Only mode I crack initiation is considered in this normal
stress based model. Consideration of only the normal stresses has
been questioned in [26]. It was shown that for zinc single crystals,
the stress normal to the cleavage plane had different values at frac-
ture for different crystal orientations. While it was concluded that
the normal component of stress is not the only factor that caused
fracture, no alternative was proposed. In Ref. [8], for the dwell fati-
gue of Ti alloys it is proposed that an optimum combination of the
shear stress and the tensile normal stress leads to crack nucleation
in the hard grain. Crack nucleation by dislocation pileups was also
studied in detail in [20,27]. In [20], it was proposed that a disloca-
tion pile up leads to a mode II crack by dislocation coalescence. Dis-

Fig. 7. Distribution of local variables: (a) loading direction stress (s22) and (b) local plastic strain along a section parallel to the x-axis at the end of 1000 s for a creep
simulation on the two models of microstructure MS1 with two different mesh densities.

Fig. 8. Distribution of local variables: (a) loading direction stress (r22), (b) prominent prismatic Schmid factor along a section AA parallel to the x-axis at the end of 1 and 300
dwell cycles for a dwell fatigue simulation of the critical FE MS1 model.
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location pileup in this model is represented from equilibrium con-
sideration in a grain of size d, yielding a cleavage fracture criterion
in [27] as

rE P
2cG

pð1� mÞd

� �1=2

ð2Þ

The stress rE required to fracture a grain is inversely related to
the square root of the grain size. While the models may have differ-
ences, there is concurrence on one idea: that the crack nucleates in
the hard grain as a consequence of stress concentration caused by a
dislocation pileup in a neighboring soft grain.

Various fatigue failure models have explored the equivalence
between continuous dislocation pileups and cracks [28]. In [29],
a dislocation model has been developed for fatigue failure due to
dislocation dipoles. A factor to predict micro-crack nucleation at
grain boundaries due to accumulation of deformation twins in
c-Ti-Al alloy has been proposed in [30]. An inverse square root
relation between the local fracture stress and the length of the dis-
location pile up is shown in [31], similar to the relation between
the local fracture stress and the length of a pre-existing crack
[32]. Similarities in the stress field ahead of a dislocation pileup
and a crack have been discussed in [20,33–35]. Based on these
arguments, equivalence in the functional forms is exploited to de-
velop a grain-level crack nucleation criterion.

3.2. A critical stress criterion based on slip system stress fields

A crack nucleation criterion is first postulated with the under-
standing that a brittle crack is nucleated in the hard grain due to
stress concentration caused by dislocation pileup in the neighbor-
ing soft grain. In this criterion, micro-cracking is triggered by an
effective stress, in terms of the slip system normal and tangential
stress components, reaching a critical value. The stress component
normal to a slip plane is Tn ¼ nb

i ðrij nb
j Þ, where rij is the Cauchy

stress tensor and nb
i corresponds to components of the unit out-

ward normal to the slip plane. Only the tensile normal stress hTni
is considered, because a compressive normal stress will not con-
tribute to opening a crack. Here hi is the McCauley bracket. The
shear traction component Tt is obtained from the vector subtrac-
tion of Tn from the traction vector on the plane, i.e.
Tt tb ¼ T � Tnnb where tb is the unit vector tangent to the plane.
An effective resultant traction Teff is defined in [36], in terms of
the normal and shear stresses for mixed-mode fracture, as

Teff ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hTni2 þ bT2

t

q
ð3Þ

Here, b is a shear stress factor, which is used to assign different
weights to the normal and shear traction components for mixed-
mode cohesive laws, as discussed in [37]. It is approximately de-
fined as the ratio of the shear to normal fracture toughness of the
material, i.e. b � KIIC

KIC
. For Ti-64, b has been evaluated to be 0.7071

in [38], which is used in the present work. Sensitivity studies with
different b’s have shown that for <c + a> oriented hard grains, the
value of Teff is not sensitive to b, due to the large magnitude of Tn.
A critical stress crack nucleation criterion is thus proposed as

Teff ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hTni2 þ bT2

t

q
P Tcr ð4Þ

where Tcr is a material dependent critical stress value.

3.2.1. Test of the effective stress based criterion
Validation of the crack initiation criterion proposed in Eq. (4)

necessitates determining a critical stress Tcr that will be valid for
all regions of observed cracking. Results of crystal plasticity FEM
simulations for dwell loading conditions for the critical regions in
the micrograph are used for this purpose. While complete failure
occurs in the MS1 sample at 352 cycles, the growth pattern has

not been recorded ultrasonically. From observations made for the
MS2 and MS3 samples, two probable crack initiation times are con-
sidered, viz. (i) 80% of complete failure i.e. 282 cycles, or (ii) 85% of
complete failure i.e. 300 cycles. Correspondingly, the crack nucle-
ation criterion in Eq. (4) is expected to be met in the critical FE
model at the same number of cycles. Results of the computational
model are analyzed at the end of 282 and 300 dwell cycles respec-
tively with respect to the location and time of crack initiation.
These are discussed next.

(a) Location of crack initiation: At the end of 282 and 300 cycles,
Teff in Eq. (4) is calculated on each slip plane at each integra-
tion point of every element in the grains. The five grains with
the highest values of Teff at element integration points are
subsequently analyzed. The same five grains are found to
have the maximum value of Teff for both the loading times.
The highest values of Teff are found on the basal plane, when
compared with all the other slip planes. This result agrees
with the experimental observation of near basal orientation
of the fracture facets. Table 2 delineates the microstructural
features of these top five grains; viz. the ‘c’-axis orientation,
prismatic SF and basal SF. Each of these grains has a ‘c’-axis
orientation in the range 0–30�, a prismatic SF in the range
0–0.15 and a basal SF in the range 0.3–0.45. This is in good
agreement with the observed features of the failure sites in
[22], as discussed in Section 2.1.1. The agreement with
experiments qualitatively validates the predictive capability
of the criterion, in terms of the location of crack initiation.

(b) Number of cycles to crack initiation: The grain labeled X in Fig.
8a has the highest value of Teff in comparison with all other
grains. The corresponding SF is shown in Fig. 8b. The maxi-
mum value at 282 cycles is Tmax

eff ¼ 1718 MPa; while at 300
cycles it is Tmax

eff ¼ 1720 MPa, an increase by only 0.1%. The
evolution of Tmax

eff with number of cycles is depicted in Fig.
9. Although Tmax

eff monotonically increases with dwell cycles,
the rate of change per cycle is very low at higher cycles
(increases only by 3.7% in the last 250 cycles). A similar
trend of evolution of local stress components has been
reported in [12,13]. Since the right hand side of Eq. (4), i.e.
Tcr is a constant, this means that even a small variation in
Tcr might cause the predicted dwell fatigue life to vary by
hundreds of cycles. For example, a 3.5% change in Tcr from
1660 MPa to 1724 MPa will result in a 150% change in the
predicted life from 100 cycles to 352 cycles. Consequently,
an amendment of the right hand side of the critical stress
based criterion is pursued, taking into account other evolv-
ing variables in the analysis.

3.3. Crack Nucleation Criterion Accounting for Dislocation Pileup

As discussed in Section 3.1, the equivalence between crack for-
mation ahead of a crack and dislocation pileups, forms the basis of
the modification of criterion (4). The proposed framework builds

Table 2
Important microstructural variables in five grains with highest values of Teff from FE
simulations under dwell loading, at the end of 300 cycles. The model is for the critical
region in the sample MS1

Grain no Teff (MPa) hc (�) Prism SF Basal SF

1 1719.44 29.39 0.1134 0.4260
2 1609.23 32.34 0.1377 0.4164
3 1531.38 16.28 0.0393 0.2617
4 1520.48 28.36 0.1126 0.3995
5 1443.19 10.50 0.0160 0.1780
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upon the fracture criterion proposed by Griffith [39] using the
stress analysis of Irwin [40]. From the condition that catastrophic
fracture can occur when strain energy release rate is sufficient to
overcome the rate of surface energy needed for breaking of bonds
as well as energy dissipation due to plastic flow, the criterion has
been proposed as

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 þ bs2

p
P a1

ffiffiffiffiffi
Gc

a0

s
ð5Þ

Here a0 is the pre-existing crack length, Gc is the critical strain en-
ergy release rate and a1 is a material dependent parameter. r is the
normal stress and s is the shear stress acting on the plane of the
crack. A similar criterion [36] may also be derived from the stress
intensity approach, in which the material is assumed to withstand
crack tip stresses up to a critical value of the stress intensity factor
KIc, stated asffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r2 þ bs2
p

P a2
KIcffiffiffiffiffi

a0
p ð6Þ

where a2 is a geometry dependent parameter.
The crack initiation criterion due to load shedding in the hard

grain is developed in a similar vein. Dislocations pile up near the
boundary of a soft grain due to orientation mismatch with the
adjoining hard grains. The dislocation pileup acts in a similar
way as a crack that scales with the length of the pileup. Corre-
spondingly, the right hand side of Eq. (4) is modified to have an in-
verse square root dependence on the pile up length d, resulting in
the crack nucleation criterion:

Teff ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hTni2 þ bT2

t

q
P

Rcffiffiffi
d
p or equivalently ð7aÞ

R ¼ Teff �
ffiffiffi
d
p

P Rc ð7bÞ

where Rc is a parameter that depends on the material elastic prop-
erties, as well as the critical strain energy release rate Gc. Rc has
units of the stress intensity factor i.e. MPa

ffiffiffiffiffiffiffiffilm
p

. As more disloca-
tions are added to the pile up with time, the pile up length d in
the soft grain increases requiring a smaller Teff to initiate a crack.
The crystal plasticity FEM model developed in [11–14] does not
explicitly consider dislocation density as an output variable. Hence
an approximate method of estimating pile up length d from the re-
sults of the crystal plasticity FE simulations is described next.

3.3.1. Estimating the dislocation pileup length ‘d’ in the neighboring
grain

A continuous distribution function of the dislocation density
(per unit length) q(x) has been derived as a function of the distance
x from the dislocation barrier in [41,42] as

qlðxÞ ¼ 2s
Gb

ffiffiffiffiffiffiffiffiffiffiffi
d� x

x

r
) d ¼ ½qlðxÞ�2G2b2

4s2 þ 1

 !
x ð8Þ

where d is the pileup length, G is the shear modulus, s is the shear
stress and b is the magnitude of the Burgers vector. If the disloca-
tion density is known at a specific location x, the pile up length
may be solved from Eq. (8). In the crystal plasticity FEM analysis,
where qlðxÞ is not an explicit variable, it can be derived from known
output variables in the post-processing phase.

The total dislocation density is assumed to be the sum of the
density of statistically stored dislocations (SSDs) and the density
of geometrically necessary dislocations (GNDs). The SSD density
per unit area, corresponding to homogenous plastic deformation,
and the GND density per unit area that accommodates plastic
strain gradients, have been expressed in [21] as

qA
SSD ¼

ffiffiffi
3
p

�eP

bl�
and qA

GND ¼
gP

b
ð9Þ

where l* denotes the material length scale which is of the order of
ð G
ryield
Þ2b from [43]. In this work, l* is taken to be 5 lm from [44].

The equivalent plastic strain and a measure of the effective plastic
strain gradient are defined in terms of the plastic part of the defor-
mation gradient tensor FP, which is available from the FEM output
data, as

�ep ¼ 2
3

1
2
ðFpT

Fp � IÞ
� �T 1

2
ðFpT

Fp � IÞ
� � !1

2

; gp

¼ 1
det FP FP :ðr � FPÞ :

1
det FP FP:ðr � FPÞ

� �1
2

ð10Þ

The curl of the plastic deformation gradient, expressed as
r� Fp ¼ eirs

oFp
js

oxr
with eirs being the permutation symbol, is a third

order tensor with 27 components. The curl of the plastic deforma-
tion gradient, expressed as r� Fp ¼ eirs

oFp
js

oxr
with eirs being the per-

mutation symbol, is a third order tensor with 27 components.
Numerically, each component of

oFp
ij

oxr
may be calculated using a

weighted difference formula involving surrounding points as

oFp
ij

oxr
¼

Pn
m¼1

1
rm

ðFp
ij
Þk�ðF

p
ij
Þm

ðxrÞk�ðxrÞm

� �
Pn

m¼1

1
rm

ð11Þ

where ‘n’ is the number of points that lie within a sphere of as-
sumed radius (5 lm) from the ‘kth’ point at which

oFp
ij

oxr
is being eval-

uated. The weighting function is taken as the inverse of rm, which is
the distance between the ‘kth’ point and the surrounding ‘mth’
point.

Since, FP is a state variable in the crystal plasticity simulations,
�eP and gP in Eq. (9) can be determined at integration points and
consequently the total dislocation density per unit area qA(x) can
be determined as

qAðxÞ ¼ qA
SSDðxÞ þ qA

GND ð12Þ

The dislocation density distribution function per unit length
ql(x) is based of single slip activity while the total dislocation den-
sity per unit area qA(x) is a cumulative effect of slip on multiple slip
systems. It is assumed that the dislocation pileup for qA(x) follows
the same distribution function as for single slip ql(x) in Eq. (8). The
dislocation density per unit length ql(x) in Eq. (8) is obtained from
qA(x) by multiplying with the dislocation line length. For <a> type

Fig. 9. Evolution of Teff with number of cycles, for grain at point X in the dwell
fatigue simulation of the critical MS1 FE model.
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slip in Ti-6242 the dislocation line length is found to be 250 nm in
[15]. Since the dislocation density may be the result of slip on mul-
tiple planes, no one plane is chosen for calculating x towards eval-
uating the pileup length d in Eq. (8). In consistency with the
effective dislocation density measure, x is taken as the distance
of the integration point to the nearest grain boundary. The pileup
length d is restated as

d ¼ ½ðA1e
p þ A2gpÞ2 þ 1�x where A1 ¼

ffiffiffi
3
p

G
2sl�

; A2 ¼
G
2s

ð13Þ

In the FE model, each grain is meshed with several elements
and hence each grain boundary is shared by a number of elements.
Thus, an effective dislocation pileup length �d for a given grain
boundary is computed as the weighted average of pileup lengths
di corresponding to multiple integration points in the soft grain
adjacent to a hard grain, i.e.

d ¼

Pp
i¼1

WðriÞdi

Pp
i¼1

WðriÞ
ð14Þ

where, p is the number of integration points in consideration, ri is
the distance between the point at which the criterion is being eval-
uated and the element integration point i in the soft grain and the
weighting function is given in [45] as WðrÞ ¼ 1

ð2pÞ3=2 l3
expð� r2

2l2
Þ,

which tends to zero beyond a certain distance. The parameter l
determines the size of the region that contributes to d. A numerical
sensitivity analysis is conducted to evaluate the effect of different
values of l on the value of R at different locations. It is inferred that
the value of R does not vary much for l P 5lm, which is its chosen
value.

Finally, substituting Eq. (13) and Eq. (14) in Eq. (7), yields the
modified grain-level crack nucleation criterion as

Teff ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hTni2 þ bT2

t

q
P

RcffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPp

i¼1

WðriÞ½ðA1ep
i
þA2g

p
i
Þ2þ1�xiPp

i¼1

WðriÞ

vuuuut
or equivalently ð15aÞ

R ¼ Teff �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPp
i¼1

WðriÞ½ðA1e
p
i þ A2gp

i Þ
2 þ 1�xi

Pp
i¼1

WðriÞ

vuuuuuut P Rc ð15bÞ

The left hand side of Eq. (15a) evaluates Teff at a point in
one (hard) grain, while the right hand side incorporates the plastic
strain eP and its gradient gP in an adjacent softer grain. The variable
R is checked for every element integration point near the grain
boundary in the crystal plasticity FE model in the post-processing
stage. Various parameters used in Eq. (15) are listed in Table 3. The
condition posed in Eq. (15) is non-local in that the stress
required to initiate a crack at a point in the hard grain depends
on the plastic strain and gradient of plastic strain in the neighbor-
ing soft grain.

4. Calibration and validations of the nucleation criterion

4.1. Calibration of Rc

The material parameter Rc in the right hand side of Eq. (15a) is
calibrated from the results of FE simulations of the sample micro-
structure MS1 at the critical region containing the crack, under 2-
min dwell loading conditions. The development of the statistically
equivalent FE models has been discussed in Section 2.2.2. The total
life of this sample is recorded as 352 cycles by acoustic microscopy.
Based on the observations made for the samples MS2 and MS3 in
Section 2.1.2, initiation is assumed at two alternate percentages
of the total life, viz. 80% and 85% (i.e. 282 and 300 cycles). To eval-
uate Rc corresponding to the two percentages, the variable R in Eq.
(15b) is determined at integration points that are closest to each
grain boundary for all grains at the end of 282 and 300 cycles.
The hard grain of the grain pair with maximum value of R is lo-
cated. The same grain, labeled X in Fig. 8a has the highest R for both
the times. Fig. 10a shows the continuous evolution of this maxi-
mum R with the number of cycles. From Eq. (15b), the value of R
may be equated to Rc at initiation. For the two scenarios, the

Table 3
Parameters used in the crack nucleation criterion of Eq. Eq. (15)

Material parameter Value

Shear modulus G 48 GPa
Magnitude of Burger’s vector b 0.30 nm
Material length scale l* 5 lm
Non-local length parameter l 5 lm

Fig. 10. Evolution of the local maximum R over number of cycles at a maximum
load of 869 MPa with 2-min hold time for: (a) critical FE model, (b) non-critical FE
model.
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threshold values are determined to be Rc(80) = 454.44 MPa lðmÞ
1
2

and Rcð85%Þ ¼ 459:38 MPalðmÞ
1
2 corresponding to 282 cycles and

300 cycles respectively. Other statistically equivalent realizations
of the FE model also yield threshold values that are within 1% of
the above values. Hence these are used for predicting crack initia-
tion in subsequent experiments.

4.2. Validation of the nucleation model

4.2.1. Predictions and analysis with sample MS1 at critical and non-
critical regions

The critical and non-critical regions of a local polycrystalline
microstructure are classified as those with and without dwell fati-
gue cracks, as observed in the ultrasonic analyses. Statistically rep-
resentative FE models of the OIM scanned images are generated for
these regions following the procedure described in Section 2.2.2. It
has been observed in the previous experimental and analytical
studies that hard grains surrounded by large micro-textured re-
gions of soft grains are prime candidates for load shedding induced
micro cracking. Consequently, microstructural characteristics of
the FE models at the critical and non-critical regions representing
this feature are analyzed and plotted in Fig. 11. Grains that have
low c-axis orientation hc, a low prism SF and a low to moderate ba-
sal SF are classified as ‘‘hard”, while grains with a basal or prism SF
higher than 0.48 are classified as ‘‘soft”. The figures are histograms
of the distribution of the volume fraction of soft grains in the
neighborhood of every hard grain in the two microstructures. Fig.
11a shows that the critical model has two hard grains with 70% soft
surrounding, three hard grains each with 50% and 60% soft sur-
rounding while all other hard grains with less than 50% soft sur-

rounding. In contrast, Fig. 11b shows that the non-critical model
has no hard grain with more than 50% soft surrounding. These sta-
tistics indicate that the critical model has more locations that are
more prone to occurrence of load shedding as compared to the
non-critical model.

FE simulation of the non-critical microstructural model is con-
ducted under 2-min. dwell loading conditions and the value of R
is evaluated near all grain boundaries throughout the simulation.
Fig. 10b plots the evolution of the maximum R vs. the cycles. The
maximum R reached at the end of 352 cycles is only 421
MPa

ffiffiffiffiffiffiffiffilm
p

, which is less than both the threshold values of Rc Con-
sequently, the criterion does not predict a crack initiation in this
non-critical model, which matches the experimental observation.
Thus, if a model has higher number of hard–soft grain combina-
tions, then the criterion will predict a lower life.

4.2.2. Predictions and analysis with samples MS2 and MS3 at critical
regions

For the MS2 microstructure at a critical region, the FE model is
generated to be statistically equivalent to an OIM scan surrounding

Fig. 11. Distributions of hard grains and fraction of soft neighborhood for (a) critical
FE model, (b) non-critical FE model.

Fig. 12. Evolution of the maximum R over number of cycles for the FE models of
microstructures (a) MS2, (b) MS3.

Table 4
Comparison of predicted cycles to crack initiation with experimentally observed life

Microstructure
label

Time to crack
initiation
(experiment)

Time to crack
initiation (predicted)

% Relative error

Calibrated
at 80% life

Calibrated
at 85% life

Calibrated
at 80% life

Calibrated
at 85% life

MS2 530 cycles 502
cycles

523
cycles

5.28 1.32

MS3 380 cycles 347
cycles

352
cycles

8.68 7.37
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a secondary crack, for which the crack initiation time is shown in
Fig. 2 as 530 cycles. The simulation under dwell loading with mod-
ulation is performed for 663 cycles. Fig. 12a shows the evolution of

the maximum R with cycles. The number of cycles to initiation
Nc(80) and Nc(85) are evaluated from where the curve meets the
threshold values Rc(80) and Rc(85). The cycles to initiation are found

Fig. 14. Contour plots showing the distribution of (a) ‘c’-axis orientation (degrees), (b) prism SF and (c) basal SF, across a cross section of the critical FE model of
microstructure MS1.

Fig. 13. Contour plots showing the distribution of (a) R, and (b) Teff across a cross section AA perpendicular to the loading direction, for the critical FE model of microstructure
MS1 at the end of 300 dwell cycles.
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to be Nc(80) = 502 and Nc(85) = 523. The difference with the experi-
mental value from Fig. 2 is 5.28% for 80% of life and only 1.32%
for 85% of life. This agreement is considered to be excellent.

Again, for the MS3 microstructure at a critical region, the FE
model is generated using statistics of the OIM scans at a failure site.
The 2-min. dwell fatigue simulation is performed for 447 cycles
and the corresponding evolution of maximum R is plotted in Fig.
12b. The cycles to initiation are found to be Nc(80) = 347 and
Nc(85) = 352.

This corresponds to a 8.68% relative error with respect to exper-
imental value for 80% life and a 7.37% relative error for 85% life. Re-
sults of predictions by the crack nucleation criterion are
summarized in the Table 4. In general, the calibrated value of Rc

at 85% life is seen to work better than at 80% life.

4.2.3. Prediction of the crack initiation location
As a final validation study, the predicted location of crack initi-

ation in MS1 is examined. Microstructural features of regions that
have high values of R are investigated. Fig. 13 shows contour plots
of R and Teff respectively across a cross section A–A of the critical FE
model perpendicular to the loading direction (y-direction) at 300
cycles. The section passes through the grain A, which has the max-
imum value of R. The labeled grains A–H too show moderate to
high stress concentrations and values of R and may be considered
as potential crack initiation sites. Contour plots of the c-axis orien-
tation, prismatic SF and basal SF across the cross section are shown
in Fig. 14. The largest of the three values of the basal and prismatic
SF’s are shown in these plots similar to [22]. The grain A, shown
with a dotted ellipse in each figure, has a ‘c’-axis orientation of
29�, a prismatic SF of 0.11 and a basal SF of 0.42. These values agree
well with the observed features of dwell fatigue failure sites in
[22]. Table 5 shows a range of the microstructural features for
grains A–H. While the microstructural features of grains A, B and
C match the experimentally observed features, they deviate for
the other grains. Furthermore, grain A with the largest R has a very
large neighboring soft grain with �0.5 prism SF (situated to the
lower left of grain A in Fig. 14b). This is the grain that shows up
as grain Y in the plot shown in Fig. 8b. Examining cross-sections
above and below A–A have shown that both above and below grain
A, there is a large chunk of grains with a high prism activity, which
is not the case for grains B and C. Thus, grain A has a larger fraction
of its neighborhood that is soft, and hence it is only likely that it be
the most critical grain. Table 6 summarizes the microstructural
features of the grains that satisfy the criterion in MS2 and MS3.

In each case, crack initiation is predicted for a grain with low ‘c’-
axis orientation (0–30�), low prism activity (0–0.1) and low to
moderate basal activity (0.3–0.45). These results prove convinc-
ingly the predictive capability of the proposed criterion.

5. Conclusions

This paper presents the development of a grain-level crack
nucleation criterion in polycrystalline Ti-6242 alloy. The criterion
is calibrated and validated with extensive experimental observa-
tions ranging from ultrasonic techniques like acoustic microscopy
to orientation imaging microscopy (OIM) and fractography. A ma-
jor tool used for the development of the nucleation model is an
experimentally validated, rate and size dependent, crystal plastic-
ity model that is used for the computational modeling of the
mechanical response at the level of individual grains. Furthermore,
the 3D FE model is constructed to have morphological and crystal-
lographic characteristics that are statistically equivalent to those
observed in an OIM scan of the Ti-6242 alloy. Specific characteris-
tics include orientation, misorientation and micro-texture distribu-
tion, as well as distributions of grain volume and near neighbor
distances. The model motivates that load shedding between grains
is a prime cause of early crack initiation in Ti-6242.

Comparison with experiments demonstrates that a critical
stress based criterion is unable to capture the true effect of load
shedding, especially that of straining of soft grains adjacent to a
hard grain. Consequently, a non-local criterion that depends on lo-
cal effective stresses in the hard grain, as well as the non-local
plastic strains and strain gradients in adjacent grains, is developed
from considerations that dwell fatigue crack initiates due to stress
concentration caused by a dislocation pile up at the boundary of
hard and soft grains. The functional form is motivated by the sim-
ilarity between crack initiation ahead of an existing crack and a
dislocation pile up. Consequently, the crack length in this model
is replaced by the dislocation pileup length. A slip system level
effective stress, defined in terms of the normal and shear stresses
on the slip planes, is an important parameter in nucleation model.
The local stress required for crack initiation has an inverse square
root dependence on the dislocation pileup length. To utilize the
output variables of the crystal plasticity simulations in the nucle-
ation model, the length of the dislocation pileup is expressed as a
function of the effective plastic strain and the effective gradient
of plastic strain.

Experimental results from ultrasonic monitoring are used to
calibrate the nucleation criterion that is based on local variables
in the FE model from the dwell fatigue simulation. Critical micro-
structural features at a failure site of the Ti-6242 specimen failed
are retained in the statistically equivalent FE model. Once cali-
brated, the criterion is successfully validated through accurate pre-
dictions of the number of cycles to failure as well as the critical
features of the failure site in other dwell fatigue experiments.
Important microstructural parameters have been identified from
sensitivity studies viz. the c-axis orientation, and the SF’s of the ba-
sal and prismatic slip systems. The proposed criterion is sensitive
to critical microstructural conditions. Both simulations and exper-
iments points to the fact that a hard grain surrounded by a large
volume fraction of soft grains is a prime candidate for dwell fatigue
crack nucleation.

In conclusion, this paper successfully develops an experimen-
tally validated, microstructure sensitive, slip system level dwell fa-
tigue crack nucleation criterion for Ti-6242. While the criterion is
believed to perform well as long as the identified mechanisms of
fatigue crack nucleation remain the same, additional features like
defects in the microstructure may make the model more realistic
and could be a subject of future study.

Table 5
Microstructural features of key grains in the FE model of microstructure MS1 at
critical region

Grain hc (�) Prism SF Basal SF

A 20–30 0.1–0.15 0.4–0.45
B 20–30 0.05–0.1 0.35–0.4
C 0–10 0–0.05 0.05–0.1
D 30–40 0.15–0.2 0.45–0.5
E 30–40 0.2–0.25 0.35–0.4
F 30–40 0.2–0.25 0.45–0.5
G 40–50 0.25–0.3 0.4–0.45
H 30–40 0.15–0.2 0.45–0.5

Table 6
Microstructural features of predicted location of crack initiation in dwell fatigue of Ti-
6242

Microstructure label hc (�) SF prism SF basal

MS1 29.39 0.1134 0.426
MS2 17.86 0.0047 0.2832
MS3 32.05 0.133 0.447
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