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Grain Level Dwell Fatigue Crack
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Using Crystal Plasticity Finite
Element Analysis
A microstructure sensitive criterion for dwell fatigue crack initiation in polycrystalline
alloy Ti-6242 is proposed in this paper. Local stress peaks due to load shedding from time
dependent plastic deformation fields in neighboring grains are held responsible for crack
initiation in dwell fatigue. An accurately calibrated and experimentally validated crystal
plasticity finite element (FE) model is employed for predicting slip system level stresses
and strains. Vital microstructural features related to the grain morphology and crystal-
lographic orientations are accounted for in the FE model by construction of microstruc-
tures that are statistically equivalent to those observed in orientation imaging microscopy
scans. The output of the finite element method model is used to evaluate the crack
initiation condition in the postprocessing stage. The functional form of the criterion is
motivated from the similarities in the stress fields and crack evolution criteria ahead of a
crack tip and dislocation pileup. The criterion is calibrated and validated by using
experimental data obtained from ultrasonic crack monitoring techniques. It is then used
to predict the variation in dwell fatigue lifetime for critical microstructural conditions.
The studies are extended to field experiments on � forged Ti-6242. Macroscopic aspects
of loading are explored for their effect on dwell fatigue life of Ti-6242.
�DOI: 10.1115/1.3078309�
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Introduction

The fatigue life cycles of titanium alloys, such as Ti-6242, can
ary significantly with different microscopic material parameters
nd macroscopic loading conditions. For instance, these alloys
xhibit significant reduction in life when subjected to dwell fa-
igue, as compared with a continuous cyclic loading or normal
atigue �1�. This behavior, termed as dwell sensitivity, has re-
eived significant research attention in the past and is the focus of
he present work. Dwell sensitivity of Ti alloys is attributed to
heir susceptibility to room temperature creep �2�. During the hold
eriod in each dwell cycle, certain favorably oriented microstruc-
ural regions of Ti-6242 undergo significant plastic straining due
o slip on favorably oriented slip systems. This results in an in-
rease in the local stress in adjacent unfavorably oriented grains in
n attempt to maintain compatibility, a phenomenon known as
oad shedding �3�. This stress concentration has been found to
ause early crack initiation under dwell fatigue in Ref. �4�. Several
icrostructural and macroscopic factors affect stress evolution

ue to load shedding, which in turn influences the dwell fatigue
ife. For instance, a significant reduction in dwell fatigue life of
i-6242 has been reported in Ref. �5� for a high microtexture,
hile in Ref. �6� shorter hold times have been seen to improve the

ame. For a holistic understanding of the dwell fatigue phenom-
non, it is necessary to investigate the effect of different micro-
copic and macroscopic parameters on fatigue life. Such under-
tanding will allow the development of a robust predictive
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capability that can account for the dependence of dwell fatigue
life on these parameters and minimize uncertainties in predictions.

Accurate prediction of the dwell fatigue nucleation in Ti alloys
is important especially to the aerospace engine companies for
their life prediction and design programs. A number of the exist-
ing fatigue analysis methods by, e.g., the stress-life or strain-life
approaches, or damage tolerant approaches, are phenomenological
in nature. These models show significant scatter in their predic-
tions due to lack of underlying physics based mechanisms and
information about the actual material microstructure. They have
been largely unsuccessful in predicting the observed variation in
dwell fatigue life with microstructural conditions. Also these
methods typically require a large number of experiments for gen-
erating extensive databases, and are quite expensive. A material
microstructure based detailed mechanistic model for fatigue crack
nucleation is seen as a promising alternative to such empiricism
with a higher probability of accurate fatigue failure prediction.
The main objective of this paper is to develop an experimentally
validated computational model for load shedding induced dwell
fatigue crack initiation in Ti-6242 that accounts for microstruc-
tural parameters and their variations.

To build this criterion from finite element �FE� simulations, it is
important for the FE model to capture the grain-level morphologi-
cal details, as well as driving mechanisms of crack initiation at
this level. The microstructural response of Ti-6242 is modeled
using a size and rate dependent anisotropic elastocrystal plasticity
constitutive model developed and experimentally validated in
�3,7–9�. Microstructural features such as grain size, grain neigh-
borhood distributions, grain orientations etc are accounted for in a
statistically equivalent sense in the model. A method of simulating
3D FE models statistically equivalent to projected 2D orientation
microscopy images of the microstructures has been developed in
Refs. �10–12�. This is used in this work as a microstructure and

FE model builder.
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Load shedding causes time dependent local stress concentration
ear grain boundaries due to dislocation pileup in neighboring
rains �13�. The proposed crack nucleation model is motivated by
he similarities in the functional forms of the stress fields and
rack evolution criteria ahead of a crack tip and dislocation
ileup, respectively �14�. The criterion incorporates an effective
ixed mode stress acting on a slip plane, defined as a combination

f normal and shear stresses to account for mode mixity. It is also
ecessary to account for the nonlocal effects of the dislocation
ileup in the adjacent grain, which results in the incorporation of
nonlocal plastic strain and its gradient. Critical crack initiation

arameters are calibrated by comparing results of finite element
ethod �FEM� simulations with experimental observations using

ltrasonic monitoring techniques, such as acoustic microscopy.
he calibrated crack nucleation criterion is subsequently validated
ith experimental results on dwell fatigue of Ti-6242 alloy. Sen-

itivity studies are also conducted to examine the dependence of
rack nucleation on critical microstructural parameters. Finally,
tudies are conducted with fully �-forged microstructure, for
hich nucleation parameters are calibrated from field experiment
ata provided by Hall �15�. To accommodate the large number of
ycles to failure ��20,000� in these experiments, a multitime scal-
ng technique that has been developed in Ref. �16� is employed. It
s impossible to simulate this many cycles for the polycrystalline

icrostructure by using a single time scale analysis using conven-
ional FEM. In Sec. 7, macroscopic aspects of loading are ex-
lored for their effect on dwell fatigue life of Ti-6242.

Load Shedding Phenomenon in Polycrystalline
i-6242

2.1 Experimental Investigations on Crack Initiation

2.1.1 Fractography and Orientation Imaging Microscopy. Ex-
ensive experimental studies on the relation between crack evolu-
ion and crystallographic orientations in Ti-6242 have been con-
ucted in Ref. �17� using quantitative tilt fractography and
lectron back scattered diffraction �EBSD� techniques in scanning
lectron microscopy �SEM�. Figure 1 shows a fractograph of a
rack initiation site for a Ti-6242 sample in dwell fatigue, which is
ound to consist of facets that form on the basal plane of the
rimary � grains �hcp� lying almost perpendicular to the principal
ensile loading direction �4�. It has been observed in Ref. �18� that

ig. 1 Fractograph of a faceted initiation site for a failed Ti-
242 dwell fatigue sample
he angle between the loading axis and the c axis, i.e., the c axis
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orientation ��c� of the grains at the failure site is quite small
��0–30 deg�. Furthermore, the failure site shows a low prism
activity with a Schmid factor �SF� �0–0.1 and a moderate basal
activity with a SF�0.3–0.45. However, the region surrounding
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
initiates in a hard oriented grain surrounded by soft oriented
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 re-
sponsible for crack initiation in alloys like Ti-6242 under creep
and dwell loading.

2.1.2 Crack Detection and Monitoring in Mechanical Tests on
� /� Forged Ti-6242. Ultrasonic techniques, such as in situ sur-
face acoustic wave techniques, have been developed for monitor-
ing the subsurface phenomenon of crack initiation �3,4�, which
have been applied to high microtexture � /� forged Ti-6242
samples in Refs. �6,19� for dwell fatigue and creep experiments.
Three tests from this set are considered as references here, the
microstructures of which are labeled as MS1, MS2, and MS3.
Each trapezoidal dwell cycle in these tests had a maximum ap-
plied load of 869 MPa �95% of yield stress�, a hold time of 2 min,
a loading/unloading time of 1 s, and a stress ratio �ratio of mini-
mum to maximum load� equal to zero �6,19�. Crack growth in
samples MS2 and MS3 is monitored through microradiographic
images taken by interrupting the experiment every 15 cycles. The
plot of the evolution of crack length with number of cycles is
extrapolated backward to zero crack length to determine the exact
number of cycles to crack initiation for all cracks in these
samples. It is seen that the primary crack initiated at 83% life �550
cycles� for MS2 and at 85% life �380 cycles� for MS3. The results
in Ref. �6� suggest that, generally, primary crack initiation in
dwell fatigue occurs in the range 80–90% of total number of
cycles to failure.

2.2 Finite Element Modeling of the Load Shedding
Phenomenon. The performance of Ti alloys is often hindered by
time dependent deformation characteristics at low temperatures,
including room temperature �2,3,33,35�. This “cold” creep phe-
nomenon occurs at temperatures lower than that at which
diffusion-mediated deformation is expected �room temperature is
about 15% of the homologous temperature for titanium�. This
creep process is of the transient kind or “exhaustion” type, i.e., the
creep rate continually decreases with time. Consequently the
creep process is not expected to be associated with diffusion-
mediated mechanisms such as dislocation climb. Indeed, transmis-
sion electron microscopy �TEM� study has shown that deforma-
tion actually proceeds via dislocation glide, where the dislocations
are inhomogeneously distributed into planar arrays. The planarity
of slip has been attributed to the effect of short range order �SRO�
of Ti and Al atoms on the hcp lattice �33�. Another common
characteristic of cold creep in various Ti alloys with significant
alphaphase content is that steady state is typically not achieved.
This deformation mode is often referred to as “Andrade creep”
due to the early documentation of such transients by Andrade for
a number of metallic materials. In addition, significant creep
strains can accumulate at applied stresses significantly smaller
than the yield strength. Creep has been reported to occur at
stresses as low as 60% of yield strength �35�. This characteristic
has previously been attributed to rate sensitivity effects �2�.

2.2.1 The Crystal Plasticity Based Constitutive Model. The
� /� forged Ti-6242 is a biphasic polycrystalline alloy, which con-
sists of colonies of transformed � phase in a matrix of the primary
� phase. The primary � phase consists of equiaxed grains with a
hcp structure, whereas the transformed � colonies have alternating

� �hcp� and � �bcc� laths. The alloy considered in this study
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onsists of 70% primary � and 30% transformed � grains. To
ncorporate the effect of various microstructural parameters, a size
nd time dependent large strain crystal plasticity based FE model
as been developed in Refs. �3,7–9,20�. A homogenized model of
he �+� phase colony regions in the Ti-6242 microstructure has
een developed in Ref. �7�. The plastic part of the crystal plastic-
ty equations involves a combined effect of slip on multiple slip
ystems. The plastic slip rate �̇� on the �th slip system has a
ower law dependence on the resolved shear stress ���� and the
lip system deformation resistance �g��, which evolve as

�̇� = �̇̃� �� − ��

g� �1/m

sgn��� − ���

�1�

ġ� = �
�=1

nslip

h����̇�� = �
�

q��h���̇��

ere m is the material rate sensitivity parameter, �� is the back-
tress that accounts for kinematic hardening in cyclic deformation,
�� is the strain hardening rate due to self and latent hardening, h�

s self-hardening rate, and q�� is a matrix describing the latent
ardening. To account for size effects in polycrystalline materials,
Hall–Petch type relation for initial deformation resistance g0

�

ith various characteristic length scales, depending on the slip
irection, is incorporated into the model �9,20�. Material proper-
ies for each of the constituent phases and individual slip systems
n the crystal plasticity model are calibrated in Ref. �7� with single
olony and single crystal experiments. Calibrated values of impor-
ant material constants are listed in Tables 1 and 2. Details of the

icrostructural morphology are accounted for in the model,
hrough accurate phase volume fractions and orientation distribu-

Table 1 Material flow and hardness param

a1 basal a2 basal

g0
� �primary �� 357.6 357.6

g0
� �transformed � hcp� 349.9 382.0

m 0.02 0.02

�̇̃ �s−1� 0.0023 0.0023

Table 2 Hardness parameters for hcp Ti-624
same as those in tension…

Primary � a1 basal a2 basal

g0
� �primary �� 395.6 395.6

g0
� �transformed � hcp� 450.9 574.7
Fig. 2 „a… OIM scan of the critical primary crack initi
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tions that are statistically equivalent to those observed in orienta-
tion imaging microscopy �OIM� scans. The computational model
is validated by comparing the results of simulations and constant
strain rate and creep tests �7–9,20�.

2.2.2 Image Based Statistical Representation of Actual
Microstructures. The importance of representing critical morpho-
logical and crystallographic features of the microstructures in the
accurate predictions of stress and strain localization and crack
initiation has been emphasized in Refs. �10–12,20�. In the recent
years, there have been significant advances in reconstruction and
simulation of 3D polycrystalline microstructures based on infor-
mation obtained from a dual beam focused ion beam-scanning
electron microscope �FIB-SEM� system. This system is able to
acquire 3D orientation or EBSD data from a series of material
cross sections. This information has been successfully used in Ref.
�10� for automatic segmentation of individual grains from the im-
age and subsequently translated into a 3D mesh for finite element
analysis �FEA�. Through a multitude of data sets the intrinsic
distributions of microstructural parameters can be captured and
accurately represented through 3D microstructure reconstruction.
Computational tools have been developed in Refs. �11,12� to cre-
ate synthetic microstructures that are statistically equivalent to the
measured structure with respect to certain microstructural fea-
tures. These are used here for computationally efficient simula-
tions to aid in the development of a microstructural crack initia-
tion model. Microstructures are created from observations of two
specific sites in the material samples, viz. �i� a critical region, in
the vicinity of a dwell fatigue failure, and �ii� a noncritical region,
away from it. The first sample considered is MS1. Two orientation
imaging microscopy scans are performed on this sample; the first
on a small critical region surrounding the primary crack tip, as

rs for hcp Ti-6242 slip systems in tension

a3 basal a1 prism a2 prism a3 prism

357.6 355.8 355.8 355.8
382.0 305.9 255.8 287.4

0.02 0.02 0.02 0.02

0.0023 0.0023 0.0023 0.0023

lip systems in compression „m and �̇̃ are the

a3 basal a1 prism a2 prism a3 prism

395.6 393.6 393.6 393.6
590.6 448.5 571.1 586.9
ete
2 s
ation site in the MS1 microstructure and „b… scale
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hown in Fig. 2, while the second on a noncritical region away
rom the crack. Two FE models of statistically equivalent simu-
ated microstructures at the critical and noncritical regions are
eveloped for analysis. In the development of the crack initiation
odel, it is expected that the initiation criterion will be met at

ome location in the critical FE model, but will not be satisfied in
he noncritical FE model.

The following steps are performed for the construction of 3D
icrostructures from 2D OIM scans at the critical and noncritical

ites. As discussed in Refs. �11,12�, statistical distribution func-
ions of various microstructural parameters in the 2D OIM scan
re generated and subsequently projected in the third dimension
or creating the 3D statistics. The assumptions and process imple-
ented to extract 3D statistics from the 2D distributions of mor-

hological and crystallographic features are briefly outlined as
ollows.

�i� Distribution functions of grain size and shape. An assump-
tion 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. For determining the size and
shape distributions of the 3D grains in the microstructure,
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 the representing corresponding 3D grain. An assump-
tion is needed for the orientation distribution of the ellip-
soids relative to the sectioning plane of the OIM scan.
While in Ref. �12�, three orthogonal sections have been
taken, in the present work, only one section of the surface
scan is available, and the orientation distribution is as-
sumed to be random. A constrained Voronoi tessellation,
with initial seed points at the centroid of the ellipsoid, is
executed for generating the grain shapes.

�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
neighbors, as determined by 3D projection of the OIM
scan. In the 2D OIM scan, each grain has approximately
3–12 neighbors, while grains in the 3D representation
have 8–25 neighbors. The representative cube of dimen-
sions 65�65�65 �m3 for the MS1 microstructure con-
sists of 949 grains.

�iii� Distribution of crystallographic orientations. The crystal-
lographic orientation assignment to the grains in the cubic

Fig. 3 Microtexture distributions „a… from OIM scan
volume is executed by the three major steps described in

21003-4 / Vol. 131, APRIL 2009
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Refs. �7,11�. These are delineated as �a� orientation prob-
ability assignment method �OPAM�, �b� misorientation
probability assignment method �MPAM�, and �c� micro-
texture probability assignment method �MTPAM�. Figure
3 shows the microtexture distribution in the 2D scan and
in the 3D model, with satisfactory agreement.

The reconstructed 3D model has distributions of orientation,
misorientation, microtexture, 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
finite element mesh of 78,540 tetrahedron elements, as shown in
Fig. 4.

2.2.3 Mesh Convergence Study. Since local variables in the
finite element simulations are pivotal to the development of the
nucleation criterion, a sensitivity 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 orientation, misorientation, microtexture,
and grain size distributions. The first model consists of 78,540
elements, while the second has 116,040 elements, which is ap-
proximately 150% higher in mesh density. A creep simulation is
performed for both these models for 1000 s at an applied load of

ritical region and „b… in the critical FE model of MS1

Fig. 4 FE model for polycrystalline Ti-6242, which is statisti-
cally equivalent to the OIM scan of the critical region of micro-
structure MS1. Also shown is the contour of the c axis orienta-

tion distribution „radians….
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69 MPa in the Y-direction. The local stress component in the
oading direction and the local plastic strain at the end of 1000 s
re compared for various sections in the FE models. The stresses
re found to be in good agreement for the two models. Plots
omparing the distribution of these variables along a section par-
llel to the X-axis in Figs. 5�a� and 5�b�, show excellent agree-
ent between the two models. These results indicate that the

8,540 element mesh is a converged mesh for the loading consid-
red, and is henceforth used in this study for the development of
he crack initiation criterion.

2.2.4 Load Shedding Simulation in Polycrystalline Ti-6242. A
well fatigue simulation is performed for the microstructure MS1
o understand the effect of microstructure on the load shedding
ehavior. The simulation is run for 352 cycles, i.e., the life of the
ample �6� with loading conditions mentioned in Sec. 2.1.2. The
ime dependent tensile dwell loading is applied on the Y
65 �m face in the Y-direction. Figure 6�a� plots the local stress
22 after 1 cycle and 300 cycles, respectively, along a section A-A
hown in Fig. 4. Section AA passes through a hard-soft grain
ombination, from the prominent Schmid factor plot in Fig. 6�b�
hat corresponds to the prismatic slip system. Figure 6�a� shows a
tress peak at point X, while a valley at point Y. The stress peak at

at 300 cycles is considerably higher than that at 1 cycle, and
uch higher than the applied stress. The peak stress increases

Fig. 5 Distribution of local variables: „a… loading direction st
the x-axis at the end of 1000 s for a creep simulation on th
densities

Fig. 6 Distribution of local variables: „a… loading direct
along a section AA parallel to the x-axis at the end o

simulation of the MS1 model

ournal of Engineering Materials and Technology
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with time, while the valley drops with time due to load shedding
caused by plastic strain at point Y. From Fig. 6�b� it is seen that
the point X has a low SF ��0.11�, while 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 Refs. �7–9,21�. This
analysis demonstrates the importance of load shedding induced
stress concentrations in a hard grain on the development of a
microstructure level criterion for crack initiation.

3 Crack Nucleation Criterion Accounting for Disloca-
tion Pileup

Crack nucleation phenomena have been considered at different
length scales in literature �21�. In this section, a crack nucleation
criterion is proposed at the length scale of individual grains in
terms of slip system variables obtained from crystal plasticity FE
solution. High stresses at the tip of dislocation pileups, which
build at grain boundary barriers, are often responsible for micro-
crack nucleation. Stress concentration induced crack nucleation at
the grain boundary of a crystalline solid has been explained in
Ref. �13� using a dislocation pileup model. Considering only
Mode I crack, the model proposes that a crack is initiated if n	n

12�G, where n is the number of dislocations in the pileup, 	n is

s „�22… and „b… local plastic strain along a section parallel to
two models of microstructure MS1 with two different mesh

stress „�22… and „b… prominent prismatic Schmid factor
dwell cycle and 300 dwell cycles for a dwell fatigue
res
e

ion
f 1
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he stress normal to the slip plane, G is the shear modulus, and
=� /bG is a material constant, in which � is the surface energy

nd b is the Burgers vector. However, Bache �4� argued about a
ombined effect of normal and shear stresses, responsible for
well fatigue of Ti alloys. Various dislocation level fatigue failure
odels �13,14,22–24� have discussed equivalence in the depen-

encies of crack evolution ahead of dislocation pileups and at
rack tips, and have demonstrated the equivalence between con-
inuous dislocation pileups and cracks. This equivalence in the
unctional forms is exploited in this work to develop a grain-level
rack nucleation criterion.

The proposed framework for microcrack nucleation builds on
he fracture criterion proposed in Ref. �25�, where catastrophic
racture occurs when strain energy release rate is sufficient to
vercome the rate of surface energy needed for breaking of bonds,
s well as energy dissipation due to plastic flow, stated as

		2 + ��2 
 �1	Gc

a0
�2�

ere 	 is the normal stress, � is the shear stress acting on the
lane of the crack, and � is a shear stress factor, which is used to
ssign different weights to the normal and shear traction compo-
ents for mixed mode, defined as the ratio of the shear to normal
racture toughness of the material, i.e., �
KIIC /KIC in Ref. �26�.
0 is the pre-existing crack length, Gc is the critical strain energy
elease rate, and �1 is a material dependent parameter. A similar
riterion is also derived from a stress intensity approach �27�,
here the material is assumed to withstand crack tip stresses up to
critical value of the stress intensity factor KIc, stated as

		2 + ��2 
 �2
KIc

	a0

�3�

ere, �2 is a geometry dependent parameter. In a similar vein, a
rittle crack initiation criterion is postulated in this work due to
tress concentration in the hard grain caused by dislocation pileup
n the neighboring soft grains. Microcracking is triggered when
he effective stress in a slip system, represented in terms of slip
ystem normal and tangential stress components, reaches a critical
alue. The stress component normal to a given slip plane is ex-
ressed as Tn=ni

b��ijnj
b�, where �ij is the Cauchy stress tensor

nd ni
b corresponds to components of the unit outward normal to

he slip plane. Only the tensile normal stress �Tn�, represented by
he McCauley bracket � �, is considered since compressive stresses
ill not contribute to opening a crack. The shear stress component
t is obtained by the vector subtraction of Tn from the stress
ector on the plane, i.e., Tt t

b=T−Tnnb, where tb is the unit vector
angent to the plane. The effective resultant traction Teff is defined
s Teff=	�Tn�2+�Tt

2.
Continuous dislocation pileups at a barrier, e.g., at the boundary

f a soft grain adjacent to a hard grain, have been shown to be
quivalent to cracks, e.g., in Ref. �14�, in the way they cause stress
oncentration at their tip. The dislocation pileup acts in a similar
ay as a crack, whose length scales with the length of the pileup.
orrespondingly, the right-hand side �RHS� of Eq. �2� may be
mended with an inverse square root dependence on the pileup
ength d. The resulting microcrack nucleation criterion may be
tated as

Teff = 	�Tn�2 + �Tt
2 


Rc

	d
�4a�

r, equivalently,

R = Teff · 	d 
 Rc�b� �4b�

here Rc is a parameter that depends on the material elastic prop-
rties, as well as on the critical strain energy release rate Gc. It has

	
he units of stress intensity factor �MPa �m�. A value of �

21003-6 / Vol. 131, APRIL 2009
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=0.7071 that has been suggested for Ti-64 alloys in Ref. �28� is
used in this study. Sensitivity analysis with different values of �
indicate that Teff is not very sensitive to � for �c+a� oriented hard
grains, since Tn�Tt. As more dislocations are added to the pileup
with time, the pileup length d in the soft grain increases. This
implies a smaller Teff to initiate a crack with increasing plastic
deformation and pileup.

3.1 Estimating the Dislocation Pileup Length d. The crystal
plasticity FEM model developed in Refs. �7–9� does not explicitly
have dislocations densities as a state variable. Hence an inverse
relation is used to estimate the dislocation pileup length d from
the plastic strains and its gradients that are available from the
results of the crystal plasticity FE simulations. This provides the
nonlocality aspect of the crack nucleation criterion. To begin with,
a continuous dislocation density distribution function per unit
length �l�x� has been derived in Ref. �29� as a function of the
distance x from the dislocation barrier and pileup length d as

�l�x� =
2�

Gb
	d − x

x
, ⇒ d =  ��l�x��2G2b2

4�2 + 1�x �5�

where G is the shear modulus, � is the shear stress, and b is the
magnitude of the Burgers vector. The dislocation density per unit
length �l�x� may be obtained by multiplying the dislocation den-
sity per unit area �A�x� with the dislocation line length. The total
dislocation density �A�x� is assumed to be the sum of the density
of statistically stored dislocations �SSDs� corresponding to ho-
mogenous plastic deformation and the density of geometrically
necessary dislocations �GNDs� that accommodate plastic strain
gradients, which may be expressed as �see Ref. �30��

�A
SSD =

	3̄P

bl�
and �A

GND =
�P

b
�6�

where l� denotes the material length scale, which is of the order of
�G /	yield�2b, as discussed in �31�. In Ref. �32�, its value is given
as l�=3�2�G /	yield�2b, where � is an empirical constant. In the
present work, l� is taken to be the average grain size, which is
�5 �m from Ref. �32�. The equivalent plastic strain and a mea-
sure of the effective plastic strain gradient are defined in terms of
the plastic part of the deformation gradient tensor FP, which is
available from the FEM output data, as

εp = det2

3
�1

2
�FpT

Fp − I��T�1

2
�FpT

Fp − I���1/2

�7�

�p =  1

det FPFP . �� � FP�:
1

det FPFP . �� � FP��1/2

The curl of the plastic deformation gradient, expressed as �
�Fp=irs��Fp

js /�xr� with irs being the permutation symbol, is a
third order tensor with 27 components. Numerically, each compo-
nent of �Fij

p /�xr may be calculated using a weighted difference
formula involving surrounding points as

�Fij
p

�xr
=

�
m=1

n
1

rm
 �Fij

p �k − �Fij
p �m

�xr�k − �xr�m
�

�
m=1

n
1

rm

�8�

where n is the number of points that lie within a sphere of as-
sumed radius ��5 �m� from the kth point at which �Fij

p /�xr is
being evaluated within the grain. 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 FE simulations, ̄P and �P in Eq. �6� can be

determined at integration points using the expressions given
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bove. Once, the two components are evaluated from Eq. �6�, the
otal dislocation density per unit area �A�x� can be determined
sing

�A�x� = �A
SSD�x� + �A

GND�x� �9�

he dislocation density �l�x� in Eq. �5� is subsequently obtained
rom �A�x�. For �a� type slip in Ti-6242, the dislocation line length
as been determined to be �250 nm in Ref. �33�. Since the dis-
ocation density may be the result of slip on multiple planes, no
ne plane is chosen for calculating x toward evaluating the pileup
ength d in Eq. �8�. In consistency with the effective dislocation
ensity measure, x is taken as the distance of the integration point
o the nearest grain boundary. The pileup length d in Eq. �5� is
estated as

d = ��A1p + A2�p�2 + 1�x where A1 =
	3G

2�l�
, A2 =

G

2�

�10�
t may be emphasized that the parameters in the above equations
re calibrated from experiments and crystal plasticity simulations
nd hence the explicit forms of the parameters are not required for
alculations.

In the FE model, each grain is meshed with several elements
nd hence each grain boundary is shared by a number of elements.

hus, an effective dislocation pileup length d̄ for a given grain
oundary is computed as the weighted average of pileup lengths di
orresponding to multiple integration points in the soft grain ad-
acent to a hard grain, i.e.,

d̄ =

�
i=1

p

W�ri�di

�
i=1

p

W�ri�

�11�

here p is the number of integration points in consideration, ri is
he distance between the point at which the criterion is being
valuated and the element integration point i in the soft grain
nd the weighting function is given in Ref. �34� as W�r�
�1 / �2��3/2l3�exp�−r2 /2l2�. This weighting function tends to zero
eyond a certain distance. The parameter l determines the size of

he region that contributes to d̄. Numerical sensitivity analysis on
he effect of l on the value of R at different locations infers that R
oes not vary much for l
5 �m. Finally, substituting Eqs. �10�
nd �11� into Eq. �4� yields the grain-level crack nucleation crite-
ion as

Teff = 	�Tn�2 + �Tt
2 


Rc

��
i=1

p

W�ri���A1i
p + A2�i

p�2 + 1�xi

�
i=1

p

W�ri�

�12a�

r equivalently

R = Teff ·��
i=1

p

W�ri���A1i
p + A2�i

p�2 + 1�xi

�
i=1

p

W�ri�


 Rc �12b�

he left-hand side of Eq. �12a� evaluates Teff at a point in a �hard�
rain, while the right hand side incorporates the plastic strain P

P
nd its gradient � in an adjacent softer grain. The variable R is
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checked for every element integration point near the grain bound-
ary in the crystal plasticity FE model in the postprocessing stage.
Various parameters used in Eq. �12� are listed in Table 3. The
condition posed in Eq. �12� is nonlocal 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 neighboring soft
grain.

There is some nonuniqueness in the estimation of the length of
dislocation pileup at the grain boundary. One can get an estimate
of the dislocation pileup length in this context by other methods.
In the present formulation, Eq. �5� is a direct analytical expression
for the dislocation pileup length in terms of the density function
per unit length based on a single slip system activity. Since this
formulation does not directly yield �l�x�, this formulation tries to
connect this to the total dislocation density per unit area �A�x�
based on a multislip system. To establish this connection, the dis-
location pileup for �A�x� is assumed to follow the same distribu-
tion function as that for single slip �l�x� in Eq. �5�. The dislocation
density per unit length is obtained by multiplying the dislocation
density per unit area by a dislocation line width, with the implicit
assumption that the variation in �l�x� in the direction perpendicu-
lar to the distance from the grain boundary is negligible.

4 Calibration and Validations of the Nucleation Crite-
rion

4.1 Calibration of Rc for � Õ� Forged Ti-6242. The material
parameter Rc in the RHS of Eq. �12a� is calibrated from the results
of the 2 min dwell fatigue FE simulations of the microstructure
MS1 for 352 cycles. Based on the observations made for the
samples MS2 and MS3 in Sec. 2.1.2, initiation is assumed at two
alternate percentages of the total life, viz. 80% and 85% �i.e., 282
cycles and 300 cycles�. To calibrate Rc corresponding to the two
percentages, the variable R in Eq. �12b� is determined at integra-
tion points closest to each grain boundary for all grains at the end
of 282 cycles and 300 cycles. The hard grain of the grain pair with
a maximum value of R is located in Fig. 4 and the evolution of
this maximum R with number of cycles is plotted in Fig. 7�a�.
From Eq. �12b�, assuming initiation to have occurred at these
fractions, the value of R may be equated to Rc. For the two sce-
narios, the threshold values are determined to be Rc�80%�
=454.44 MPa��m�1/2 and Rc�85%�=459.38 MPa��m�1/2. These
parameters are used for predicting crack initiation in other experi-
ments and studies.

4.2 Predictions and Analysis With Samples MS2 and MS3.
For the MS2 microstructure, the FE model is generated to be
statistically equivalent to an OIM scan surrounding one of the
secondary cracks in the failed sample. The crack initiation for that
crack is determined to occur at 530 cycles from Ref. �6�, as de-
scribed in Sec. 2.1.2. The 2 min dwell fatigue FE simulation is
performed for 663 cycles with loading conditions described in
Ref. �6�. Figure 7�b� shows the evolution of the maximum R with
cycles. The number of cycles to initiation Nc�80%� and Nc�85%� are
predicted for MS2 from where the evolution curve meets the cali-
brated threshold values Rc�80%� and Rc�85%�. The corresponding

Table 3 Parameters used in the crack nucleation criterion of
Eq. „12…

Material parameter Value

Shear modulus, G 48 GPa
Magnitude of Burgers vector, b 0.30 nm
Material length scale, l� 5 �m
Nonlocal length parameter, l 5 �m
cycles to initiation are found to be Nc�80%�=502 and Nc�85%�
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523. The difference in the experimentally determined value of
30 cycles is 5.28% for 80% of life and only 1.32% for 85% of
ife. This agreement is considered to be excellent.

Likewise, for the MS3 microstructure, the FE model is gener-
ted using statistics of corresponding critical regions at the failure
ite, and the 2 min dwell fatigue simulation is performed for 447
ycles. The evolution of the maximum R is plotted in Fig. 7�c�.
he cycles to initiation for MS3 are predicted to be Nc�80%�
347 and Nc�85%�=352. The differences with the experimentally
etermined values are 8.68% for 80% of life and 7.37% for 85%
f life. The results are summarized in the Table 4. In general, the
alibrated value of Rc at 85% life is seen to work better than
t 80% life. As an additional validation study, the predicted loca-
ions of crack initiation in these microstructures are examined and
ummarized in Table 5. It can be seen that in each case, crack

Fig. 7 Evolution of the maximum R over number of cycles for

Table 4 Comparison of predicted cycles to c

Microstructure label

Time to crack
initiation �experiment�

�cycles�

Time to

Calib
80%
�cy

MS2 530 5
MS3 380 3
21003-8 / Vol. 131, APRIL 2009
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initiation is predicted for a grain with low c axis orientation
��0–30 deg�, low prism SF ��0–0.1�, and low to moderate
basal SF ��0.3–0.45�, which is consistent with the observations
in Ref. �18�. These results prove convincingly the predictive ca-
pability of the proposed criterion. The model is expected to be
extrapolated to other materials, as long as the same mechanisms
for dwell fatigue hold. Currently, a more diverse set of loading
conditions are being tested for the versatility of this model.

5 Sensitivity Studies of Nucleation Criterion to Criti-
cal Microstructural Parameters

In this section, the sensitivity of the crack nucleation criterion is
examined for a few critical microstructural conditions that have
been observed to significantly affect load shedding behavior and
the dwell fatigue life of Ti-6242 in Refs. �5,20�.

e FE models of microstructures „a… MS1, „b… MS2, and „c… MS3

k initiation with experimentally observed life

ck initiation �predicted� % relative error

d at
e
�

Calibrated at
85% life
�cycles�

Calibrated at
80% life

Calibrated at
85% life

523 5.28 1.32
352 8.68 7.37
rac

cra

rate
lif

cles

02
47
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5.1 Schmid Factor Mismatch Between Grains. Sensitivity
f the crack nucleation criterion to the Schmid factor mismatch
etween hard and soft grains is studied through dwell fatigue
imulations on a FE model of a two-grain system. The system
onsists of an inner hard grain contained in an outer soft grain.
he mesh is highly refined at the grain boundary to enable capture
f the high stress and strain gradients. The hard grain has all the
asal and prismatic SFs nearly equal to zero, while the orientation
f the soft grain is chosen so that a desired SF on the a1 basal slip
ystem is achieved. Four cases, with different a1 basal SF of the
oft grain, viz. 0.425, 0.45, 0.475, and 0.5, are considered. In each
ase, the sizes of the hard and soft grains are fixed at 5 �m and
0 �m, respectively. A 2 min dwell fatigue simulation is carried
ut for each case with a maximum load of 535 MPa, which cor-
esponds to 95% of the lowest yield stress of the four cases. The

able 5 Microstructural features of predicted location of crack
nitiation in dwell fatigue of Ti-6242

icrostructure label
�c

�deg� SF prism SF basal

S1 29.39 0.1134 0.426
S2 17.86 0.0047 0.2832
S3 32.05 0.133 0.447

Fig. 8 Variation in predicted number of cycles to crack initia

soft grain, and „c… level of microtexture
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dwell cycle, in which the condition R=Rc�85%� is satisfied, is taken
as the number of cycles to crack initiation for that case. The cali-
brated value of Rc�85%� for � /� Ti-6242 from Sec. 4.1 is used for
this purpose. Figure 8�a� shows the predicted cycles to initiation
as a function of the corresponding mismatch in a1 basal SF of the
grains. An increase in the mismatch by 0.025 affects the predic-
tions by an order of magnitude. For example, when the mismatch
is 0.5, the crack nucleation criterion predicts just �100 cycles to
initiation, while for a mismatch of 0.425, it predicts �1.81�105

cycles. It is evident from these results that the predictions of the
criterion are highly sensitive to the SF mismatch between grains.

5.2 Size of Soft Grain. Sensitivity of the predictions of the
crack initiation criterion to the size of the soft grain is studied for
the two-grain model. Four cases are considered with different soft
grain sizes, viz. 5 �m, 25 �m, 50 �m, and 75 �m. In each
case, the size of the hard grain is fixed at 5 �m and the a1 basal
SF of the soft grain at 0.5. The number of cycles to crack initiation
in a 2 min dwell fatigue simulation for each case is predicted and
plotted as a function of the size of the soft grain in Fig. 8�b�. The
criterion is sensitive to the size of the soft grain as well. For
example, when the soft grain size is 50 �m, crack initiation is
predicted at �100 cycles, and when the soft grain size is 5 �m,
crack initiation is predicted at �2�105 cycles. It is interesting to
note that in contrast to the trend of predictions for SF mismatch,

by the criterion with „a… Schmid factor mismatch, „b… size of
tion
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he decrease in the predicted number of cycles with increasing
rain size decays in nature. The difference between the predictions
or the sizes of 5 �m and 25 �m is much higher than the differ-
nce between the predictions for the sizes of 50 �m and 75 �m.
his trend indicates that the criterion also senses the inverse
quare root relation between the initial slip system deformation
esistance g� and the grain size �9,20� and is able to predict the
ecaying influence of increasing grain size on load shedding.

5.3 Microtexture. Sensitivity of the criterion is now tested
ith respect to local texture in a polycrystalline microstructure.
he study involves predictions of the crack nucleation criterion

or different levels of microtexture. The FE model consists of a
nit cubic domain discretized into 8000 trilinear brick elements.
ach element in the FE representation of polycrystalline Ti-6242
ggregate shown in Fig. 9 represents a single grain. Three sets,
ach with 8000 grain orientations, but with different levels of
icrotexture, are generated and assigned to the polycrystalline
odel. The metric used for the level of microtexture is the per-

entage of grains that have a low misorientation ��15 deg� with
large fraction of their neighbors ��66.66%�. These percentages

or the three cases are 0.1125% for low microtexture, 2.075% for
ntermediate microtexture, and 8.75% for high microtexture. For
ach case, a 2 min dwell fatigue simulation is run at an applied
oad of 800 MPa, which corresponds to 95% of the lowest yield
oint of the three models. The number of cycles to crack initiation
s predicted when the condition R=Rc is satisfied at any location.
hese predictions are plotted in Fig. 8�c�. It is seen that for a high
icrotexture, the crack nucleation criterion predicts 761 cycles to

rack initiation, while for the low microtexture or a random tex-
ure, it predicts �3.84�105 cycles. These predictions are consis-
ent with Ref. �5�, where a similar order of magnitude difference
n the dwell fatigue lives of Ti-6242 samples with high and low

icrotextures has been reported. This analysis demonstrates the
icrostructure sensitivity of the crack nucleation criterion.

Simulations of Dwell Fatigue Field Tests on �
orged Ti-6242

6.1 Mechanical Tests on � Forged Ti-6242. As a part of the

ig. 9 FE model for polycrystalline Ti-6242, which is statisti-
ally equivalent to the OIM scan of � /� forged Ti-6242. Also
hown is the contour of c axis orientation distribution
radians….
well fatigue investigation of Ti-6242, a set of cyclic loading

21003-10 / Vol. 131, APRIL 2009
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experiments has been performed at Honeywell �15� on � forged
Ti-6242, which consists of only the transformed � phase. Two
experiments from this set, viz. �i� normal fatigue test and �ii� 2
min dwell fatigue test, are considered in this work. Both experi-
ments have been performed at a maximum load of 897 MPa and
stress ratio of 0.1. The life of the normal fatigue sample has been
recorded as 24,241 cycles, while that of the dwell fatigue sample
as 20,141 cycles. The small difference in these two lifetimes
shows that the alloy exhibits negligible dwell sensitivity.

6.2 Dual Time Scale Simulation Technique for Cyclic
Deformation. It is computationally prohibitive to simulate large
number of cycles, �20,000 cycles in this case, using the FE
model of the polycrystalline microstructure with a single time
scale simulation. An enormous number of time increments for the
problem with a large number of degrees of freedom paralyze the
simulation. Extrapolation techniques have been employed in lit-
erature with results from a limited number of cycles to predict
variables at a large number of cycles. This however results in loss
of accuracy, especially in the microstructural variables, due to the
process of history dependent localization.

To enable accurate analysis for a large number of cycles, even
at the microstructural scale, a multitime scaling method has been
developed in Ref. �16�. This methodology involves decoupling of
the governing equations into two sets of problems corresponding
to two different time scales. When subjected to an oscillating load,
the deformation behavior exhibits an oscillatory behavior about an
averaged or “macroscopic” evolution of state variables. The fre-
quency or rate of change of averaged variables is generally quite
low in comparison with the frequency of the applied cyclic loads.
Consequently, it is conceivable to introduce two different time
scales in the solution, viz. �i� a coarse time scale t, for the average
variables, which can be solved by time increments that are signifi-
cantly longer than the period of a single cycle, and �ii� a fine time
scale � that is necessary for providing adequate resolution to the
rapidly varying behavior due to the oscillating load.

The relation between the two time scales t and � is defined as
t=�, where �1 is a small positive scaling parameter. A super-
script  associated with a variable denotes its association with
both the time scales. Consequently, all the response fields in the
body at a given spatial location x are assumed to exhibit depen-
dence on the coarse time scale t and the fine time scale � and is
expressed as ����x , t�=��x , t ,��. Using the chain rule, and the
relation between time scales, the time derivative in the two time
scales is given as

�̇�� =
����

�t
=

��

�t
+

1



��

��
�13�

The cycle averaged field variable over a period T in the fine time
scale �= t /, at time t is defined as,

�̄�t� = ���t,��� = 1/T�
1/

�1/�+T

��t,��d� �14�

The symbol � � corresponds to the averaging operator. A general
decomposition of all variables in the constitutive equation is
therefore proposed as

��t,�� = �̄�t� + �̃�t,�� �15�

The bar corresponds to the solution of a set of averaged equations,
while the tilde refers to the oscillatory part. Typically the ampli-
tude of the oscillations is a monotonic function of time, and the
oscillations vary in both time scales. Therefore it is assumed that
the nonperiodic oscillatory part is obtained by the superposition of
the monotonically varying amplitude on a periodic cyclic re-
sponse. The oscillatory part is decomposed multiplicatively and

additively as
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�̃�t,�� = �̃nos�t,���̃per��� = �̃osc�t,�� + �̃c�t� �16�

he superscripts “nos” and “per” represent the monotonic and
eriodic parts of the multiplicative decomposition, respectively. A
etailed description of the decomposition of crystal plasticity gov-
rning equations in this fashion and obtaining the dual time scale
otal solution from the superposition of solutions from both time
cales is given in Ref. �16�. This technique is employed in the
resent work to simulate the experiments on � forged Ti-6242
sing the microstructure model.

6.3 Calibration of Rc for � Forged Ti-6242. The FE model
or � forged Ti-6242 is constructed using the procedure in Sec.
.2.2 from an OIM scan of a fully � forged Ti-6242 specimen.
his specimen had an effective 85% volume fraction of the �
hase, the remainder being the � phase �19�. While the field
pecimens may have been different, the model is for a laboratory
pecimen of a similar material. A 2 min dwell fatigue simulation
s performed on this model for 20,141 cycles with the load-
ng conditions described in Sec. 6.1. Figure 10�a� shows the evo-
ution of the maximum R with cycles for this simulation. Follow-
ng the calibration process in Sec. 4.1, two scenarios of the num-
er of cycles to crack initiation are considered corresponding to
0% and 85% of the total life, i.e., 16,113 cycles and 17,120
ycles. The threshold parameters are determined as Rc�80%�
499.92 MPa��m�1/2 and Rc�85%�=502.07 MPa��m�1/2 respec-

ively. Comparing with the corresponding calibrated values for
/� forged Ti-6242, it can be seen that the value of Rc for �

orged Ti-6242 is higher by �10%. Therefore, this material has a
igher resistance to crack initiation than � /� forged Ti-6242, i.e.,
t is a tougher material. These calibrated values are used for pre-
icting crack initiation in other experiments on � forged Ti-6242.

6.4 Simulation of the Normal Fatigue Experiment. To pre-
ict crack initiation in the normal fatigue experiment using the
alibrated values of Rc, a multitime scaling simulation is per-
ormed with the FE model for 24,241 cycles �experimental obser-
ation�. Figure 10�b� shows the evolution of the maximum R with
ycles for this simulation. It is seen that the maximum R reached
t the end of 24,241 cycles is 405.18 MPa��m�1/2, which is less
han the calibrated values of Rc for the material, i.e., the criterion
id not predict crack initiation for this experiment. This inconsis-
ency between the prediction and the experiment leads to the in-
erence that mechanisms in addition to load shedding alone gov-

Fig. 10 Evolution of the maximum R over the number of
simulation on � forged Ti-6242
rn failure in the normal fatigue experiment. The crack nucleation
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criterion is effective only when the predominant mechanism of
failure is time dependent load shedding, as evidenced in creep and
dwell fatigue.

7 Effect of Macroscopic Loading Conditions on Creep
and Dwell Fatigue

For an understanding of the effect of macroscopic loading con-
ditions on creep and dwell fatigue life of Ti-6242, the plastic
deformation response is investigated. For these studies the uni-
form brick mesh with 8000 elements shown in Fig. 9 is used. The
model is assigned texture distributions statistically equivalent to
the � /� forged Ti-6242 sample �6�. The trend of variation in
plastic strain evolution and the local maximum stress at a given
time in each simulation are sufficient to provide the relevant in-
formation.

7.1 Effect of Loading Constraints on Creep Response of
� Õ� Forged Ti-6242. Three loading cases are considered, viz.
equibiaxial tension, uniaxial tension, and tension compression.
For the uniaxial case a stress of 800 MPa is applied in the
y-direction, for equibiaxial tension a stress of 800 MPa is applied
in y- and z-directions, while for the tension-compression case a
stress of 800 MPa is applied in the y-direction and a stress of
−200 MPa in the z-direction. For each loading case a creep simu-
lation is run for 10,000 s, and the macroscopic plastic strain ac-
cumulation over time is plotted in Fig. 11�a�. The rate of plastic
strain accumulation is seen to be lowest for biaxial tension and
highest for tension compression. To explain this behavior, a stress
triaxiality quotient q=	e / �	3	m� is used, where 	m is the hydro-
static stress and 	e is the von Mises stress. From this definition, a
low value of q indicates a high degree of stress triaxiality. For
biaxial tension q=	3 /2, for uniaxial tension q=	3, while for ten-
sion compression q�3	3 /2. Since the hydrostatic component of
the applied stress does not contribute to plastic strains, it is obvi-
ous that a loading with a high level of stress triaxiality will result
in a slower plastic strain accumulation. This explains the plots in
Fig. 11�a�. The implications of this behavior on the local stress
levels are studied by plotting the local maximum equivalent stress
at 10,000 s against the applied q in Fig. 11�b�. It is seen that the
biaxial loading results in lowest local stress levels, while it is the
highest for tension compression. Thus, it may be concluded that a
higher triaxiality in applied loading curbs the local load shedding

les for „a… dwell fatigue simulation and „b… normal fatigue
cyc
mechanism.
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7.2 Effect of Hold Time and Stress Ratio on Dwell Fatigue
esponse. The dwell fatigue life of Ti-6242 is seen to depend on
well loading parameters such as the hold time and stress ratio
6�. To study the effect of hold time, dwell fatigue simulations are
un with the FE model for 100 cycles with different hold times,
iz. 1 s, 2 min, and 5 min. For these simulations, the stress ratio is
ept at +0.1, and the applied peak load is 869 MPa �95% of the
acroscopic yield stress�. Plastic strain accumulation per cycle is

lotted for each case in Fig. 12�a�. For a higher hold time, the
acroscopic plastic strain accumulation is higher. Correspond-

ngly, the local maximum 	22 at the end of 100 cycles also is
igher for a high hold time, as seen in Fig. 12�b�. These results are
consequence of the fact that longer hold times cause more local
lastic deformation per cycle, causing more load shedding per
ycle. To study the effect of stress ratio, dwell fatigue simulations
re run for stress ratios �0.3, 0, and +0.3. The hold time is fixed
t 2 min and the peak load at 869 MPa. From Fig. 13�a� it can be
een that the plastic strain accumulation per cycle slightly de-
reases as the stress ratio is made negative. The maximum local
22 at the end of 100 cycles also is lower for negative stress ratio,
s shown in Fig. 13�b�. Therefore a negative stress ratio tends to
mprove the dwell fatigue life. These studies emphasize that mac-
oscopic loading variables can affect the dwell fatigue life of Ti-

Fig. 11 Effect of loading constraints on „a… plastic strain accu
a creep simulation for 10,000 s

Fig. 12 Effect of hold time on „a… plastic strain accumulation

at the end of 100 cycles
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6242, desirable conditions being negative stress ratios, lower hold
times, and high stress triaxiality in the applied loading.

8 Conclusions
This paper presents the development of a microstructure sensi-

tive crack nucleation criterion in polycrystalline alloy Ti-6242 un-
der dwell fatigue. An experimentally validated rate and size de-
pendent crystal plasticity model is used for the computational
modeling of the grain-level mechanical response. The 3D FE
models employed consist of statistically equivalent representa-
tions of vital microstructural characteristics of a failure site of the
Ti-6242 specimen. It is proposed that dwell fatigue crack initiates
due to stress concentration caused by the load shedding phenom-
enon between adjacent hard and soft grains. To predict load shed-
ding induced crack initiation, a criterion that depends on local
effective stresses in the hard grain, as well as the nonlocal plastic
strains and strain gradients in adjacent soft grains, is proposed.
The functional form of the criterion is motivated from the simi-
larities between crack evolution at the tip of a pre-existing crack
and a dislocation pileup. It is observed that the local effective
stress required to initiate a crack in a hard grain is inversely re-
lated to the nonlocal plastic strain and the gradient of plastic strain

lation and „b… local maximum equivalent stress at the end of

cycle and „b… local maximum stress in the loading direction
mu
by
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n the neighboring soft grain. This follows from its inverse square
oot relation with the dislocation pileup length. The critical mate-
ial constants in the crack nucleation criterion are calibrated using
he experimental results of ultrasonic monitoring of crack evolu-
ion in dwell fatigue experiments. The calibrated criterion is suc-
essfully validated through accurate predictions of the number of
ycles to failure as well as the critical features of the failure site in
well fatigue experiments. Furthermore, the predictions of the
umber of cycles to crack initiation for a few critical microstruc-
ural features are found to be consistent with previous observa-
ions, thus establishing the sensitivity of the criterion to micro-
tructural conditions.

Dwell fatigue studies on � forged Ti-6242 show that this ma-
erial is stronger than the � /� Ti-6242, with a higher resistance
or crack initiation. However, the predicted results also emphasize
he existence of failure mechanisms, other than the load shedding,
n normal fatigue. The proposed criterion works only if the domi-
ant failure mechanism is load shedding in the polycrystalline
icrostructure. In Sec. 7, the effect of macroscopic loading con-

itions on the dwell fatigue response of Ti-6242 is studied. Desir-
ble loading conditions that emerge from these studies are shorter
old times, negative stress ratios, and high stress triaxiality in the
pplied loading.

The significance of the criterion proposed in this paper is its
ensitivity to microstructure. It should be considered as an impor-
ant first step in the direction of elimination of empiricism in
atigue life prediction. There is some nonuniqueness in the esti-
ation of the length of dislocation pileup at the grain boundary.
ne can get an estimate of the dislocation pileup length in this

ontext by different ways; Eq. �5� is a direct analytical expression
or the dislocation pileup length in terms of the density function
er unit length based on single slip system activity. Since this
ormulation does not directly yield �l�x�, we have tried to connect
his to the total dislocation density per unit area �A�x� based on a
ultislip system. �A�x� on the other hand can be derived from the

rystal plasticity variables using SSD and GND contributions
rom the plastic strain and its derivatives. We understand that this
s a round about way of connecting the two definitions. To estab-
ish this connection, we have assumed that the dislocation pileup
or �A�x� follows the same distribution function as that for single
lip �l�x� in Eq. �8�. The dislocation density per unit length is
btained by multiplying the dislocation density per unit area by a
islocation line width. Thus an assumption made is that the varia-
ion in ��x� in the direction perpendicular to the distance from the
rain boundary is negligible. We realize that there are several

Fig. 13 Effect of stress ratio on „a… plastic strain accumulatio
at the end of 100 cycles
ssumptions made that could add error to the solution.

ournal of Engineering Materials and Technology
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There are other possibilities in terms of the evaluation of the
pileup length that are currently being investigated. One method
uses the slope in the GNDs that can be obtained from �A�x�. The
authors are currently working on this method. Another alternative
is to change the crystal plasticity formulation to one in which the
dislocation densities are used directly as variables. This would
increase the computations significantly, but the pileup would be a
direct outcome of these FEM calculations.
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