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a b s t r a c t

The second of this two-part paper develops an image-based crystal plasticity finite
element model for simulating hcp metals deforming at a wide of range of strain-rates. It
incorporates a unified flow rule based crystal plasticity constitutive model, combining the
thermally-activated and drag-dominated stages of dislocation glide, proposed in part I
(Shahba and Ghosh, 2016). The image-based CPFE uses 3D statistically-equivalent virtual
microstructures that are constructed by stereology and statistics from 2D surface EBSD
maps. The statistically equivalent virtual microstructures are constructed for the Tie7Al
alloy in as-rolled (AR) and rolled-annealed (RA) conditions. The virtual microstructures are
discretized into 3D tetrahedral elements that are stabilized to yield locking-free large
deformation FE results. This paper demonstrates the competency of the model for simu-
lating deformation of the polycrystalline Tie7Al alloy microstructures under quasi-static
and high rates of deformation. Room temperature compression tests at quasi-static
(10�3s�1) and dynamic strain rates (1000�4000s�1) are performed and used to calibrate
and validate the constitutive model. The simulations reveal that the decrease in the
hardening rate is significant under adiabatic conditions due to the promotion of slip-driven
plasticity. The effect of degradation of elastic constants with temperature on the macro-
scopic behavior is noticeable only at the later stages of deformation. A study on adiabatic
heating reveals that grains undergoing severe plastic deformation do not necessarily yield
higher temperatures. In contrast, grains that are less favorably oriented for dislocation slip
could experience higher adiabatic heating due to higher local stresses.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

In the first of this two-part paper, a dislocation density-based crystal plasticity constitutive relationwith a unified flow rule
has been developed for modeling deformation in hcp Ti alloys for a wide range of strain-rates. The unified flow rule is arrived
at by combining thermally-activated and drag-dominated stages of dislocation slip. The second part of this paper develops
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image-based crystal plasticity finite element (CPFE) models that use the unified flow theory to model deformation at a range
of strain-rates. Image-based models explicitly capture the morphological and crystallographic features of the material
microstructure, such as grain size and shape, micro-texture and misorientation distributions, as well as micro-mechanisms
responsible for deformation and failure. Once validated, large number of virtual specimens with various microstructural
features can be simulated for predicting the relation between amicrostructure and its response function. Significance of using
realistic 3D microstructures in crystal plasticity FE analysis of Ti alloys has been recently highlighted in Zhang et al. (2015). A
significant benefit of these models is their comprehension and low cost in comparison with experiments on real specimens.
With increasing computing power, a large number of image-based models of polycrystalline materials have been developed
for simulations and property evaluation, e.g. in Thomas et al. (2012), Clayton (2005), Anahid et al. (2011), Cheng and Ghosh
(2015), Roters et al. (2010a,b), Lebensohn et al. (2012), Lebensohn (2001), Knezevic et al. (2009) and others. Some of these
models use the finite element methods, e.g. crystal plasticity FEM or CPFEM, for numerical simulations, while others use the
efficient fast Fourier transform (FFT) using the Green's function method (Lebensohn et al., 2012; Lebensohn, 2001; Knezevic
et al., 2009).

Developing robust image-based CPFE models for simulating deformation leading to fatigue and failure involves a
number of steps. The first step is the creation of statistically equivalent representative volume elements or SERVEs of the
material microstructure accounting for the morphology and crystallography from orientation imaging microscopy (OIM) or
electron back-scattered diffraction (EBSD) images of the microstructure. Reconstruction of statistically equivalent virtual
polycrystalline microstructures from 2D or 3D EBSD data have been developed in Groeber et al. (2008a,b) and Groeber and
Jackson (2014) by matching morphological and crystallographic statistics. The next step in the CPFEM development in-
volves generation of conforming mesh for these polycrystalline SERVEs. Discretization of these complex microstructures
with sharp grain boundaries and multiple grain junctions, is best accomplished using 3D four-node tetrahedral or TET4
elements. These elements can be made to conform to the complex geometries using sophisticated meshing codes and
software products e.g. Simulation Modeling Suite (2015). However these elements suffer from severe volumetric locking
when simulating deformation using nearly-incompressible crystal plasticity constitutive relations. This can give rise to large
spurious stresses in the computational models, often leading to premature failure predictions. Recently a locking-free
stabilized TET4 element that uses a F-bar patch, has been developed for effective CPFE analysis in Cheng et al. (2016).
Finally, the incorporation of robust constitutive models for accurate material response prediction is necessary in CPFE
modeling. The physics-based unified CP constitutive model, developed in part I (Shahba and Ghosh, 2016), has unique
attributes of simulating a range of deformation rates through a smooth transition from thermally-activated to drag-
dominated processes and vice-versa.

The part II develops an image based crystal plasticity FE model for the single-phase Ti alloy Tie7.02Ale0.11Oe0.015Fe (wt
%) or Tie7Al. Two different microstructures, emanating from different processing conditions are considered. The model
parameters are calibrated from experiments conducted at a range of strain-rates. Furthermore the image-based model is
validated using results from these tests. The calibrated models is then used to study the effect of temperature on the me-
chanical response under isothermal and adiabatic conditions. Inertia effects are neglected in this study, since it is focused on
constitutive modeling. However, macroscopic simulations at high rates using response relations in this model can implement
inertial effects for modeling phenomena such as dynamic stress waves.

The paper is organized as follows. Section 2 discusses the materials and explains the procedure of reconstructing sta-
tistically equivalent microstructures from collected 2D data. This section concludes with an FE mesh convergence study.
Section 3 provides the details of the quasi-static and dynamic tests performed for calibration and validation of the constitutive
models. Section 4 discusses the procedure of calibration and validation of the constitutive models. Numerical results are
provided which highlight the importance of temperature in the context of isothermal and adiabatic simulations. Concluding
remarks are made in Section 6.

2. Microstructural characterization and statistically equivalent representative volume elements

This section briefly discusses the material characterization and reconstruction methods for 3D virtual microstructures
from 2D measurements. The material studied in this paper is Tie7.02Ale0.11Oe0.015Fe (wt%), better known as Tie7Al alloy,
with a predominantly hcp crystallographic structure (Brandes, 2008). The composition of this alloy is very close to the a phase
of many commercially available titanium alloys (Pilchak, 2013). Mechanical testing is done on two variants of this alloy, based
on their pre-test processing. They are the purely rolled (AR) samples and the rolled-annealed (RA) samples, which are first
rolled and subsequently annealed to increase the grain size and improve its ductility.

2.1. Microstructural characterization

Tie7Al specimens are imaged using electron back-scattered diffraction (EBSD) in a scanning electron microscopy
system, provided in Pilchak (2015). For the AR and RA samples, surface EBSD scans quantifying the texture are respec-
tively collected on regions with dimension 5425� 2190mm2 and 5175� 2135mm2, at 5mm step size. A portion of the
surface EBSD scans for both the samples are shown in Fig. 1. The scans have been filtered to remove noise from the data
based on a confidence index. The pole figures for the f0001gandf2110g orientations in Fig. 1 indicate that the crystal-
lographic c-axis of grains is mostly aligned with the normal direction (ND) for both the AR and RA microstructures. The



Fig. 1. Filtered EBSD scans and pole figures for the (a) RA and (b) AR samples.
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most significant morphological difference between these two sample microstructures is the grain size due to the
annealing process. The averaged diameters of the equivalent 2D circular grains are 34.9mm and 83.4mm, for the AR and RA
samples respectively.

2.2. Generating virtual microstructures

Methods of reconstructing 3D virtual microstructures have been developed using techniques like serial-sectioning using
focused ion beam (Ghosh et al., 2008; Bhandari et al., 2007; Groeber et al., 2007), manual polishing (Rowenhorst and
Voorhees, 2005) and X-ray tomography (Lauridsen et al., 2006). However, these methods need 3D data for microstructure
reconstruction. In the present work, 3D statistics are estimated from extrapolation of 2D surface EBSD data on polycrystalline
specimens as done in Thomas et al. (2012) for other alloys. The 2D EBSD images for both samples in Fig. 1 are characterized.
Crystallographic distributions, e.g. orientation and misorientation distributions, and morphological distribution, e.g. distri-
bution of 2D equivalent circular grain diameters (ECD), are obtained. To generate 3D statistics from 2D distributions, a
procedure based on stereology principles in Russ and Dehoff (1999) is employed. Assuming equiaxed grains, the average
equivalent spherical grain diameter ðESDÞ is expressed in terms of the average equivalent grain diameter ECD as:

ESD ¼ 4
p
ECD (1)
The standard deviation of the 2D and 3D grain idealizations, Csd and Ssd respectively, are assumed to be the same. The
averaged 3D grain diameters ESD and its standard deviation Ssd, calculated from the 2D distributions in the images of Fig.1 are
given in Table 1 for both the AR and RA samples.

The log-normal probability density function has been found to reasonably represent the grain size distribution in metallic
alloys such as Ni-based superalloys in Groeber et al. (2008a) and Ti alloys in Thomas et al. (2012). This distribution function is
defined in terms of two parameters viz. the average m and standard deviation s of the population. They can be computed in
terms of the grain size average and standard deviation values in Table 1 using the following formulas given in Mood et al.
(1974):

m ¼ ln
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Table 1
Average and standard deviation of the 3D equivalent grain diameter for RA and AR samples.

Microstructure (process) ESDðmmÞ SsdðmmÞ
Annealed (AR) 44.4 15.4
Rolled annealed (RA) 106.2 51.7
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Alternatively one can employ themethod of maximum-likelihood to obtain the parameters of the log-normal distribution.
The morphological and crystallographic orientation, misorientation and micro-texture distribution data are input into the

DREAM.3D software (Groeber and Jackson, 2014) to create 3D statistically-equivalent virtual microstructures using methods
described in Groeber et al. (2008a,b). For generating synthetic microstructures, this software relaxes the assumption of
equiaxed grains used in the development of morphological statistics. Grains are allowed to have complex shapes with random
morphological orientations. These grains are then packed in the synthetic microstructure based on neighborhood constraints.
Following previous reconstructions for Ti alloys in Thomas et al. (2012) and IN100 superalloys in Groeber et al. (2008a,b), the
average number of neighbors to a grain in the 3D ensemble is assumed to be 14. Crystallographic orientations are assigned to
the grains in the synthetic microstructure by sampling from the experimentally obtained orientation distribution function.
Subsequently, the misorientation and micro-texture distributions are matched by an error minimization routine, in which
orientations are swapped among grains and/or perturbed. A total of 180 different synthetic microstructures with varying
number of grains are reconstructed for the RA sample. These microstructures are grouped into different bins based on the
number of grains in the ensemble. Each bin has a width of 10, i.e. the increase in the number of grains for every bin is by 10.
Error measures for the average grain size and the standard deviation are defined to quantitatively study the convergence in
grain size distribution. They are:
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For a microstructures in the ith bin, Eav and Esd respectively quantify the error in the average and standard deviation of the
grain size. n(i) is the number of microstructural instantiations that belong to the bin i. ESD

ðiÞ
j and Ssd

ðiÞ
j represent the average

and standard deviation of the diameter of the equivalent spherical grain in the jth synthetic microstructure belonging to bin i.
ESD and Ssd, on the other hand, correspond to values from stereological analysis of EBSDmaps in Table 1. Fig. 2 shows the error
in the average and standard deviation as a function of the number of grains in the synthetic microstructure. The error
generally decreases rapidly with increasing number of grains. Less than 2% error is seen for both parameters for micro-
structures containing more than 480 grains.

To assess the fidelity of crystallographic distribution representation in the synthetic microstructure, the misorientation
distribution is examined. The error in the misorientation distribution is evaluated by the KolmogoroveSmirnov (KS) test
(Massey, 1951). It is a distribution-free test of goodness of fit, which quantifies the maximum difference between two cu-
mulative distribution functions (CDFs). Fig. 3 shows that the KS statistic generally decreases rapidly with increase in the
number of grains in the microstructure. In other words, the misorientation CDF of the synthetic microstructure compares
better to the one obtained from EBSD maps with increasing the number of grains.
Fig. 2. Error in the average and standard deviation of 3D grain size for the rolled-annealed (RA) microstructures.



Fig. 3. KolmogoroveSmirnov test for the misorientation distribution in the rolled-annealed (RA) microstructures.
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From the results in Figs. 2 and 3 for the RA microstructure, a statistically equivalent microstructure of dimensions
960� 960� 960mm3 containing 529 grains is chosen for crystal plasticity FE simulations. Fig. 4a shows the contour plot of the
〈c〉-axis misorientation of a microstructure containing 529 grains. The pole figures, misorientation and grain size distribution
of the 529-grain simulated microstructure are compared with those obtained from EBSD maps in Fig. 4bed. Very good
agreement is seen between the simulated and the experimental probability density functions.

With an analogous reconstruction process and convergence study, a statistically equivalent RVE of dimensions
300� 300� 300mm3 containing 515 grains is simulated for the AR sample. Fig. 5a shows the 〈c〉-axis misorientation contour
plot, while pole figures, misorientation and grain size distribution of the simulated microstructure are compared with EBSD
based results in Fig. 5bed.
Fig. 4. (a) Contour plot of 〈c〉-axis misorientation for the 529-grain statistically equivalent RA virtual microstructure; Comparison of (b) orientation distribution,
(c) misorientation distribution and (d) grain size distribution of the simulated microstructure with those from the EBSD data.



Fig. 5. (a) Contour plot of 〈c〉-axis misorientation for the 515-grain statistically equivalent AR virtual microstructure; Comparison of (b) orientation distribution,
(c) misorientation distribution and (d) grain size distribution of the simulated microstructure with those from the EBSD data.
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2.3. Mesh generation and convergence study

The 3D simulated statistically equivalent microstructures, developed in the previous section, are represented as voxelized
volumes with each voxel in a grain identified by a common set of 3 Euler angles. For crystal plasticity FE analysis, these
voxelized volumes should be transformed into domains with smooth grain boundaries that can be discretized into a finite
element mesh. For discretization of the computational domain, the voxelized synthetic microstructures are input into the
Simmetrix® software (Simulation Modeling Suite, 2015). For enhancing mesh quality, this software applies some basic filters
to remove the small features and smoothen the grain boundaries. Stabilized four-node tetrahedral or TET4 elements, with
linear interpolation functions for displacements, discretize the polycrystalline domains. The aspect ratio of elements in the
mesh is kept below 70 and less than 0.01% of elements have an aspect ratio higher than 40.

It is necessary to conduct a mesh convergence study with respect to both macroscopic and microscopic variables, prior to
conducting major CPFE simulations (Diard et al., 2005). For this study, a CPFE analysis of the virtual RA microstructure in
Fig. 4a is conducted under constant strain-rate _ε ¼ 1:1� 103s�1 along the [100] or x-direction. Two mesh densities with
536,090 and 754,916 elements are considered for comparison. Fig. 6a shows the comparison of the macroscopic volume-
averaged stress-strain response, while Fig. 6b compares the distribution of microscopic von Mises stress along an X-
directed line passing through the centroid of the microstructure. The mesh convergence study concludes that the 536090-
element mesh provides sufficient resolution for the CPFE simulations. A similar study for the AR microstructure converges
to a 517023-element mesh to provide adequate accuracy.
3. Mechanical testing of polycrystalline Tie7Al specimen

The unified flow rule (UL) and phenomenological (PL) crystal plasticity models are calibrated and validated using ex-
periments that are conducted at Army Research Laboratories in Aberdeen. Room temperature, uniaxial compression ex-
periments are conducted to determine themechanical behavior of both the as-rolled (AR) and rolled-annealed (RA)materials.
The tests are performed at both, quasi-static (10�3s�1) and dynamic strain rates (1000�4000s�1) to investigate strain-rate
sensitivity. Given the texture in both materials, it was necessary to run the experiments with loading along the three
orthogonal directions (normal (ND), rolled (RD), and transverse (TD)) to probe possible anisotropic behavior.



Fig. 6. Mesh convergence study for the RA microstructure by comparing results of two mesh densities: (a) volume-averaged loading direction stressestrain
response and (b) von Mises stress at 2% strain along an X-directed line.
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3.1. Experimental methods

The quasi-static (QS) tests are conducted on a screw-driven Instron load frame under displacement control conditions. The
specimens are machined from the bulk materials using a wire-EDM to dimensions of 3.5� 3.5�7mm (aspect ratio of 2). A
compression subpress fixture ensures proper axial alignment during loading. To minimize the frictional effects, the ends of
the specimens are lubricated. The displacement is measured using a stereoscopic digital image correlation (DIC) system
consisting of two 2.3MP cameras. The choice of a two-camera system is made to eliminate the effect of out of planemotion on
the strain measurements. DIC speckle pattern is applied to the surface of the specimen using a fine airbrush. VicSnap and
Vic3D are used to acquire the images and perform the correlation (subset 29, step 10). Uniaxial strain is calculated using a
digital extensometer. None of the specimens failed during testing. Unloading is initiated either after sufficient data is obtained
or the specimen begins to deform in a non-uniform manner upon which the data becomes invalid.

The dynamic (DY) strain-rate tests are conducted on a compression Kolsky (Split-Hopkinson) bar, a technique originally
suggested in Hopkinson (1914) and subsequentlymodified in Hopkinson (1949). It is currently themost popular technique for
testing of high strain-rate (103�104s�1) behavior of materials. The Kolsky bar consists of two 9.5mm maraging steel bars,
referred to as the input and output bars, with the specimen sandwiched between them. A gas gun accelerates a projectile,
which strikes the input bar, creating a compressive stress pulse that travels down the input bar and loads the specimen
(Huskins et al., 2010). The foil strain gages, located on the input and output bars, record the reflected and transmitted stress
pulses respectively. These data are used to calculate the stress and strain rate history of the specimen once it has reached
stress equilibrium. The strain-rate history is integrated over time to obtain the strain history, which is correlated with the
stress history to form stress-strain curves. A complete description of the Kolsky bar experimental technique is provided in
Chen and Song (2011). The specimens are machined from the bulk materials to dimensions of 3.5� 3.5� 2.5mm (aspect ratio
of 0.7). The smaller aspect ratio reduced the inertial effects during testing and is inversely related to the achievable strain rate.
The specimen ends were polished and lubricated to limit the effects of friction.
3.2. Experimental results

Fig. 7 shows the representative compressive true stress-strain curves for the rolled-annealed (RA) and as-rolled (AR)
materials. Validmeasurement of stresses and strain-rates using the Kolsky bar experiments requires stress equilibriumwithin
the specimen. Since this conditionmay not be satisfied at the early stages of deformation, corresponding to very small strains,
the calculated strain-rates and stresses are not representative of the mechanical response of the material under uniaxial
loading conditions. In this work, the strains at which stress equilibrium is reached is calculated to be ~2�3%. The Youngs
modulus and the 0.2% offset yield stress are therefore obtained from the QS data only. The transverse and rolled directions for
the RA material have similar response. However, the normal direction shows increased strength and strain hardening. The
0.2% yield strengths for the RD, TD, and ND are 613 MPa, 302 MPa, and 209 MPa respectively, which corresponds to an in-
crease in strength of over 30% in the ND. The 5% flow stress shows increased strength of 265 MPa, 302 MPa, and 209 MPa for
the RD, TD, and ND respectively. The direction-averaged Youngs modulus is 122GPa.
4. Calibration and validation of the image-based crystal plasticity FE model with the unified flow rule

Image-based CPFEmodels need robust constitutivemodels for predicting thematerial response. Both the unified flow rule
(UL) and phenomenological flow rule (PL) discussed in part I (Shahba and Ghosh, 2016), are incorporated for CPFE analyses.



Fig. 7. Representative compression true stressestrain curve for the Tie7Al alloy tested at QS and DY strain rates with: (a) RA and (b) AR material microstructures.
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The constitutive models are calibrated and validated using the results of the quasi-static and dynamic experiments discussed
in Section 3. Results from eight experiments are used for calibration of the crystal plasticity constitutive model parameters
and also validation of the CPFE model. The parameters and conditions for these tests are tabulated in Tables 2 and 3. The
different variables in the table corresponds to:

(i) the microstructure variations due to variation in the processing conditions: as-rolled (AR) or rolled-annealed (RA),
(ii) the applied strain-rate corresponding to quasi-static (QS) or dynamic (DY) loading classification, and
(iii) the loading direction that may be normal (ND), rolling (RD) or transverse (TD) direction.

The ND, RD and TD directions correspond to the global [100], [010] and [001] directions respectively in the simulations.
Four of the eight experiments given in Table 2 are used for calibration of constitutive parameters, while the other four in Table
3 are used for CPFE model validation. Both the calibration and validation experiments incorporate a diverse set of conditions.
4.1. Calibration of constitutive parameters

The constitutive equations for the unified flow rule (UL) and phenomenological (PL) crystal plasticity models are given in
details in Section 2 of part I of this paper (Shahba and Ghosh, 2016). Constitutive parameters to be calibrated include the
anisotropic elastic constants and slip system-dependent crystal plasticity parameters. The a titanium alloys with a hcp lattice-
parameter ratio of c/a¼ 1.59 shows a transversely isotropic elastic response. The elastic stiffness coefficients are expressed in
a material coordinate system that is defined by the orthonormal basis ðec1; ec2; ec3Þ. Here, the directions 1, 2 and 3 correspond
respectively to ½1210�; ½1010� and ½0001� directions of the hcp crystal lattice, as depicted in Fig. 2 of part I (Shahba and Ghosh,
2016). The anisotropic elasticity tensor in this coordinate system is expressed in the Voigt notation as ½Ce

IJ �; I; J ¼ 1…6. For
transversely isotropic elastic behavior, there are only 5 independent elastic constants, viz. C11¼ C22,C12,C13¼ C23,C33,C55¼ C66
and C44¼ (C11�C12)/2. The elastic constants are measured using resonant ultrasound spectroscopy experiments on Ti-7 single
crystal samples at room temperature in Shade (2015) and tabulated in Table 4.
Table 2
Specifics of calibration experiments.

Microstructure Strain-rate (s�1) Classification Loading direction

RA 1.0� 10�3 QS ND
RA 1.1� 10þ3 DY ND
RA 2.0� 10�3 QS RD
RA 2.6� 10þ3 DY RD

Table 3
Specifics of validation experiments.

Microstructure Strain-rate (s�1) Classification Loading direction

RA 1.0� 10�3 QS TD
RA 2.7� 10þ3 DY TD
AR 1.1� 10þ3 DY ND
AR 2.6� 10þ3 DY RD



Table 4
Experimentally measured elastic stiffness components at room temperature in Shade (2015), and their slopes with temperature (Ogi et al., 2004).

Stiffness parameters unit IJ¼ 11 IJ¼ 12 IJ¼ 13 IJ¼ 33 IJ¼ 55

CIJ GPa 164.7 82.5 61.8 175.2 48.5
�vCIJ

vT MPa/K 48 8.9 21 21 21.9
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Experimental measurements of elastic constants of a-Ti have shown a near linear dependence on temperature (Ogi et al.,
2004). Stiffness components decrease almost linearly with increasing temperature but with different slopes. Experimental
results in Ogi et al. (2004) are used to obtain the thermal gradients of the stiffness components. The linear slopes of elastic
coefficients with temperature are given in Table 4.

The crystal plasticity parameters for the (UL) and (PL) models are calibrated in an iterative manner. For the (PL) model, the
parameters that have been calibrated for the Tie6Al alloy in Hasija et al. (2003) are taken as the starting values since its
chemical composition is relatively close to that of Tie7Al alloy. From sensitivity analysis, it is revealed that _ga0; s

a
0�

and m are
the parameters that control the onset of plasticity i.e. yield point. Also the parameters haref ;~s

a; ra and na are the ones con-
trolling the hardening rate. The exponentm is found to be the primary parameter controlling rate-sensitivity. The calibration
process is designed to use quasi-static tests at room temperature to calibrate parameters that control the onset of plasticity as
well as hardening. Dynamic tests are utilized to calibrate the rate-controlling parameterm that affects the yield stress, as well.

Using the four calibration tests categorized in Table 2, parameters in the (PL) model are calibrated. The volume-averaged
stressestrain plots, comparing simulated results with experiments are shown in Fig. 8. The hatched area in Fig. 8a corre-
sponds to a period at which stress equilibrium is not necessarily reached in the sample during high-rate experiments.
Therefore, the experimental stress-strain response is not reliable during this period. The calibrated parameters for the (PL)
model are given in Table 5. The response to loading in the ND direction is stiffer than in the RD direction. This is the effect of
the rolling process, which aligns the 〈c〉� axis of grains along the ND direction. Therefore, loading along the ND direction will
favor activation of 〈cþ a〉� pyramidal slip systems whose critical resolved shear stress is 2~3 times larger than the 〈a〉� basal
or prismatic slip systems (Li et al., 2013).

It is also important to account for the effect of temperature increase on plastic deformation in high strain-rate simulations
due to adiabatic heating. Increasing temperature boosts the rate of successful thermal activation attempts and consequently
plastic flow is enhanced. In other words, the resistance to plastic flow reduces with rising temperature. In the (PL) model, this
is phenomenologically accounted for by scaling the slip system resistances with temperature as:
sa� ¼ saref *ðT=Tref Þp;where saref� is the slip system resistance at reference temperature Tref and p is a fitting parameter (Clayton,
Table 5
Calibrated parameters of the (PL) constitutive model for different slip systems.

Parameters (units) 〈a〉basal 〈a〉prismatic 〈a〉pyramidal 〈cþ a〉pyramidal

sa0�
ðMPaÞ 230 205 500 610

_ga0ðs�1Þ 0.003 0.003 0.003 0.003
haref ðMPaÞ 250 250 1200 2000
m 0.019 0.019 0.019 0.019
ra 0.02 0.02 0.02 0.02
na 0.3 0.3 0.3 0.3
~saðMPaÞ 1600 1600 1600 1800

Fig. 8. Stressestrain plots used in the calibration of the (PL) and (UL) model parameters using: (a) quasi-static (QS) and (b) dynamic (DY) experiments. The
hatched region corresponds to the range where stress equilibrium is not attained in the dynamic experiments.
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2005). In the present work, Tref is set to room temperature, for which saref� will correspond to sa0�
. The p exponent is set to �1

using the experimental results in Williams et al. (2002) on a-Ti alloys. They have measured the variation of yield stress and
critical resolved shear stresses for different slip systems at a wide range of temperatures. The results in Williams et al. (2002)
are laterally shifted such that yield stress at room temperature matches the one using the calibrated parameters in Table 5.
Fig. 9 shows the variation of 0.2% yield stress with temperature, for single crystal Tie7Al that is oriented for activation of 〈a〉�
basal and 〈cþ a〉� pyramidal slip systems. The results of 〈a〉� prism slip are not shown since it is very close to the response of
〈a〉� basal slip.

The crystal plasticity parameters for the unified flow rule (UL) crystal plasticity model are calibrated in the sameway as for
the (PL) model. Experimental observations (Akhtar and Teghtsoonian, 1975; Tanaka and Conrad, 1972) suggest that the
effective activation energy is generally temperature-dependent. Hence the effective activation energy is expressed in terms of
temperature as:

Q a
slipðTÞ ¼ Q a

ref þ caQ
�
T
.
Tref � 1

�pa
Q (4)
These parameters are calibrated using experimental data in Williams et al. (2002). The calibrated parameters for the (UL)
model are delineated in Table 6. The corresponding comparison with experimental stressestrain plots are shown in Fig. 8.

4.2. Validation of the CPFE model with experimental results

Validation of both the (UL) and (PL) models with respect to the fidelity of calibrated parameters is achieved by simulating
the four experiments described in Table 3. The image-based CPFE models for the AR and RAmaterials, developed in Section 2,
are used for these simulations and boundary conditions are applied commensuratewith the experimental loading conditions.
Results of the simulations are compared with corresponding experiments in Fig. 10. Generally a good agreement is observed
between the models and experiments for the range of strain-rates considered. Even though the parameters are calibrated
using the RAmaterials, the models predict the deformation of ARmicrostructure very well. This concludes that the grain size-
dependence mechanisms in themodel, i.e. the GND hardening and Hall-Petch type effects are properly represented, since the
primary difference between the AR and RAmicrostructures is the average grain size. Uniqueness of the calibrated parameters
is always an issue when limited experimental results are available, as in this problem. The combination of sensitivity analysis
Fig. 9. Variation of yield stress with temperature for single crystals oriented for activation of different slip systems.

Table 6
Calibrated parameters of the (UL) model for different slip systems.

Parameters (units) 〈a〉� basal 〈a〉� prismatic 〈a〉� pyramidal 〈cþ a〉� pyramidal

Qa
ref ðJÞ 2.1� 10�19 2.2� 10�19 3.0� 10�19 2.6� 10�19

lakinkðbaÞ 20 20 20 20
sa0�

ðMPaÞ 5.0 5.0 5.0 5.0
caath 0.8 0.62 0.7 0.5
caact 0.7 0.7 0.1 0.04
cal 8.0 8.0 8.0 8.0
camultiðmm�1Þ 150 230 500 500
caannih 10 10 10 10
caQ ðJÞ 2.3� 10�20 3.7� 10�20 1.8� 10�20 0.9� 10�20

paQ 1.6 1.6 1.6 1.6



Fig. 10. Validation of (UL) and (PL) models for the quasi-static (QS) and dynamic (DY) experiments on (a) RA and (b) AR material microstructures.
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and least-squares minimization routine, however yields the best possible combination of parameters to reproduce the
experimentally observed response.

4.3. Validation of temperature-dependence of the flow stress

Temperature changes affect both the elastic and plastic responses of Ti alloys as discussed in part I of this paper
(Shahba and Ghosh, 2016). With increasing temperature, elastic stiffnesses decrease in value. This affects the slip-driven
plasticity through a reduction in the shear modulus dependent slip system strength represented by the athermal stress
(Ashby, 1970). Increasing temperature also promotes plasticity by boosting up the rate of successful thermal activation
attempts. The effects of temperature on plastic deformation by the (UL) model is studied here under isothermal
conditions.

Compression tests are simulated for the AR microstructure along ND and RD at a strain-rate of 10�3s�1 under isothermal
conditions, but at different initial temperatures. The volume-averaged stress-strain responses in the loading direction are
plotted in Fig. 11a. With temperature increase, the yield stress decreases significantly but the reduction of elastic stiffness is
negligible. Fig. 11b shows the variation of the yield stress with temperature in the temperature range of 300Ke700K. It is
observed that the yield stress decreases almost linearly with temperature, consistent with the experimental results in Khan
et al. (2004) performed on Tie6Ale4V. The yield stress for the AR material in the ND direction decreases more rapidly in
comparison with the RD direction. This is due to the crystallographic orientation of the grains and the dissimilar variation of
critical resolved shear stress (CRSS) with temperature for different slip systems. Crystallographic orientations of grains in the
AR material are such that the 〈a〉� basal and prism slip systems are the favorable modes of slip when the sample is loaded
along the RD. On the other hand, 〈cþ a〉� pyramidal slip is the favorable one for loading along the ND. As shown in Fig. 9, the
CRSS for the 〈cþ a〉� pyramidal slip system reduces at a faster rate with temperature, compared to that for the 〈a〉� basal and
prism slip systems. This explains why the yield stress for the AR-ND simulations decreases more rapidly with temperature in
Fig. 11b.
Fig. 11. CPFE simulation of the AR microstructure at different initial temperatures, subject to strain-rate of 10�3s�1: (a) loading direction stressestrain response,
(b) variation of yield stress with temperature.
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5. Image-based CPFE simulations with adiabatic heating

This section explores the role of local adiabatic heating associated with high strain-rates, discussed in part I, on the
deformation response of polycrystalline Tie7Al alloys. The image-based CPFE models developed in Section 2 are used for
these simulations. The as-rolled (AR) material microstructural RVE is subjected to a compressive strain rate of 104s�1 along
the normal direction (ND). Different case studies are considered for these simulations.

� Case I: Simulation in which local adiabatic heating is turned off, i.e. simulation is under isothermal conditions.
� Case II: Simulation in which local adiabatic heating is accounted for, but the reduction of elastic constants with tem-
perature is neglected.

� Case III: Simulation in which both local adiabatic heating and reduction of elastic constants with temperature are
considered.

The macroscopic stress-strain response for the three cases are shown in Fig. 12. Comparing the responses, it is observed
that the pre-yield portion of the stress-strain response is not affected much by the adiabatic heating, since the amount of
plastic work and consequently the local temperature rise is very small in this stage of deformation. The effect of adiabatic
heating becomesmore evident with rise in the local temperature at higher strains. A lower strain hardening is seen for case III
in comparison with case I for which the temperature evolution is suppressed. Moreover, based on the macroscopic response
for cases II and III in Fig. 12, it is inferred that the effect of decrease in elastic constants with temperature becomes noticeable
only at higher strains above 0.15. Thus, the consideration of elastic softening is of secondary importance if material failure due
to nucleation and evolution of microstructural defects starts at early stages of deformation. This is consistent with obser-
vations in Osovski et al. (2013), where the effect of temperature on the failure of Ti alloys were investigated.

Failure of Ti alloys at high strain-rates is attributed to formation of adiabatic shear bands (ASBs), which in turn is related to
the emergence of hot spots due to adiabatic heating. The case III simulations are analyzed for local temperature evolution in
each grain. A temperature increaseDTg is calculated for each grain g, and its distribution over the entiremicrostructure at four
different stages of deformation is plotted in Fig. 13a. The average temperature increase in the grain g is evaluated as:
Fig. 13. Probability distribution functions of: (a) DTg and (b) 3
p
g at different stages of deformation, in CPFE simulations of the AR microstructure at strain-rate of

104s�1.

Fig. 12. Stressestrain response in the loading (ND) direction, for an applied compressive strain-rate of 104s�1 on the AR microstructural RVE.
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DTg ¼
PNðgÞ

e
i¼1 UiDTPNðgÞ

e
i¼1 Ui

(5)

where NðgÞ
e is the number of elements and Ui and DTi are respectively the volume and temperature increase in the i-th

element of the grain g. TheDT distribution evolution indicates that not only the average temperature in individual grains, but
g

also its standard deviation increases with deformation. A similar trend is observed in the distribution of the effective plastic
strain in each grain, shown in Fig. 13b. The increase in heterogeneity of the plastic strain field implies that the micro-plasticity
transitions from a nearly uniform state in the early stages of deformation to a non-uniform state in the later stages. This
tendency of deformation towards a non-uniform distribution of the plastic strain implies the realization of severely
plastically-deformed grains. Depending on the contiguity of these grains, large regions of localized deformation can be
created. Fig. 14 shows the formation of such a region over an XZ slice in the 3Dmicrostructure. In this region, the temperature
is also locally high due to significant dissipative plastic work, as observed in Fig. 15. These regions can facilitate the nucleation
of the adiabatic shear bands, initiating a failure process.
5.1. An anomaly in the relation between temperature and plastic strain hotspots

Since the adiabatic heating is a consequence of plastic deformation, it may be reasonable to assume that the distributions
in Fig. 13 are complementary. This implies that with increased plastic localization in certain grains, the temperature rises
adiabatically and causes an increase in the standard deviation in those grains in Fig. 13a. However, a close analysis of the
plastic strain and temperature contours in the microstructure reveals that the regions with a high plastic strain do not
necessarily correspond to hot spots of the temperature field and vice versa. For example, the effective plastic strain contour
plot in Fig. 16a shows that grain A is highly plastically deformed. However the contour plot of temperature field in Fig. 16b
does not suggest an elevated temperature in this grain. On the other hand, grains B, C and D experience elevated thermal
fields, although they are undergoing moderate plastic deformation. To comprehend this anomalous behavior, the plastic
power density definition is recalled as:

Wp
_ ¼ s : dp (6)

where s and dpare respectively the Cauchy stress and plastic part of the rate of deformation tensor in the current configu-
ration.Wp

_ is dependent on the stress level and the rate of plastic deformation in a multiplicative form. Hence, a high value of
plastic strain by itself does not constitute a high value of plastic work and consequently adiabatic heating. Temperature may
increase more at a material point with high level of stress but low plastic strain, compared to another material point with
higher plastic strain and lower stress. Hence the temperature trends in grains A, B, C and D are more congruent with the
contour plot of the von Mises stress, as a measure of stress tensor, as shown in Fig. 16c.
Fig. 14. Development of regions of plastic localization in the AR microstructure under a compressive strain-rate of 104s�1 along the ND direction, at: (a) 5%, (b)
10%, (c) 15% and (d) 20% strain. (The contours are shown in the undeformed configuration).



Fig. 16. Contour plots of: (a) effective plastic strain, (b) temperature and (c) von Mises stress at 20% strain, from CPFE simulations of the AR microstructure under
a compressive strain-rate of 104s�1 along the ND direction.

Fig. 15. Evolution of temperature in the AR microstructure under a compressive strain-rate of 104s�1 along the ND direction, at: (a) 5%, (b) 10%, (c) 15% and (d)
20% strain (The contours are shown in the undeformed configuration).
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To study this further, a bi-crystal model consisting of a hard and soft grain is generated as shown in Fig. 17a. The orien-
tations of the soft and hard grains are identical to the ones shown in Fig. 8a and c respectively in part I of this paper (Shahba
and Ghosh, 2016). The orientation induces a much higher level of plastic strain in the soft grain. Fig. 17b plots the macroscopic
stress-strain response in the direction of loading, for this bi-crystal model with an applied compressive strain-rate of 104s�1 in
the [001] direction. Three stages of deformation are selected as indicated in Fig. 17b. The evolution of relevant micro-
mechanical variables are investigated at these stages along a line in the X-direction that passes through the centroid of
Fig. 17. (a) A bi-crystal model discretized into 5103 linear tetrahedral elements, and (b) macroscopic stressestrain response in the loading direction, for applied
compressive strain-rate of 104s�1 along the [001] direction.
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the model. At stage I, the plastic flow has already started in the soft grain, whereas the hard grain has barely deformed
plastically. As shown in Fig. 18a, the temperature in the soft grain is slightly higher than that in the hard grain. In the sub-
sequent stages of deformation, the temperature in the hard grain increases significantly in comparison with the soft grain.
Here again the rate of adiabatic heating is governed by the stress state. The temperature difference between the two grains
grows larger with deformation as shown in Fig. 18b and c.

The results of the bi-crystal problem in Fig.18 also provides some insight on the formation of adiabatic shear bands or ASBs
at high strain-rates. Different criteria have been proposed for estimating the formation of adiabatic shear bands, based on
thermo-mechanical variables, such as plastic shear strain in Culver (1973), temperature in Medyanik et al. (2007) or stored
energy of cold work in Osovski et al. (2013) and Rittel et al. (2006). Themodel developed in this paper with reference to Fig. 18
has the ability to comprehend the source of nucleation of such ASBs that will be studied more in future work.

6. Concluding remarks

The second part of this paper develops an image-based crystal plasticity FE model, incorporating the unified flow rule (UL)
and phenomenological flow rule (PL) based constitutive models, simulating deformation in the polycrystalline Tie7Al alloy
under low and high strain-rates. The image-based CPFE uses 3D statistically-equivalent virtual microstructures that are
Fig. 18. Profiles of temperature, effective plastic strain and von Mises stress along a line at (a) 1.5% strain (stage I), (b) 5% strain (stage II) and (c) 10% strain (stage
III).
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reconstructed by processing 2D EBSD surface data with statistical and stereological principles. The statistically equivalent
virtual microstructures are constructed for the Tie7Al alloy in as-rolled (AR) and rolled-annealed (RA) conditions. A set of
quasi-static and dynamic tests are performed along different directions, viz. RD, TD and ND, to generate data for calibrating
and validating the (UL) and (PL) constitutive models. Both the (UL) and (PL) models are calibrated from these experimental
tests and also validated for accuracy. The effect of initial temperature is investigated for quasi-static isothermal simulations.
The 0.2% yield stress decreases almost linearly with temperature in the temperature range of interest. The rate of decrease is
observed to be higher along ND since the critical resolved shear stress for 〈cþ a〉� slip system drops faster with temperature
compared to that for the 〈a〉� slip systems.

Adiabatic simulations conductedwith the image-based CPFEmodel incorporating the (UL) flow rule show that the effect of
temperature on enhancing plasticity is more pronounced than its effect on reducing elastic constants. Analysis of high strain-
rate simulations show the tendency of the microstructure towards localized plastic deformation with progress in material
straining. Study on adiabatic heating reveals that the grains with severe plastic deformation do not necessarily show high
localized temperatures as a result of conversion of plastic work into heat. It is likely that grains, which are not favorably
orientated for plastic slip, experience higher adiabatic heating due to the locally higher stress states. The adiabatic simulations
should ensure that the local temperature does not exceed the melting temperature of the material during the course of
deformation. In the simulations carried out in this paper, the local temperature did not exceed themelting temperature of the
material (~1950K for Ti alloys).

The work in this paper is focused on showing the validity of the novel constitutive models in predicting deformation at a
range of strain-rates. However, it paves the way for modeling failure in Ti alloys through the development of physics-based
criteria for nucleation of adiabatic shear bands, a precursor to the material failure.
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