Mississippi State University

Scholars Junction

Theses and Dissertations Theses and Dissertations

1-1-2015

Mesoscale Full Field Modeling of Stress Localization in
Polycrystalline Materials Deforming by Both Slip and Twin

Vahid Tari

Follow this and additional works at: https://scholarsjunction.msstate.edu/td

Recommended Citation

Tari, Vahid, "Mesoscale Full Field Modeling of Stress Localization in Polycrystalline Materials Deforming
by Both Slip and Twin" (2015). Theses and Dissertations. 3067.
https://scholarsjunction.msstate.edu/td/3067

This Dissertation - Open Access is brought to you for free and open access by the Theses and Dissertations at
Scholars Junctlon It has been accepted for inclusion in Theses and Dissertations by an authorized administrator of
ation, please contact scholcomm@msstate.libanswers.com.

www.manharaa.com



https://scholarsjunction.msstate.edu/
https://scholarsjunction.msstate.edu/td
https://scholarsjunction.msstate.edu/theses-dissertations
https://scholarsjunction.msstate.edu/td?utm_source=scholarsjunction.msstate.edu%2Ftd%2F3067&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarsjunction.msstate.edu/td/3067?utm_source=scholarsjunction.msstate.edu%2Ftd%2F3067&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:scholcomm@msstate.libanswers.com

Mesoscale full field modeling of stress localization in polycrystalline materials deforming

by both slip and twin.

By

Vahid Tari

A Dissertation
Submitted to the Faculty of
Mississippi State University
in Partial Fulfillment of the Requirements
for the Degree of Doctor of Philosophy
in Computational Engineering
in the Department of Computational Engineering

Mississippi State, Mississippi

August 2015

www.manharaa.com




Copyright by
Vahid Tari

2015

www.manharaa.com




Mesoscale full field modeling of stress localization in polycrystalline materials deforming

by both slip and twin.

By

Vahid Tari

Approved:

Haitham EIl Kadiri
(Major Professor)

Anthony D. Rollett
(Committee Member)

Andrew L. Oppedal
(Committee Member)

Edward A. Luke
(Committee Member)

Shantia Yarahmadian
(Committee Member)

Pasquale Cinnella
(Graduate Coordinator)

Jason M. Keith
Interim Dean
Bagley College of Engineering

www.manharaa.com



Name: Vahid Tari

Date of Degree: August 14, 2015
Institution: Mississippi State University
Major Field: Computational Engineering
Major Professor: Haitham El Kadiri

Title of Study:  Mesoscale full field modeling of stress localization in polycrystalline
materials deforming by both slip and twin.

Pages in Study: 134

Candidate for Degree of Doctor of Philosophy

The aim of this PhD thesis is to incorporate deformation twinning in a full-field
viscoplastic crystal plasticity model based on fast Fourier transform in an effort to gain
insights into its role on strain localization. This work is motivated by current
experimental evidences on the important role that dislocation reactions at the twin
interface play on damage initiation in materials during plastic deformation.

We began first by investigating the role of slip on stress localization. To this end,
we simulated the effect of macroscopic deformation path, which dictates a macroscopic
stress state, as well as pre-existing microstructure in typical ferritic steel, where plastic
deformation is accommodated by slip mechanism. The results show that the width of
localized strain rate regions near grain boundaries is a function of the deformation path,
and there is a positive correlation between local Taylor factor and local stress field, which
slightly depends on deformation path.

For the incorporation of mechanical twinning in twinning-induced plasticity
(TWIP) steel, we implemented predominant reorientation scheme (PTR) in vpFFT, which

was implemented previously in the mean field VPSC. The comparison between
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experimental and simulation results indicates that twin volume fraction, final texture, and
stress-strain curve were satisfactorily predicted. Despite that predominant twin
reorientation scheme was not suitable to capture lamellar shape of twins in the
microstructure, twin domains were predicted to form and grow at or close to grain
boundary regions.

Finally, we surveyed current literature, which aimed at capturing the characteristic
lamellar morphology of twins. Literature review shows several unsuccessful crystal
plasticity simulations in capturing twin nucleation and twin lamellar shape at measocale.
These inabilities can be attributed to 1) twin nucleation that is controlled by local
atomistic configurations and stress fluctuations at the grain boundaries, and ii) the
random or stochastic nature of twin nucleation, which has been proved by EBSD
observation. Based on the EBSD observations, twin nucleation depends on both
microstructural (e.g, grain size, dislocation density) and loading conditions ( e.g, stress,
strain). Furthermore, the propensity, frequency, and morphology of deformation twins are

different among grain with the same orientation and applied boundary conditions.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

The reduction of greenhouse gases (GHG) and reduced dependence on
hydrocarbon-based fuels is a key priority worldwide. The United States, Canada, China
and the Euro-zone have engaged, in a first stage plan to reduce the mass of CO2 emitted
by passenger vehicles a full 30-50% below current standards by the year 2020 (targets:
95g/km for EU and China; 110g/km for the USA and Canada). Such tremendous
improvements will require extensive vehicle mass reduction through the use of
lightweight materials allowing for (1) a net fuel economy improvement in combustion
engine and (2) an increase in the range of electric vehicles. In addition, all material
developments must maintain or improve crash worthiness of current vehicles.

Metals that have potential to satisfy these conflicting demands contain a
hexagonal close-packed (HCP) crystal structure, twinning-induced or martensitic
transformation-induced plasticity steel, and/or aluminum alloys. Candidate materials
systems are based upon magnesium (Mg), titanium (T1), as well as advanced-high
strength steels (AHSS), including twinning-induced plasticity (TWIP), third-generation
advanced high strength (3GAHSS), and transformation-induced plasticity (TRIP) steels.
However, current structural applications of HCP Mg alloys, in particular, are limited to

castings due to difficulties associated with forming wrought alloys. In order to increase
1
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applications of these lightweight materials in response to the critical needs within the
transportation sector, improvement in both their formability and ability to absorb energy
during a crash is required.

The plastic anisotropy of the hexagonal lattice is widely understood as the source
the present limitations associated with HCP metals [1]. The dislocations which easily
accommodate plasticity in HCP crystals generally have Burgers vectors within the basal
plane. Thus, these materials suffer from an inability to easily deform along the HCP
crystal c-axes, in the absence of a deformation twinning-based mechanism of strain
accommodation. Deformation twinning has long been known to alleviate the requirement
to satisfy the von Mises criterion for polycrystalline plasticity that demands five
independent easy dislocation slip modes [2]. However, deformation twinning-based
plasticity can be a “double-edged sword.” Several examples [3—5] in the literature
demonstrate where twinning is associated with fracture initiation, and there are a number

of micro-mechanism hypotheses to explain these phenomena.

1.2 Effect of twinning on Mechanical (anisotropic) behavior

In HCP crystals, the most common twinning mechanism involves shear on the
{1012} planes and is known as tension twinning [6] in Mg alloys; shear produces tension
parallel to the c-axes of the crystals. It is responsible for the asymmetry characteristic of
strongly textured alloys since the activity of this mechanism is minimized or maximized
by just inverting the sign of the stress or by changing the strain path (Figure 1.1).
However the interactions involving slip, twinning, and microstructural feature which are
responsible for the rapid strain hardening shown in region II of Figure 1.1 are much less

understood. Similarly, the interactions which lead to rapid strain incompatibilities and
2
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localization between grains and damage initiation are only qualitatively understood [7—

10].

500 T T T

400 *-TTC

300 [ P

200 |-
Rolled sheet

True Stress, MPa
\

100 | : : .
1 n o m

>

0 i L= 1 1 1

0.00 0.02 0.04 0.06 0.08 0.10 0.12

True Strain

Figure 1.1  Plastic anisotropy of magnesium

(Left) Stress-plastic strain curves typical of rolled sheets when deformed by in-plane
compression (IPC) and through thickness compression (TTC) [11]. This anisotropy is
caused by minimal twinning during TTC and profuse {1012} twinning upon IPC. The
IPC curve presents a Regime II characterized by pronounced increase in strain hardening
rate. (Right) Orientation image maps produced by sequential EBSD show deformation

twins (red) growing in the parent (blue) when an extruded Mg alloy, AM30, was
compressed [12].

Interactions involving slip and twinning within a given grain clearly underlie the
rapid strain hardening shown in region II of Figure 1.1. However, nearly a century of
focus on the strain hardening of materials accommodating plasticity by dislocation slip
alone has diverted scientists from determining the relationships which govern the strain

hardening during twin accommodated plasticity. For example, recall the well-accepted
Taylor hardening expression, T = 7y + a,ub\/— , where 7 is the critical resolved shear

stress and p is the dislocation density, a is a geometrical parameter, 4 and b are shear
3
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modulus and burger vector, respectively. Similarly, the plastic strain incompatibilities
between neighboring grains clearly underlie the rapid fracture initiation. However, the
ductile fracture of metals and alloys with face centered cubic (FCC) and body centered
cubic (BCC) crystal structures are largely dictated by second-phase particle fracture
and/or interface debonding. Depending on the initial microstructure, as mentioned above

other interactions appear to additionally drive damage initiation in HCP alloys, e.g. Mg.

1.2.1  Twin nucleation at grain boundaries

Single crystal tests aimed at addressing whether or not twinning is a type of
pseudo-slip deformation mechanism generally show substantial scatter in the critical
resolved shear stress (CRSS) [6,13,14]. In general, the twinning stress exhibits an as of
yet poorly understood dependence on microstructure, strain rate, temperature, stress state,
prior slip, and crystallographic texture. Fundamental studies on the generation of highly
glissile twinning dislocations and their crystallography have since then been undertaken
in an effort to develop physics-based models suitable for higher length scale simulations
such as crystal plasticity [15,16]. A significant number of researches [14,15,16] have
shown the scatter in CRSS to the state of pre-existing defects in test sample. This
suggests that the casting, or other preparation methods, affect the twinning stress. Hence,
the Schmid law should still be in principal applicable to twinning [20-22], but with a
marked sensitivity to initial material impurity. This has led to the suggestion that twin
embryos always pre-exist in the investigated samples [23]. Alternatively, other authors
have suggested that a twin originates either from spontaneous nucleation in the elastic
field due to a stress concentration agent, such as an internal defect, [18,19,24,25], or from

dissociations of prior slip dislocations [26—30] also be favored by stress concentrators.
4
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The above three mechanisms (pre-existing defect, “growth accidents”, and spontaneous
nucleation due to stress concentration) for twinning nucleation are still the subject of
intense debate in the research community.

Following the premises of micro-plasticity suggested by Meyers et al. [11] and
Armstrong et al. [32] developed a dislocation pile-up based constitutive model to account
for the negative grain-size effect [4,33,34]. The main idea relies on the primary role of
dislocation pile-up on twin nucleation. The grain size has to be large enough to permit
sufficiently long pile-ups capable of increasing the internal stress to the level required for
a twin nucleation event, otherwise the twin will simply not form. These approaches were
later refined and used to explain the strong dependence of twinning on grain size [35] and
even an apparent disappearance of twinning when the grain size drops below a critical
value usually in the one micron range [33,36]. The work by Barnett et al. [37]
emphasized the size effects inherent to twinning, which are mainly reflected by the
square dependence of the number fraction of twins to the grain size. The apparent
vanishing of twins in very small grains created controversy since twinning was observed
in nanocrystalline aluminum and copper at even slow strain rates and low temperatures
[38,39]. These controversies have stimulated theories supporting a double-inverse grain
size dependence [38,40]

Recent endeavors have highlighted that {1012} twins in HCP metals may
preferentially nucleate from low-angle grain boundaries (GBs) [41-43] (Figure 1.2), or
from artificially introduced {1012} stacking faults in molecular dynamics (MD)
simulation schemes. Nucleation from a defect-free environment inside a single crystal,

though possible, requires excessively high stresses [44].

5
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a)

Figure 1.2 EBSD investigation of twin nucleation at grain boundaries

Inverse pole figure maps obtained by in sequential EBSD showing {10-12} twins (red
regions) in AM30 magnesium deformed at two same compressive plastic strain levels
(2.3% and 4.7%) but within two regions [12]. In (a-b), a region of a grain having only
highly misoriented grain boundaries (>15), and in (c-d) a region of a grain containing a
central boundary with a misorientation angle less than 15°. The grain boundaries outlined
in green correspond to misorientation angles less than 15° while those outlined in black
correspond to misorientation angles greater than 15°. Growth in the first region is
dominated by edgewise propagation of a few nuclei, while in the second region, growth is
dominated by greater nucleation rate due to the low misoriented tilt boundary.

Using density-functional theory, Wang et al. [45] showed that a {1012} stable
nucleus triggered by a {1012} stacking fault requires at least six twinning disconnections
(TDs) to strike simultaneously. Conversely, these authors suggested a pragmatic process
whereby a twin embryo can nucleate at a symmetric tilt wall provided a pile-up of lattice
dislocations is applied to the boundary [46].

This process was not described as dissociation of lattice dislocations into twinning
dislocations. Rather, the lattice dislocations acted as stress concentrators, motivating
nucleation through a “pure shuffle” mechanism. In contrast, Barrett et al. [47] have

demonstrated that a twin facet can readily nucleate at a high-angle {1010} |[(0001) basal-
6
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prismatic (BP) boundary through a mechanism which only implicated intrinsic interfacial
dislocations and actually transformed one of the pre-existing grains into a twin. The twin
boundary (TB) was shown to nucleate from a pile-up of b2, type disconnections as a
relaxation process of the attendant distortion field.

This literature review suggests that twin nucleation is driven by complex

interactions between lattice dislocations and interfacial intrinsic defect of GBs.

1.2.2  Twin propagation

There are two stages of twin propagation that stem from different mechanisms, 1)
the drastic lengthwise thickening parallel to the composition plane, and ii) the progressive
edgewise thickening normal to the habit plane, known as normal growth or twin
propagation [23], which depends on various mechanisms such as twin-twin interactions
(Figures 1.5 & 1.6).

The lengthwise thickening has strong ties with nucleation and was believed for a
long time to involve complex mechanisms related to formation of emissary dislocations
and to elasto-plastic compatibility at the tip of the tapering twin [48,49]. Recently, these
concepts have been proven invalid following the researches [45,48,49,50, 51], which
demonstrated the primary role of the basal-prismatic asymmetric tilt boundary (Figures
1.3 and 1.4). These complexities transcend the scope of this literature review. However,
the development of the characteristic lamellar morphology of twins resides in the
mechanisms taking place at this early stage of propagation. Therefore, for a full field
model (the full field term means both long-range and short-range grain interactions are
considered) to capture the microstructure induced by deformation twinning, a

micromechanical framework for the lengthwise thickening needs to be implemented.
7
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Figure 1.3 Atomic scale simulation of lengthwise thickening

Molecular dynamics simulations by Barrett et al. [50] illustrating the role of basal
prismatic (BP) boundary, various variants of {1012} twinning, twinning disconnections
in the drastic lengthwise thickening of a {1012} twins in Mg.

Twin propagation is a widely discussed topic in the literature, but the
fundamentals were primarily provided between the nineteen fifties and the nineteen
seventies. Starting from the nineteen eighties, most efforts concentrated on numerical
investigations of the previous theories through atomistic simulations [54,55,15].

A crucial topic concerned the origin and dynamics of twinning disconnections
that accommodate normal growth. Theoretical efforts led to two distinct schools of
thought. The first school assumed spontaneous nucleation of twinning disconnections,
whereupon stress and thermal agitation act in tandem to create little islands of twin on
each successive lattice composition plane. Confounding the elastic properties of the
matrix and the interface, the theory implied that a nucleation would be improbable if the

Burgers vector magnitude of the twin disconnection exceeds approximately one half of
8
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the interatomic spacing in the composition plane. This ramification was consistent with
twin propagation in double-lattice structures such as face-centered tetragonal,
orthorhombic and {1012} twinning in HCP, but inconsistent with twin propagation in

cubic metals.

Figure 1.4  Atomic scale simulation illustrating the role of basal prismatic boundaries

(a) Molecular dynamics simulations by Ostapovets et al. [52] illustrating the role of basal
prismatic (BP) boundary and disconnections in the drastic lengthwise thickening of a
{1012} twins in Mg. (a) Initial relaxed configuration with one disconnection in the
{1012} upper boundary and one disconnection in two BP boundaries. (b, ¢ and d)
Different stages of twin growth under applied shear strain. Arrows point to
disconnections.

Based on the wider core of twinning disconnections compared to bulk
dislocations [56,57], Yamaguchi and Vitek [57] provided calculations that corroborated
the normal growth by spontaneous nucleation, and actually supported the fact that the
twinning stress for growth is a fraction of that for nucleation. In sum, there is so far no
theory put forward that would negate the theory of spontaneous nucleation for twin

propagation.
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However, the most widely accepted theory for twin propagation is the pole
mechanism for normal growth put forward independently by Cottrell et al. [58] and
Thompson et al. [59], which constitute the second school of thoughts. This theory rests
on the creation of generating nodes and twinning disconnections by matrix slip
dislocations when they intersect the twin boundary. This theory has been recently
confirmed by MD simulations by Barrett et al. [47]. The dislocation segment within the
matrix, resp. within the twin, and connected to the node, forces the gliding twinning
disconnections to proceed forward toward the matrix, resp. or backward toward the twin,
accommodating normal twinning propagation, resp. normal detwinning shrinkage
depending on the stress sign. The theory showed a remarkable consistency with the fact

that twinning stress for growth is a fraction of that for nucleation [58].

(a) 2.3% (b) 3.8% (¢) 6.0 %
Figure 1.5  In situ EBSD investigation of mechanical twinning

Inverse pole figure maps obtained by sequential EBSD on a grain deformed at three
compressive plastic strain levels: (a) 2.3%, (b) 3.8%, (c) 6.0%, which experienced a
single variant of {1012} twinning growing under 0.315 initial value of the Schmid factor
[43]. The twins, in red, grew in the parent matrix, in blue, having mainly the ED|[(1010)
orientation.

10
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(a) 2.3% (b) 3.8% () 6.0 %

Figure 1.6  In situ EBSD investigation of lengthwise and edgewise thickening

Inverse pole figure maps obtained by sequential EBSD on a grain deformed at three
compressive plastic strain levels: (a) 2.3%, (b) 3.8%, (c) 6.4%, which experienced two
variants of {1012} twinning growing both under 0.49 initial value of the Schmid factor
[43]. The twins, in red, grew in the parent matrix, in blue, having mainly the EDI||{(1010)
orientation.

Here again, our literature review on twin propagation suggests that this
phenomenon results from complex interactions between lattice dislocations and twin
boundaries leading to the creations of MB disconnections that thread the twin boundary

and accommodate its advance in the parent grain.

1.2.3 Twin- GB interactions

When a deformation twin is nucleated at a GB, propagates across a grain, and
reaches the opposite GB, the strain brought about by twinning can be accommodated
either by kinking, slip or twinning at the GBs. This process is known as accommodation
effects.

Accommodation effects by slip and kinking are of considerable importance for

the reversibility of the twin whether by stress removal or stress reversal. The twinning
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shear is either accommodated by elasticity in the matrix or by slip or kinking, usually in
the matrix [55]. The idea that a twin accommodates plastic deformation without kinking
or slip in the matrix is erroneous, although it had dangerously spread in recent literatures.
The ability of matrix slip under twinning has a fundamental effect on detwinning, and, as
it will be shown in this paper, on pseudo-elasticity.

While kinking may be predominant in single crystals, accommodation effects in
polycrystals are mainly provided by slip or another twin (interaction twins). If the GB has
a low misorientation, twinning can be readily activated in the adjacent grain. However, if
the GB has a sufficiently high misorientation, which happen typically in sharply rod-
textures and more randomized textures, slip is necessary or otherwise a crack may
nucleate (Figures 1.7 and 1.8) and drive damage [62—64].

However, for largely unconstrained single crystals (SC), the shape change of
twinning may be partly accommodated by kinking and/or slip [65—67]. Holden [65]
observed that non-basal slip could readily relax any strain incompatibility in HCP single
crystals. Unfortunately, such non-basal slip systems tend to be much harder to activate
than the basal slip counterparts. These local stress effects correlated to twin deformation
are considerably more pronounced in HCP structures than in more commonly used
structural materials with FCC or BCC structures. Although the role of twin-
accommodation slip in plasticity was cited and emphasized during the nineteen fifties and
sixties, current crystal plasticity (CP), and thus, continuum mechanics (CM) models still

largely ignore it.
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Figure 1.7  SEM obervation of crack nucleation at a grain boundary

SEM micrograph surface relief due to twinning on the right and crack nucleation at the
GB, on the left, of an AM30 Mg alloy deformed to 12% plastic strain.

Accounting for GB effects within crystal plasticity-based crystal plasticity models
is an active research field [65], and it will be considered in this thesis. Twin-
accommodation effects at GBs bear critical implications for damage initiation in HCP
structures [5,7]. Zhang et al. [5] recently showed via MD simulations the opening of
cracks in BCC molybdenum at a GB into which a deformation twin impinges (Figure
1.8). Here, the effect of low GB misorientation (LGBM) is of considerable importance
since it does not only affect the critical resolved shear stress (CRSS) for twinning, it also

seems to affect the ease with which slip can accommodate twinning [42,69,70].
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Figure 1.8  Atomic scale simulation of Twin-GB interaction

Twin-GB interaction-induced regions of high stress (dark blue regions) leading to GB
crack initiation in Mo according to MD simulations [5]

The difficulty of activating slip might be exacerbated by intergranular particles
and solutes, so cracks may readily open as suggested by Remy et al. [71,72]. As
described more fully below, twinning has typically been treated within crystal plasticity
models as a pseudo-slip type mechanism, where the strain produced is homogenized over
the parent crystal [73-75]. The results shown in Figures 1.7 & 1.8 underline the benefits
of full-field crystal plasticity modeling. The twinning event is itself a strain localization
event, and this must be captured in some way. Further, local interactions with GBs drive
the development of “hot stress spot” (highlighted by the dark blue regions in Figure 1.8),
accommodation slip, and even fracture initiation.

Finally, all these events are compounded with classical effects of slip on strain
incompatibility and thus localization. GBs are lattice orientation discontinuities over

which strain incompatibility arises. Local phenomena are more pronounced in triple
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junctions and quadruple points where deformation is more than two grains influence the
effective lattice rotation. The Taylor model is the most widely used to capture strain
compatibility in the grain boundaries [76]. According to the Taylor model, strain-rate is
similar over all grains in the polycrystal aggregate, and strain incompatibility at the grain
boundaries causes violation of stress equilibrium. The difference in stress state across
neighboring grains causes stress gradient in the grain boundaries. Crystallographic slip
during plastic deformation of polycrystals or single crystals causes gradual lattice
rotation, and thus local changes in grain orientation. However, the lattice rotation is
usually not uniform, it causes orientation gradients inside the grain. Literature shows
several studies on orientation gradients or local misorientation within grains as result of
plastic deformation, these studies include approaches using lattice curvature [77],
deformation banding [78] or grain subdivision [79] based on various experimental
techniques, most notably misorientation changes across line segments collected by EBSD

measurements [80].

1.3 Three-dimensional microstructure measurement

In order to have a correct understanding the role of microstructure on a particular
property, measuring a true 3-dimensional polycrystalline microstructure is an essential
factor. For instance, 3-dimensional microstructure gives useful information about grain
boundaries such as full crystallographic characterization, which is not obtained with 2D

measurements. In the following, three main measurement techniques are described.
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1.3.1 High-energy X-ray diffraction

High energy X-ray diffraction is a non-destructive method that is able to probe
bulk samples and make material space, and time resolved microstructural measurements
[81-83]. 3DXRD measurements provide grain orientation and strain information, and
track individual grains information during plastic deformation [84]. Moreover, because of
fast measurements, X-ray diffraction is a very useful technique to capture dynamic
microstructure evolution [85]. Diffraction contrast tomography (DCT) is another type of
non-destructive grain mapping, which gives both orientation and shape of each grain
[82].

Near-field high energy x-ray diffraction microscopy (nf-HEDM) is another non-
destructive technique shown in Figure 1.9b. It has been developed to measure orientation
of deformed materials [83,86]. In the same way, far field (ff) HEDM only provide the
center mass position of individual grains, and because of its high resolution, it can be
utilized to study the evolution of dislocation structures during deformation [87,88].
Combination of Nf-HEDM and ff-HEDM enables us to obtain information from both

sub-grain structures as well as stress and strain state of individual grains [89].

1.3.2  Neutron diffraction

Neutron diffraction is another technique, which is used to measure bulk texture
and lattice strain during plastic deformation. Moreover, its applications are not limited
with the sample size. In the recent publications, this technique has been used to provide
bulk texture development and grain scale internal strain in plastic deformation [90].

These grain scale information can be used as input for simulation models [91].
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1.3.3  Electron diffraction

Transmission electron microscopy (TEM) and electron backscatter diffraction
(EBSD) are electron diffraction methods that can measure spatially resolved orientation
and strain information [92,93]. Conventional EBSD or 2D EBSD is a very convenient
and effective technique, which provide characterization information such as grain
boundaries and grain orientation from the surface of materials. To obtain more detailed
information, combination of EBSD and focused ion beam (FIB) provide three-
dimensional information from material microstructures (Figure 1.9a) [94]. Three-
dimensional EBSD is a surface based technique and destructive to sample, which is its
major shortcoming. Therefore, it is not a proper technique to measure three-dimensional

microstructure information during plastic deformation.

—— Beam stop
Diffracting grain

sample in
EBSD position
(70" tilt)

INuminated
sample plane
Incident beam

a b

Figure 1.9  Schematics of three dimensional microstructure measurements

Schematics illustrating (a) geometrical set-ups of the EBSD-FIB [94], and (b) mapping
measurement techniques with 3D-XRD [95].

17

www.manharaa.com




1.4  Crystal plasticity modeling

Various crystal plasticity formulations have been developed to numerically
predict the macroscopic response such as strain field, stress field and texture evolution

after or during plastic deformation.

1.4.1 Statistical Models

Sachs model [96] considers activation of a single slip system, where all individual
grains in polycrystalline experiences same stress tensor. According to this model, stress
equilibrium is satisfied in grain boundaries, while strain compatibilities are violated in
grain boundaries, then, this model gives a lower bound in crystal plasticity prediction of
macroscopic behaviors.

An upper bound in crystal plasticity modeling of polycrystalline has been
proposed with Taylor and Bishop-Hill [97,98]. Based on their model, all individual grains
are subjected to same strain tensor, and activations of multiple slip systems occur to
satisfy strain compatibility at grain boundaries. To minimize the work expanded on each
slip system, at least five-slip systems must be active to satisfy strain compatibility. This
model is a Full constraint (FC) model, and stress equilibrium is violated at grain
boundaries. FC model is very successful in prediction of deformation texture [99].

Viscoplastic self consistant (VPSC) is the most popular statistical method, which
has been used to predict texture evolution and macroscopic field during plastic
deformations [100]. This model is most commonly used in cubic and non-cubic materials.
It considers each grain as a single crystal inclusion embedded in an effective viscoplastic

medium with anisotropic properties. Ultimately, to compute macroscopic behavior of
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polycrystalline, an incompressible viscoplastic constitutive equation is used to define

local material response.

1.4.2 Microstructure based Models

Crystal plasticity finite element method (CPFEM) is the first and most commonly
used method based on material microstructure as input, which considers grain interaction
and provide full field solution to compute texture and stress/strain field during
deformation [101,102]. CPFEM computes full field solution in elasto-plastic
deformation, and slip systems are considered as main mechanism involved in the plastic
deformation process [103]. In CPFEM, input microstructure is meshed with significant
number of element to give a more accurate solution. Generating meshes that conform to
grain boundaries is time consuming. Moreover, FE method generally runs in order of N2,
so a problem with many degrees of freedom such crystal plasticity problem takes a long
time to be solved.

In contrast to FEM, fast Fourier transform (FFT) is a very good alternative that
does not suffer from mesh complexity and slow running time. This method provides a
full-field solution by considering the interaction of one point with other point in the
image of initial microstructure [104,105]. Furthermore, absence of meshing requirement
enables us to use large input images for the deformation simulation. The method will be
described in more detail in the following.

Gibbs’ phenomenon corresponds to the large oscillation that Fourier series of a
piecewise continuously differentiable periodic function exhibits at a discontinuity. It
leads to an over prediction of the values at the discontinuity compared with those given

with the analytical solution by approximately 9% [106]. In particular, for full-field FFT
19
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crystal plasticity simulations, this artifact tends to shield and perturb the effects of grain
boundaries on stress localization [107]. Therefore, Gibbs’ phenomenon is a characteristic
disadvantage of FFT crystal plasticity compared to CPFEM. [108]. In the literature,
several solutions were suggested from utilizing a filter [106], to increasing Fourier point
numbers in excess to 128 points [109], and performing calculation on odd grid numbers

[109].

1.5 Crystal plasticity based on Fast Fourier transforms (FFT).

The first application of FFT has been proposed by Moulanic and Suquet [105].
First, they used FFT to calculate micro-mechanical problem of linear elastic composite,
and later extended to non-linear two-phase isotropic materials. Finally, Lebensohn
combined crystal plasticity (CP) with FFT to calculate full field solution in viscoplastic
polycrystalline materials [104].

The CPFEM, which uses the microstructure as an input, is undoubtedly the most
popular based crystal plasticity formulation, commercially implemented to solve
plasticity problems. However, it suffers from degrees of freedom in the problems with
large complex microstructure. Furthermore, CPFEM shows difficulties in generating
mesh, which conform to the interface in the microstructure with complex morphology,
while meshless methods such as CPFFT can easily overcome these complexities. The
accuracy of the solution in both CPFFT and CPFEM is a function of input microstructural
image, but this dependency is stronger in CPFEM. In addition, crystal plasticity based on
FFT formulation is solved in each voxel independently, thus, the CPFTT can be easily
parallelized, and adapted on supercomputers with multiple processors, which is an

effective way to decrease computational running time.
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To apply FFT, the input must be discretized to N1 X N2 X N3 Fourier points and
a periodic boundary condition is applied, which is a requirement of FFT calculation. A
regular space grid is laid on the microstructure in three or two dimension; a center-wieght
voxel, in three dimensions, or a center weight pixel, in two dimensions, is created at each

grid point. Figure 1.10 shows an illustration of a pixelized microstructure.

Figure 1.10  An artificially-constructed microstructure overlaid with regular Fourier
grid.

In CPFFT method, the relation between local stress and strain/strain-rate is given
with a constitutive equation. This method uses Green’s function to compute local
response of the heterogeneous medium, and strain compatibility is satisfied at each point

with solving stress equilibrium at each point.
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CPFFT formulation is based on augmented Lagrangian (AL) [110] iterative
scheme, which compute local stress and strain/strain-rate when the unit cell is subjected
to external loading boundary conditions. After reaching convergence, an equilibrated
stress is obtained from a non-linear constitutive equation, and consequently, stress
equilibrium and strain compatibility are satisfied at the same time. FFT based
formulations have been developed for elastic, viscoplastic, and elasto-viscoplastic [111]
constitutive behaviors to compute full field solution in polycrystalline deformation. In the
following, we describe elastic formulation based on FFT, which is extended to

viscoplastic and elasto-viscoplastic constitutive formulations.

1.5.1 Elastic case

An elastic constitutive relation between stress and strain field at a single crystal

material point X is given by

0;;(x) = Cijra (X) € (x) (1.1)
where C;jx; (x) is the anisotropic stiffness tensor at each point X of the representative

volume element (RVE). To compute local-micromechanical field, a full-field solution
method is used to solve the above equation for inhomogeneous elastic medium. With
considering a homogenization approach, elastic constant of medium C? is calculated as

the average of C;jy;(x). The local strain can be split as following:
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where E; j and €;;(x) are applied macroscopic strain and a periodic fluctuation strain at

point X, respectively. The fluctuation strain can be expressed in terms of fluctuation

displacement:

€;j(x) = (i (x) + ;5 (x)) (1.3)
Then, with adding and subtracting the average stress, local stress at each Fourier

point is given by the following equations:

0;;(x) = 0y(x) + COijkl €r(x) — Coijklfkl(x) (14)
0;j (%) = (03;(x) = C°jrs €1 (X)) + COjpi€xi (%) = COjrqttpr (x) + ¢ (x) (1.5)
where ¢;;(x) is the polarization field, which means the deviation of local stress field
from the average one. After applying stress equilibrium condition g;; j(x) = 0 on

equation (1.5), we will have:

COjtatip; (%) + ¢y j(x) = 0 (1.6)
Equation (1.6) is a homogeneous differential equation, which can be solved with

Green’s function for a periodic unit cell under an average strain E;; =< €;;(x) >, and i