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Chapter 1

1 Introduction

1.1 Background

Hexagonal close-packed (HCP) zirconium polycrystals are used in fuel assemblies of
nuclear reactors, due to their good corrosion and creep resistance as well as their low
neutron absorption cross section [1]. During the operation of nuclear reactors, zirconium
alloys are exposed to an intensive neutron flux from the fission of uranium atoms. During
neutron irradiation, the atoms of zirconium are displaced and different types of nano-
scale defects, e.g., point defects, interstitial clusters, and dislocation loops are formed.
The interaction of dislocation lines and loops with the irradiation-induced defects affects

the mechanical properties of the alloys during the lifetime of the reactors.

The interaction between neutrons and zirconium atoms can cause irradiation hardening,
irradiation softening, irradiation growth, and irradiation-enhanced creep [2—4]. Irradiation
hardening happens when the microstructural defects, introduced by irradiation, impede
the movement of dislocations during plastic deformation [2]. Irradiation hardening
increases the flow stress of zirconium alloys. At higher applied stresses, the resolved
shear stress acting on dislocations will be high enough to overcome the internal forces
induced by radiation defects. At this stage, dislocations move through and annihilate a
portion of the existing defects, leading to a phenomenon known as irradiation softening
[5]. The localized plastic deformation can cause crack initiation and failure of the

irradiated material [6].

High energy neutrons can cause formation of two different types of dislocation loops in

HCP zirconium: interstitial loops and vacancy loops [2—4]. Formation of these loops is



respectively accompanied by the expansion and contraction of the HCP crystal along its
c- and a-axis. That is, an anisotropic dimensional change takes place in the HCP crystal,
even in the absence of an externally applied load- this is called irradiation growth.
Irradiation growth 1is significantly affected by the texture and microstructure of the
zirconium polycrystal, as well as the amount of prior cold-work [4]. In the presence of an
externally applied load, irradiation-enhanced creep may take place due to the strong
interaction between dislocations and the internal forces from irradiation-induced point

defects.

1.2 Motivation

Due to the aging of nuclear reactors, understanding the mechanisms that control the
performance of reactors core components have become important. For example, in
CANada Deuterium Uranium (CANDU) reactors, irradiation-induced creep can lead to
the excessive dimensional change of the fuel channel assembly. Although the separation
between the pressure tube and calandria tube is maintained by the use of garter spring
spacers, the excessive sag of pressure tubes can lead to the contact between the hot
pressure tube and the cold calandria tube [7,8]. This contact leads to the deuterium
ingress into the zirconium lattice, which can result in the formation of hydride blisters

and cracking of the pressure tube [9].

The accurate determination of materials lifetime requires the development of numerical
methods that can simulate the "true" deformation mechanisms of the material, even in the
presence of neutron irradiation. As such, the present research focuses on the updating a
crystal plasticity finite element (CPFE) model to include the effects of line defects and
their interactions with the irradiation-induced point defects. The CPFE model is a user

material (UMAT) subroutine that links to finite element solvers.



1.3 Objectives

This research aims to update a CPFE model to study the mechanical behavior of HCP
zirconium alloys exposed to neutron irradiation. Due to the presence of many different
mechanisms, the main attention is given to the evolution of dislocation densities in the
absence of neutron irradiation, as well as including the effects of irradiation growth.

Hence, the following research objectives are determined:

1. Adding the effects of dislocation line densities, i.e., geometrically necessary
dislocations (GNDs) and statically stored dislocations (SSDs) to the CPFE model.

2. Studying the capability of the updated model in simulating the formation of slip
bands and localized plastic zones for un-irradiated HCP zirconium polycrystals.

3. Incorporating the effects of irradiation growth and irradiation hardening to the
model and studying their subsequent effects on the development of localized

strain fields at the grain scale.

1.4 Structure of the thesis

After an introduction in Chapter 1, a literature review is provided in Chapter 2. The rest
of the thesis is presented in a manuscript-format. Chapter 3 discusses the steps taken for
updating the CPFE model by integrating the densities of GNDs and SSDs. The updated
model is used to replicate the previously published data for in-situ neutron diffraction
experiments [11] as well as high resolution electron backscatter diffraction experiments
[12]. HCP zirconium polycrystals are used for the numerical simulations and
experimental measurements. Chapter 3 is published in the International Journal of
Plasticity [10]. Chapter 4 discusses the results of the model for using different methods
for determining dislocation densities. The capability of each method in simulating the

formation of slip bands is discussed. Chapter 4 is published in Crystals [13]. Chapter 5



discusses the steps taken for adding irradiation growth to the CPFE model. Previously

published experimental data for single crystals [14] and polycrystalline specimens [15]

are used for model validation. Chapter 6 represents the initial attempt taken to understand

the structure of the original CPFE model, which includes a study on how twins form in a

titanium micro-pillar. The results of the model are compared with those measured during

an in-situ high resolution electron backscatter diffraction experiment. This chapter is also

published in Materialia [16]. Finally, Chapter 7 includes the conclusions made in

previous chapters and discusses the possible future studies.
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Chapter 2

2 Literature review

This chapter focuses on providing a literature review of the modeling attempts done so
far for understanding deformation mechanisms of polycrystalline materials exposed to
neutron irradiation. Attention is given to o-zirconium alloys. Crystal plasticity finite
element (CPFE) is firstly introduced since it is the main methodology used in this thesis.
A comparison between the conventional and non-local CPFE approaches is provided
which is followed by an introduction to the experimental techniques used for model
validation. In addition, the published numerical and experimental studies focusing on the
deformation mechanisms of zirconium alloys under irradiation are reviewed. Lastly, the

knowledge gap in the literature is highlighted for further investigation in this thesis.

2.1 Modeling frameworks

Generally, two approaches are used for modeling irradiation damage: empirical and
mechanistic. Empirical models are mainly based on curve fitting and rely excessively on
the measured experimental data. For example, in the study conducted by Franklin, an
empirical model was proposed to determine irradiation growth strain as a function of fast-
neutron fluence [1]. Further, Limback formulated an empirical irradiation creep model
with considering the effects of stress, temperature and irradiation doze on the creep rate
of in-reactor materials [2]. Although these models account for texture, irradiation dose,
and temperature effects on the material deformation, none of them incorporate the
mechanistic basis or the explicit effects of microstructural features. Therefore, these
empirical models are solely valid for the range of the temperatures or stresses that their
parameters are fitted for [3]. More importantly, the interaction between crystallographic

texture, grain morphologies, and irradiation damage is neglected [1].



The other approach is the physically-based mechanistic approach that incorporates the
micromechanics of plastic deformation under irradiation condition. Molecular dynamics
(MD) and dislocation dynamics (DD) are two nano-scale approaches used to understand
the interaction between dislocations with point defects, as well as to calculate their
densities or distributions during irradiation cascades [4—10]. For instance, Subramanian et
al. used an MD approach to study the absorption rate of interstitials and vacancies by
various sinks such as dislocations and grain boundaries [6]. Such atomistic simulations
provide valuable information for better understanding the nature of interaction between
point defects and line defects. However, MD and DD simulation of polycrystals are
computationally costly for engineering length scales or even impossible for large strains.
In addition, the time scale of these atomistic-level methods is in the order of

microseconds, which is not representative of what happens in a nuclear reactor.

2.2 Conventional crystal plasticity

Crystal plasticity is a set of constitutive equations that can be used to study heterogeneous
deformation of individual or clusters of grains. It is a meso-scale modeling approach,
where plastic strain is calculated by determining the slip that occurs on all possible active
slip systems. The model scale can vary from a couple of nanometers within a grain to a
couple of millimeters that represent thousands of grains. Therefore, each calculation
(integration) point can represent a dislocation, group of dislocations, or even an entire
grain. Hence, crystal plasticity model is one of the few existing numerical methods that

can be used to study deformation across length scales.

Crystal plasticity has been implemented in different frameworks, e.g., self-consistent
[11], fast Fourier transform (FFT) [12,13], and finite element (FE) [14,15]. In the self-
consistent framework, each grain interacts with a homogenous medium that represents

the average properties of the polycrystal except for the grain that is investigated.



Although this framework is naturally fast, the "true" interaction among neighboring
grains is ignored. However, such interactions can be investigated using FFT or FE
frameworks [16—19]. For example, local stress variations, stress concentration within
individual grain, and the effects of local neighborhood on the response of each grain are

studied using crystal plasticity finite element (CPFE) analysis [16,18,20].

CPFE modeling framework suffers from several limitations. Firstly, since the crystal
plasticity is a meso-scale technique, it not capable to capture the nano-scale effects, e.g.
interaction between individual dislocations or other atomistic scale defects. In addition,
the macro-scale quantities need to be averaged over a large number of grains and
elements, which makes the CPFE framework computationally expensive. Finally,
comparing to the empirical models, the constitutive equations are more complicated,

which makes the implementation of the equations more difficult.

Plastic deformation in zirconium polycrystals is accommodated by slip or twinning,
depending on the crystal orientation and applied loading condition. For slip to occur,
dislocations should overcome both short-range and long-range obstacles. The primary
short-range obstacles are generally assumed to be the other dislocations that intersect the
slip plane and impede the movement of dislocations. On the other hand, the long-range
obstacles may include the elastic stress fields due to grain boundaries or far field
dislocations and defects. While the short-range obstacles can mainly be overcome by
thermal activation, the long-range obstacles are generally independent from temperature
and can be overcome by increasing the resolved shear stress (RSS) that acts on the slip
system [21]. Many studies have attempted to incorporate the effects of both short- and
long-range obstacles in material hardening models within the crystal plasticity framework
[22,23]. For example, Evers et al. assumed that the resistance induced by the long-range

obstacles is a function of the spatial gradient of geometrically necessary dislocations



(GND) densities, while that of short-range obstacles was assumed to be dependent on
both total GND and statistically stored dislocation (SSD) densities [23]. Therefore, it was
assumed that SSDs do not have any long-range effects, while the evolution of both SSDs
and GNDs during crystallographic slip equally increase the short-range interactions
[23,24]. In the conventional form of crystal plasticity, no differentiation is made between
the two types of obstacles and the critical resolved shear stress (CRSS) required for
dislocation movement solely depends on the state of deformation in the current

calculation point.

2.3 Non-local crystal plasticity

In the “non-local” crystal plasticity framework, dislocation densities are calculated based
on the gradients of the plastic strain; such gradients depend on the deformation of the
neighboring regions. Therefore, both short- and long-range effects can be introduced
using the non-local approach [25-30]. This framework is also called strain-gradient
crystal plasticity. Since non-local crystal plasticity models are based on strain gradient
theory, unlike the conventional crystal plasticity, it is possible to study the geometrical

"size effects" [31,32].

Two forms of non-local plasticity theories are available in the literature: the lower-order
and higher-order theories [33]. In the lower-order form [34-36], the effects of strain
gradients are only included in the materials hardening laws. In this form, the force-
equilibrium equations or boundary conditions are not affected by the strain gradient
effects. This approach is usually implemented in crystal plasticity framework by
determining GND densities based on the gradient of the plastic strain. It is generally
incorporated into the materials hardening equations. The drawback of this approach is
that it may result in unrealistic higher strain gradients and formation of unusual localized

deformation fields [33]. In the higher-order non-local plasticity theory [37—40], both
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materials hardening law as well as force-equilibrium equations are modified by
introducing an extra term which represents localized micro-scale stresses. The micro-
scale stress terms depend on the second order gradient of the plastic strain. In order to
solve the modified force-equilibrium equations, additional boundary conditions are

generally required.

In the lower-order strain gradient crystal plasticity models, the non-local effects are taken
into account by introducing the GND density term into the material hardening equation.
During plastic deformation, GNDs are formed as a result of the lattice curvature and their
densities can be determined using the gradients of plastic strain [41]. The derivation of
dislocation densities from the “curl” of the deformation gradient in the Nye equation has
been accompanied with inconsistencies in the literature, some of which have been
reported by Das et al. [42]. Two methods are generally used in the literature for
extracting GNDs using Nye equations. In the first method, the contribution of each slip
system, e.g. a, to GND density is assumed to be proportional to the plastic shear
accommodated on the same slip system a. Hence, the number of linear equations that
should be solved is equal to the number of unknowns, i.e., GNDs on each slip system a.
This is called the direct method where the density of GNDs on each slip system is
determined unambiguously. The direct method was initially proposed by Dai [43] and
was subsequently implemented in the CPFE models [23,31,35,44,45]. In the second
method, the cumulative contribution of plastic shears on all slip systems to the total GND
densities on all slip systems is assumed to be proportional to the Nye tensor [46-49]. This
usually results in an under-determined system of equations where the number of
unknowns is more than the number of equations. In contrast to the direct method which
provides a unique solution for the GND density on each slip system, the minimization

approach leads to non-unique solutions. Therefore, an investigation is required to
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compare the magnitudes and distributions of the obtained GND densities from these two

methods.

2.4 Experimental diffraction methods

Diffraction based experimental techniques are mainly used for measuring internal or
localized stress and strain fields as well as the density of dislocations. In this section,
neutron diffraction and high angular resolution electron backscatter diffraction (HR-
EBSD) techniques are briefly introduced. The results of the previously conducted
experiments using these two techniques are used in this thesis to validate the developed

CPFE model.

Neutron diffraction is an experimental technique that can be used to measure internal
elastic lattice strains in polycrystalline materials [50,51]. In this technique, the thermal
neutrons with wavelength close to lattice spacing can penetrate up to several centimeters.
Contribution of large volume and number of grains is an advantage of this method, which
is useful for measuring the average mechanical behavior of a polycrystalline material.
The spacing between different lattice planes can be determined using the Bragg's law
[52-53]. Accordingly, the lattice strain, which is the elastic strain inside a group of grains
that satisfy the Bragg condition for an incident beam, can be measured. The deflections
observed in lattice strains correspond to activation of various slip or twinning modes of
deformation. This property of lattice strains can be used to study deformation mechanism

of polycrystals.

Electron backscatter diffraction (EBSD) is an experimental technique that can be used to
measure the orientations of the grains located at the surface of polycrystals. Briefly, in a
scanning electron microscope, backscattered electrons can form Kikuchi bands on the

EBSD detector. Kikuchi bands can be used to define orientation of each crystal. With
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HR-EBSD technique, it is possible to measure elastic strains, stresses, and GND densities
in many grains, yet close to the sample surface. For this purpose, the Kikuchi diffraction
patterns measured within a grain are cross correlated with respect to a pattern collected at
a reference point within the same grain. The displacement gradient can subsequently be
calculated and used to extract the “relative” elastic strain and lattice rotation fields.
Assuming that the stress normal to surface is zero, it is possible to calculate the “relative”
stress tensor [54-56]. Since the “relative” elastic lattice rotations are known, it is also

possible to calculate GND densities using Nye tensor [57].

2.5 Deformation mechanisms

2.5.1  Slip and twinning

Deformation by slip and twinning are reported to be the two main plastic deformation
mechanism of zirconium alloys at room temperature. Slip in HCP zirconium is generally
controlled by 18 slip systems, i.e. three prism ({1010},(1120)), three basal
({0001},(1120)) and twelve pyramidal <c+a> ({1011},(1123)) [58]. The twinning
systems for HCP zirconium are {1012}(1011) and {1121}(1126) during tension and
{1011}1012) and {1122}(1123) during contraction [58]. The {1012}(1011) tensile

twinning is reportedly the most active twinning system.

2.5.2 lrradiation growth

Over the last decades, many experimental studies have been conducted to investigate the
effects of irradiation damage on the deformation mechanisms of zirconium alloys [59]. In
this section, the studies associated with the irradiation growth are reviewed. Irradiation
growth strain is affected by neutrons fluence and energy, the operating temperature of the
reactor, as well as zirconium’s composition, texture, prior cold work, and average grain

size. The role of grain boundaries as sinks for irradiation-induced defects was
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investigated by Rogerson, where it was shown that irradiation growth in annealed
polycrystalline zirconium is significantly greater than that of single crystals [60]. In
another study by Fidleris [61], it was shown that irradiation growth increases with
decreasing the average grain size in annealed polycrystalline zirconium. This grain size
dependency of the irradiation growth was also reported by Murgatroyd and Rogerson
[62]. Cann et al. [63] showed that for the polycrytals with the grain sizes bigger than 50
um, the growth strain may not be affected by grain size anymore. The growth strain of
the zirconium is also significantly affected by the prior cold work. An experimental study
by Rogerson showed that cold-worked specimens with smaller grain sizes have
significantly higher growth strains compared to annealed ones with bigger grains [60]. In
addition, it was shown that the irradiation growth strain increases with cold working
[64,65]. Although macroscale measurements are conducted to study the evolution of
irradiation growth strain, there is not many grain scale experimental data for the growth

strain at. Modeling techniques can be helpful for such cases.

Irradiation growth models have primarily been developed based on a rate-theory
approach [5,66—69]. A comprehensive review of the various physically-based irradiation
growth models is provided in [59]. Most of these models are based on a simple
assumption that the primary damage in the atomic scale is in the form of Frenkel pairs,
i.e., equal number of vacancy and interstitial point defects are generated as a result of the
collision cascade. That is, the formation of clusters is neglected in these models.
However, MD simulations have shown that a large number of interstitial point defects are
found in small clusters [70]. Accordingly, a reaction-diffusion model for irradiation
growth of HCP materials was proposed by Golubov et al. [69]. In this model, the
evolution of vacancy and interstitial loops follows a dose-dependent formulation,
resulting in a dose-dependent irradiation growth model for single crystal HCP zirconium.

This model was implemented in a self-consistent crystal plasticity framework to study the



14

evolution of grain-average growth strain [71]. It was shown that the effects of texture and
grain size on the calculated growth strain are significant. However, the possible effects of
the local grain neighborhood were ignored. In addition, the distribution of growth strain
between and within grains was not studied. Such studies can be conducted in dislocation-

based CPFE models.

2.5.3 Irradiation hardening and softening

There have been extensive experimental studies to understand the effects of irradiation
damage on the deformation by slip in zirconium [72-77]. For example, Cogez et al.,
conducted uniaxial tensile experiments on a set of neutron irradiated Zircaloy-2 samples
with different neutron fluences and measured the macroscopic stress strain curves [73].
Long et al. measured not only the average stress-strain curves, but also the elastic lattice
strains of neutron irradiated Zr-2.5Nb polycrystal using the neutron diffraction technique
[77]. Balough et al. measured the development of the polycrystal average dislocation
density during a post-irradiation uniaxial tensile test for a Zr-2.5Nb polycrystal using
neutron diffraction line profile analysis [72]. It was shown that while plastic deformation
of non-irradiated material equally increases the dislocation density on all slip systems,
post irradiation plastic deformation only increases the pyramidal type dislocation
densities. In another study by Qiang et al., Zr-2.5Nb sample was irradiated by Zr ions,
followed by nano-indentation tests [75]. It was shown that the yield stress of the
irradiated sample is more effected when the indentation is along the direction where the

prism and basal slip systems are the dominant ones.

Several numerical studies have been recently conducted to account for the effects of
irradiation defects using crystal plasticity modeling [78-84]. A few of them, however,
have simulated irradiated zirconium alloys, e.g., [80,81,85]. Although modeling

irradiation hardening is rather straightforward, different models have been proposed in
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the literature for irradiation softening. For example, a CPFE model is used to simulate
strain localization due to irradiation softening in body-centered cubic (BCC) iron by
Barton et al. [78], and in BCC steel by Patra and McDowell [79]. In both models, the
dislocation loop annihilation rate depends on the current dislocation loop density
accumulated on each slip system and the resolved shear strain rate on the same slip
system. Similarly, Erinosho and Dunne [80] used a CPFE framework to study irradiation
softening effects in HCP zirconium. In their model, the strength of slip systems was
approximated using a linear relationship with respect to the accumulated resolved shear
strain. Recently, Onimus et al. [81] have incorporated the effects of irradiation softening
of zirconium in a self-consistent framework . In this model, the evolution law for
dislocation loop density was formulated as a function of shear strain and current

dislocation loop density.

2.6 The knowledge gaps

The available macro-scale models used for simulating zirconium alloys are mostly
empirical. Depending on the complexity of the proposed empirical model, a large number
of parameters need to be calibrated by fitting the parameters against extensive data sets
that are mainly measured at "macro-scales". Therefore, these models do not incorporate
the true deformation mechanism of zirconium alloys and are solely valid over the range
of the temperatures, doses, or deformation rates, that their parameters are fitted. Further,
although the MD or DD nano-scale models provide valuable insights toward
understanding the interaction between line and point defects, they are rarely capable of
modeling deformation of zirconium for their real service time or at engineering length
scales. Hence, there is a need to develop physical based meso-scale models to link the

scales and to study the various effects of irradiation-induced defects.
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Several studies have focused on incorporating dislocation-based crystal plasticity
constitutive models in the self-consistent framework to investigate the effects of neutron
irradiation on the plastic deformation of HCP zirconium. However, it is not possible to
study grain-grain interaction in the self-consistent framework. In addition, the effects of
strain or stress localization are not included in this mesoscale modeling framework.
Hence, this thesis focuses on adding the effects of dislocation densities into a CPFE
model to study such grain-grain interactions and strain or stress localization in the

presence or absence of irradiation growth in HCP zirconium polycrystals.
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Chapter 3

3 A non-local crystal plasticity constitutive model for
hexagonal close-packed polycrystals

A strain gradient crystal plasticity finite element model is developed to study the
evolution of internal and localized elastic strains in hexagonal close-packed polycrystals.
The results of the model are firstly compared to the previously published data for a series
of in-situ neutron diffraction experiments conducted on a-zirconium specimens. The
development of internal lattice strains is studied first without considering the possible
effects of grain morphologies and locations. This is followed by importing the “as-
measured” grain maps into the model, and investigating the development of localized
lattice rotation fields, geometrically necessary dislocation densities, and statistically
stored dislocation densities in the vicinity of twins. The numerical results are compared to
those measured for a deformed o-zirconium specimen using high angular resolution
electron back scatter diffraction technique. To understand the benefits of using non-local
formulation, numerical results are further compared to those from a conventional crystal
plasticity model. It is shown that while the calculated lattice strains and lattice rotations
from both models are in agreement with the measured ones, the non-local model provides
a better estimation of localized stresses in the regions with a sharp strain gradient. This
difference is more pronounced in the vicinity of twins, where the calculated stresses and
geometrically necessary dislocation densities by the non-local model are in better

agreement with the measurements.

3.1 Introduction

Understanding the deformation mechanism of hexagonal closed-packed (HCP)

polycrystals has been in the center of many studies for decades [1-5]. These polycrystals



26

are being used in various industrial sectors. For example, zirconium and its alloys are
used for manufacturing the core components of nuclear reactors due to their low neutron
absorption cross section and good corrosion resistance. Magnesium and titanium alloys
are used in automotive and aerospace industries due to their low density and good
mechanical properties. During fabrication or in service, these materials may undergo
macroscopic or localized microscopic plastic deformation. Such localized deformation
zones can become susceptible sites for crack nucleation or even accelerated corrosion [6—
9]. This chapter focuses on the development of a strain-gradient, also known as non-local,
crystal plasticity finite element (CPFE) model to study the distribution of localized stress
or dislocation hotspots that drives accelerated degradation mechanisms while replicating

the macroscopic deformation behaviour of HCP polycrystals.

Various numerical approaches have been used to investigate the micromechanics of
plastic deformation. For example, dislocation dynamics (DD) simulations were used to
identify the coefficients of latent hardening in pure magnesium [10]. Such modeling
scheme helps understand how the interactions among dislocations of different slip
systems affect the macroscopic hardening observed in magnesium alloys [11]. Further,
Tummala et al. used DD modeling to study the stress fields around hydrides in zirconium
[12]. It is important to understand how the localized stress fields around zirconium
hydrides evolve since hydrogen embrittlement significantly affects the facture toughness
of the zirconium alloys used in nuclear industry. Although DDD models take the
interaction between individual dislocations into account, they are numerically costly and
do not represent the “real” time scale over which a given phenomenon occurs. As a meso-
scale modeling scheme, crystal plasticity is used to study heterogeneous deformation of
individual or clusters of grains in “real time” by taking into account the effects of plastic
slip that occurs on active slip systems [13—15]. Crystal plasticity has been implemented in

different frameworks, e.g., self-consistent [16], fast Fourier transform (FFT) [17,18], and
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finite element (FE) [19,20]. In the self-consistent framework, each grain interacts with a
homogenous medium that represents the average properties of the aggregate except for
the grain that is investigated. Although it is naturally fast, it is not possible to study the
"true" interaction among neighbouring grains in the self-consistent framework. In the
FFT or FE frameworks, however, such interactions can be investigated and recently,

there has been promising advances in the field [21-24].

It has been shown that the interaction among the neighboring grains can have significant
effects on the evolution of stress within individual grains of HCP polycrystals [25]. Such
interactions can lead to the development of localized stress or dislocation fields that
control the nucleation of cracks in materials [26]. Depending on the crystal orientation,
slip or twinning are generally active in such localized stress fields. For slip to occur,
dislocations should overcome both short-range and long-range obstacles. The primary
short-range obstacles are generally assumed to be the other dislocations that intersect the
slip plane and can potentially impede the movement of dislocations on the same plane.
The long-range obstacles, on the other hand, may include the elastic stress fields due to
grain boundaries or far field dislocations and defects. While the short-range obstacles can
mainly be overcome by thermal activation, the long-range obstacles are generally
independent from temperature and can be overcome by increasing the resolved shear
stress (RSS) that acts on the slip system [27]. Many studies have attempted to incorporate
the effects of both short- and long-range obstacles in material hardening models. For
example, Lu et al. (2019) assumed that the dislocation movement is a function of the
resistance induced by both short- and long-range obstacles. It was assumed that the
threshold for activating dislocation glide depends on the long-range obstacles which in
turn depends on the evolving dislocation density. The resistance due to short-range
obstacles was assumed to originate from Peierls barrier, solid solution atoms, or other

point defects in the material. Evers et al. assumed that the resistance induced by the long-



