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SUMMARY

The use of metallic material systems (e.g. pure metals, alloys, metal matrix composites) in a wide
range of engineering applications from medical devices to electronic components to automobiles continues
to motivate the development of improved constitutive models to meet increased performance demands
while minimizing cost. Emerging technologies often incorporate materials in which the dominant
microstructural features have characteristic dimensions reaching into the submicron and nanometer regime.
Metals comprised of such fine microstructures often exhibit unique and size-dependent mechanical
response, and classical approaches to constitutive model development at engineering (continuum) scales,
being local in nature, are inadequate for describing such behavior. Therefore, traditional modeling
frameworks must be augmented and/or reformulated to account for such phenomena. Crystal plasticity
constitutive models have proven quite capable of capturing first-order microstructural effects such as grain
orientation (elastic/plastic anisotropy), grain morphology, phase distribution, etc. on the deformation
behavior of both single and polycrystals, yet suffer from the same limitations as other local continuum
theories with regard to capturing scale-dependent mechanical response. This research is focused on the
development, numerical implementation, and application of a generalized (nonlocal) theory of single
crystal plasticity capable of describing the scale-dependent mechanical response of both single and
polycrystalline metals that arises as a result of heterogeneous deformation.

This research developed a dislocation-based theory of micropolar single crystal plasticity. The
majority of nonlocal crystal plasticity theories are predicated on the connection between gradients of slip
and geometrically necessary dislocations. Due to the diversity of existing nonlocal crystal plasticity
theories, a review, summary, and comparison of representative model classes is presented in Chapter 2
from a unified dislocation-based perspective. The discussion of the continuum crystal plasticity theories is
prefaced by a brief review of discrete dislocation plasticity, which facilitates the comparison of certain
model aspects and also serves as a reference for latter segments of the research which make connection to
this constitutive description. Chapter 2 has utility not only as a literature review, but also as a synthesis and

analysis of competing and alternative nonlocal crystal plasticity modeling strategies from a common
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viewpoint. The micropolar theory of single crystal plasticity is presented in Chapter 3. Two different types
of flow criteria are considered - the so-called single and multicriterion theories, and several variations of
the dislocation-based strength models appropriate for each theory are presented and discussed.

The numerical implementation of the two-dimensional version of the constitutive theory is given
in Chapter 4. A user element subroutine for the implicit commercial finite element code Abaqus/Standard
is developed and validated through the solution of initial-boundary value problems with closed-form
solutions. Convergent behavior of the subroutine is also demonstrated for an initial-boundary value
problem exhibiting strain localization. In Chapter 5, the models are employed to solve several standard
initial-boundary value problems for heterogeneously deforming single crystals including simple shearing of
a semi-infinite constrained thin film, pure bending of thin films, and simple shearing of a metal matrix
composite with elastic inclusions. The simulation results are compared to those obtained from the solution
of equivalent boundary value problems using discrete dislocation dynamics and alternative generalized
crystal plasticity theories. Comparison and calibration with respect to the former provides guidance in the
specification of non-traditional material parameters that arise in the model formulation and demonstrates its
effectiveness at capturing the heterogeneous deformation fields and size-dependent mechanical behavior
predicted by a finer scale constitutive description.

Finally, in Chapter 6, the models are applied to simulate the deformation behavior of small
polycrystalline ensembles. Several grain boundary constitutive descriptions are explored and the response
characteristics are analyzed with respect to experimental observations as well as results obtained from
discrete dislocation dynamics and alternative nonlocal crystal plasticity theories. Particular attention is
focused on how the various grain boundary descriptions serve to either locally concentrate or diffuse

deformation heterogeneity as a function of grain size.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

The use of metallic material systems (e.g. pure metals, alloys, metal matrix composites) in a wide
range of engineering applications from medical devices to electronic components to automobiles continues
to motivate the development of improved constitutive models to meet increased performance demands
while minimizing cost. Emerging technologies often incorporate materials in which the dominant
microstructural features have characteristic dimensions reaching into the submicron and nanometer regime.
Metals comprised of such fine microstructures often exhibit unique and size-dependent mechanical
response, with the relationship that “smaller is stronger”. Representative examples of the “smaller is
stronger” phenomena have been experimentally observed with respect to the yield strength of polycrystals
[1, 2], indentation of single crystals [3], bending of thin films [4], torsion of thin rods [5], and tension of
passivated thin films [6, 7]. The ability to model and predict variations in the mechanical response due to
changes in microstructure is crucial to the advancement and optimization of metallic material systems.
Classical models of crystal plasticity [8-10] have proven quite capable of describing the influence of first-
order microstructural effects such as grain orientation (elastic/plastic anisotropy), grain morphology, phase
distribution, etc. on the mechanical response of both single and polycrystalline metals, yet suffer from the
same limitations as other local continuum theories with regard to modeling scale-dependent behavior.
Therefore, the classical theory must be augmented or reformulated to account for these higher-order effects.

To address the shortcomings of the classical (local) theory, generalized (nonlocal) crystal
plasticity theories that appeal to the notion of geometrically necessary dislocations (GNDs) [11] have been
developed on multiple conceptual fronts. The term nonlocal is used here in the broad sense as defined by

Bazant and Jirasek [12] and is meant to imply “weak nonlocality”. Weakly nonlocal constitutive models



incorporate additional gradient dependence in the formulation and are to be contrasted against the “strong
nonlocality” synonymous with nonlocal integral formulations. From this point forward in this research,
when a model is referred to as nonlocal, it is to be understood that weak nonlocality is implied. As noted
by Kuroda and Tvergaard [13], there are three main subclasses of nonlocal single crystal plasticity models:
(1) low-order theories (ii) non-work-conjugate higher-order theories and (iii) work-conjugate higher-order
theories. The distinction between the low-order and higher-order theories is that the former’s governing
partial differential equations are of the same order as the classical theory, whereas the latter are of a higher-
order. Low-order theories do not admit the application of non-standard boundary conditions and only
incorporate nonlocality via enhanced constitutive relations, while the higher-order theories do admit non-
standard boundary conditions as well as nonlocal constitutive relations. In higher-order theories, the
continuum is assumed to have additional degrees-of-freedom, and the difference between the non-work-
conjugate and work-conjugate theories, as one might infer, is that the additional degrees-of-freedom do not
contribute to the power of internal forces in the former, whereas they do in the latter.

The vast majority of generalized single crystal plasticity models are formulated such that the
explicit calculation of slip gradients is required (cf. [14-20]. While certain slip gradient-based approaches
do possess some attractive features such as being able to apply boundary conditions on slip at the slip
system level [15, 17], there are also certain practical and philosophical limitations as compared to the
classical theory. From a practical standpoint, the numerical implementation of slip gradient-based

approaches requires either modified [21, 22] or higher-order [23-25] finite element (FE) interpolation

schemes as compared standard C" -continuous methods. Furthermore, if the slip system shears or GND
densities are taken as continuum degrees-of-freedom, the FE matrix bandwidth for a given discretization of
an initial-boundary value problem will be significantly larger for the nonlocal theory as compared to the
classical one, as the number of additional degrees-of-freedom scales with the number of slip systems. In
addition to the steep increase in computational burden associated with the slip gradient-based approaches,
there are also, in our opinion, some philosophical disadvantages to the slip gradient theories that treat the
slip system shearing rates as power-conjugate generalized velocities [18]. In these approaches, it is now
common practice to incorporate “energetic” and “dissipative” decompositions of the thermodynamic

stresses, and to include the plastic strain gradients directly in the free energy function (not as internal state



variables). In contrast, a more traditional approach would introduce elastic (energetic) and plastic
(dissipative) decompositions of the thermodynamic strains, and the free energy would then only depend on
the elastic parts and possibly a set of internal state variables reflecting energy storage due to irreversible
changes in microstructure.

It is with these issues in mind that we are motivated to pursue an alternative (to the slip gradient-
based approaches) formulation of generalized single crystal plasticity. Specifically, we seek to develop a

model of generalized single crystal plasticity that:

¢ Maintains the standard approach of elastic-plastic thermodynamics
¢ Avoids treating the slip system shears as generalized displacements
¢ Admits higher-order (non-standard) boundary conditions

¢ Offers a simpler and more efficient numerical implementation as compared to the slip gradient-

based approaches

Examples of alternative models of generalized single crystal plasticity are the full second gradient theories
of Smyshlyaev and Fleck [26] and Shu and Fleck [27], the couple-stress theory of Kim and Oh [28], the
micromorphic theories of Naghdi and Srinivasa [29, 30] and Le and Stumpf [31, 32], and the micropolar
theory of Forest et al. [33-35]. The full second gradient and couple stress models require the use of higher-

order interpolation functions [25] in numerical implementations, whereas the micromorphic and micropolar

models may be implemented using standard C° -continuous interpolation functions since the higher-order
kinematics (additional degrees-of-freedom) are independent of the displacement field. Based on these
considerations and motivated by the prior works of Clayton et al. [36] and Forest and collaborators [34, 35,
37-41], this research is focused on the development and application of micropolar models of single crystal

plasticity.



1.2 Scope of the work

This research is concerned with the development of models of micropolar single crystal plasticity
as an alternative to the more common slip gradient-based models of generalized single crystal plasticity. A
micropolar [42] or Cosserat [43] continuum is type of work-conjugate higher-order continuum which
possesses extra rotational degrees-of-freedom. Early works in phenomenological micropolar
elastoplasticity are due to Besdo [44], Lippmann [45], and Sawczuk [46], while more recent representative
contributions in this vein are due to de Borst [47], Steinmann [48], Grammenoudis and Tsakmakis [49], and
Neff [50]. Most relevant to this research are the works of Forest et al. [33-35, 38] which present
phenomenological models of micropolar single crystal plasticity. Building upon these previous works, the

current research is undertaken with three main objectives:

¢ Develop physically-based models of micropolar single crystal elasto-viscoplasticity.

¢ Implement the constitutive models in a finite element code.

¢ Apply the models to simulate the scale-dependent mechanical response of single and
polycrystalline metals, benchmark against discrete dislocation simulations, and conduct parametric
studies to shed light on more appropriate forms of constitutive relations within the micropolar

crystal plasticity construct.

These research objectives are achieved as outlined in the remainder of this thesis which is
structured as follows. Chapter 2 introduces background material relevant to the development of scale-
dependent models of continuum single crystal plasticity. The chapter begins with a review of discrete
dislocation plasticity. Topics covered in the review will facilitate the comparison of certain concepts that
arise in the scale-dependent continuum theories, and also serve as a reference for latter segments of the
research where discrete dislocation simulation results are compared to those obtained from the developed
micropolar theories. Classical single crystal plasticity theory is then reviewed prior to discussing
representative developments of generalized single crystal plasticity, and attention is focused on dislocation-

based constitutive models. This material is intended to provide appropriate depth and perspective for the



micropolar model of single crystal plasticity that is presented in Chapter 3. Chapter 2 has utility not only as
a literature review, but also as a synthesis and analysis of competing and alternative nonlocal crystal
plasticity modeling strategies from a common viewpoint. Both theoretical and computational aspects of the
models are discussed.

The micropolar theory of single crystal plasticity is presented in Chapter 3. Two distinct
viscoplastic modeling frameworks - the so-called single and multicriterion theories are introduced. The
previous works of Forest et al. [34, 35] based on a multicriterion framework and containing a
phenomenological strength model are extended to incorporate a dislocation-based strength models. This is
an important contribution as it enables one to establish clear connections between micropolar single crystal
plasticity and various aspects of slip gradient-based generalized crystal plasticity models, and also provides
a more physically-based description of scale-dependent strengthening behavior. Additionally, a new single
criterion formulation is presented with an analogous, but simplified strength model. The development of
the single criterion model is motivated by related earlier works in phenomenological macroscopic
micropolar elastoplasticity, and represents the first attempt to embed a single criterion flow rule within a
micropolar single crystal plasticity framework. Several variations of dislocation-based strength models
appropriate for each theory are presented and discussed.

Chapter 4 presents the numerical implementation of the two-dimensional version of the
constitutive theory given in Chapter 3 appropriate for plane strain and plane stress problems. A user
element (UEL) subroutine has been developed for the implicit commercial FE code Abaqus/Standard [51].
The element has three degrees-of-freedom per node (two displacements and one rotation), and a rate-
tangent method [52] appropriate for a micropolar elasto-viscoplastic material has been presented for the
constitutive update. Element performance is validated through the solution of elastic initial-boundary value
problems with closed-form solutions, and the convergent behavior is also demonstrated for an elastic-
plastic initial-boundary value problem exhibiting strain localization.

The constitutive models are employed in Chapter 5 to solve several standard initial-boundary
value problems for heterogeneously deforming single crystals including: simple shearing of a constrained
thin film, pure bending of thin films, and simple shearing of a metal matrix composite with elastic

inclusions. First, the general performance of the constitutive models is demonstrated via solution of the



constrained shear problem in order to gain an understanding of how the non-classical inelastic material
constants affect the mechanical response and the resulting deformation fields. This information is then
used to guide calibration of the micropolar models to results of equivalent initial-boundary value problems
solved using discrete dislocation dynamics. The deformation behavior predicted by the calibrated
micropolar models is then compared to results obtained from both discrete dislocation dynamics
simulations as well as alternative generalized crystal plasticity theories. Comparison and calibration with
respect to the former provides guidance in the specification of non-traditional material intrinsic length scale
parameters, and demonstrates the developed models’ effectiveness at capturing the heterogeneous
deformation fields and size-dependent mechanical behavior predicted by a finer scale constitutive
description.

In Chapter 6 the models are applied to simulate the deformation behavior of small polycrystalline
ensembles. Two different polycrystal representations are considered: a traditional model in which the
micropolar crystal plasticity constitutive description is applied to each grain up to a sharp grain boundary
interface, and a core-mantle model in which the polycrystal is divided into grain interior (core) and mantle
(grain boundary) regions. The grain cores are modeled as viscoplastic single crystals and the grain
boundary mantle is modeled as an elastic micropolar phase. Direct numerical simulations are performed
for a range of grain sizes using both polycrystal representations in order to evaluate the aggregate
mechanical response, and the scale-dependent deformation behavior is subsequently analyzed. Particular
attention is focused on how the different polycrystal descriptions serve to either locally concentrate or
diffuse deformation heterogeneity as a function of grain size, and also on the scaling behavior of the flow
stress with respect to grain size.

Chapter 7 provides a summary of the work, acknowledges the original contributions, and suggests

potential avenues for future work. The unique contributions of this dissertation as summarized as follows:

Constitutive Model Development

o

+ Two new physically-based theories of micropolar single crystal plasticity have been developed.

» A multicriterion flow theory with a dislocation-based strength model has been proposed as an

extension of the phenomenological strength model of Forest et al. [34]. The replacement of the



phenomenological strength model with a dislocation-based model is a necessary step for relating
the current developments to existing physically-based models, and also for making direct

comparisons to finer scale simulations, i.e., discrete dislocation dynamics.

» A novel single criterion flow theory with a dislocation-based strength model has also been
proposed. Single criterion flow rules are commonly used in other types of higher-order nonlocal
crystal plasticity theories, and are advantageous because they significantly reduce the number of

non-standard material constants as compared to multicriterion theories.

» Several variations of the dislocation-based strength models have been proposed and their
performance has been evaluated via direct numerical simulation. It has been demonstrated that
some of the strength models do not produce deformation behavior consistent with observations

from finer scale (e.g., discrete dislocation) simulations.

‘0

% The relationship between the developed models and the more common slip gradient-based theories has

been established.

» A focused effort has been made to relate the models to the prominent and highly cited model due
to Gurtin [17], which is a significant contribution since the proposed models offer a simpler
numerical implementation than the former. This has important implications in the practical

application of the model in future 3-D numerical simulations.

Numerical Simulations

% A numerical implementation of the model has been developed and incorporated into the commercial

finite element code Abaqus/Standard as a user element subroutine.

¢ The numerical implementation has been validated through the solution of boundary value problems
with known analytical solutions, and the convergence behavior for an inelastic problem featuring strain

localization has been studied and the mesh regularization properties have been demonstrated.

7
*

The role of the model length scale parameters has been clearly defined in terms of their effect on the
mechanical response and the development of heterogenecous deformation fields. This understanding is

critical to ascribing physical significance to the nonlocal material parameters.

7
0

The viability of the models has been established through a comparison to discrete dislocation dynamics
simulations of equivalent initial-boundary value problems. This not only demonstrates that the models
are capable of capturing the physics of lower length scale deformation processes in meaningful way,

but also suggests they could be incorporated as part of a multiscale modeling framework.



% A pathway and methodology for calibrating the micropolar model parameters to discrete dislocation
dynamics simulations has been established. Knowledge of how the nonlocal material parameters relate
to various aspects of the finer scale simulations lends confidence that the calibrated values are

physically meaningful.



CHAPTER 2

SCALE-DEPENDENT SINGLE CRYSTAL PLASTICITY

2.1 Introduction

This chapter presents background material relevant to the development of scale-dependent models
of single crystal plasticity. The generalized or nonlocal continuum, as discussed in the introduction, has
been advanced on several conceptual fronts, and it is covered herein how these different philosophies have
been applied to constitutive modeling of metallic single crystals. This material will provide appropriate
depth and perspective for the micropolar model of single crystal plasticity that is introduced in Chapter 3
and is the focus of this research. The following discussion is undertaken within the context of small
deformations since the micropolar theory is developed within a geometrically linear setting. The small
deformation assumption also simplifies comparison of various nonlocal single crystal plasticity theories.
With regard to constitutive model development, attention is focused on dislocation-based strength evolution
equations. In addition to the various nonlocal single crystal plasticity theories presented in Sections 2.4.3-
2.4.5, a few supplemental topics are included to facilitate the review. The list of supplemental topics
include: discrete dislocation dynamics (Section 2.2), the classical theory of single crystal plasticity (Section
2.3), and the geometrically necessary dislocation density tensor (Sections 2.4.1-2.4.2). Although these
topics are not necessarily essential to this research, they are included for completeness and ease of

reference.

2.2  Discrete Dislocation Dynamics

Discrete dislocation dynamics is a constitutive description of crystalline plasticity which explicitly
models the motion and evolution of individual dislocations. In this formalism, dislocations are treated as

line singularities embedded in an elastic continuum, and the description of plastic deformation follows



directly from their nucleation, glide, obstruction, and interaction. Discrete dislocation dynamics simulation
frameworks of various levels of sophistication have been developed and employed by several research
groups [53-59]. All of the methodologies are based on the same fundamental steps of computing the
migration of dislocations due to the forces acting upon them, but differ in the different numerical
algorithms used to discretize the continuum and dislocation lines, treat dislocation interactions, the
computation of long-range forces, etc. The two-dimensional discrete dislocation dynamics simulation
methodology of Needleman and Van der Giessen [57] is outlined here in part for simplicity and clarity of
presentation, and also because comparisons are made to results obtained using their model later in the
research. The model is developed for small deformations and elastically isotropic materials.

The mechanical initial-boundary value problem in discrete dislocation dynamics is solved as a
three step process. First, the stress field within the body is determined based on current position of the
dislocations. The Peach-Koehler force acting on each dislocation is then determined, and finally used to
evolve the dislocation’s positions based on a set of constitutive relations describing the glide, nucleation,
trapping, and annihilation processes. The stress field in the body is obtained through a superposition
procedure which takes advantage of analytical solutions for the dislocation stress fields in an infinite
continuum and then calculates a corrective stress field on a domain without dislocations to account for the
actual boundary conditions applied to the finite body. A schematic representation of the field

decomposition is given in Figure 2.1. Consider a linear elastic body of volume R which consists of a
matrix phase denoted R" which may contain dislocations and an elastic inclusion phase denoted R® that
is dislocation free such that R = R” U R®. Individual dislocations, indicated by an index i, are treated
as line defects in the elastic matrix and are characterized by their Burgers vector, b’, and the unit vector

normal to the slip plane, n’. At a given material point,x € R, in the interior of the body, the
displacement field is expressed as an additive superposition of the displacements caused by the N
dislocations in an infinite medium of the homogeneous matrix material and the corrective displacements
required to correct for the actual boundary conditions on the finite body and also the presence of inclusions,

1e.,

u=d+u @.1)
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where u is the actual displacement field. The dislocation displacement field is indicated by (+) and the
corrective field by (+). The strain, €, and stress, o, fields are also expressed in terms of the dislocation

and corrective fields, respectively, as

WV +Vu)=&+¢ 2.2)

co=6+0 2.3)

The balance of linear and angular momentum expressed in terms of the total fields for a body in static

equilibrium in the absence of body forces are given as
Vx € R 24

Standard displacement and traction boundary conditions can be applied to the body, i.e.,
u=u Vx € OR, (2.5)

T=i-c=T Vx € OR, (2.6)

where u” and T" are the applied displacements and tractions, respectively, on complimentary portions of
the external boundary such that R = R, UOR_and OR, N OR_ = @. The total dislocation fields are

given as the sum of the individual dislocation fields as

=) 1, €=)8, 6=>)¢6 (2.7)

~11~



T*

Vx € OR,

Vx € OR,

Figure 2.1: Decomposition of the total fields for a discrete dislocation dynamics problem into the

dislocation (*) and corrective (+) components.

dislocation-free inclusion phase (R<> ).

Gray matrix phase (RM) and brown elastic

The (#) fields are determined for an infinite homogeneous (inclusion-free) matrix material based

on the current dislocation configuration (see Figure 2.1) and the governing equations for this sub-problem

are given as

!

Q:

. 6' pr— 0
Vx € R=RM UR® (2.8)
= g7
§=C:¢ Vx € R (2.9)
u=1 Vx € OR, (2.10)
=h-6=T Vx € OR, (2.11)

where C is the 4™ rank tensor of elastic moduli for the matrix material. Solving for the dislocation fields is

simplified by the fact that analytical solutions exist for dislocations embedded in an elastically isotropic

infinite medium. The dislocation displacement, @", and traction fields, T", are those that result on the

~12 ~



actual surface of the body due to the presence of dislocations. The governing equations for the corrective

fields are then given as

V-6=0
Vx € R=RM UR’ (2.12)
6 =a"
u=u =u —a Vx € OR, (2.13)
T=h-6=T =T —-T Vx € OR, (2.14)
cg=C:e¢ vx € RM
(2.15)
6=C%:e+(C°-C):¢ vx € RO

where C is the 4™ rank elasticity tensor for the elastic inclusions. It is noted that the corrective stress
field for the inclusions contains a term (2™ term in Eq. (2.15),) that is due to the dislocation strain fields

and the difference in elastic properties between the matrix and inclusion phases. Given that the dislocation
displacement fields remain continuous on OR, and along the interface between the matrix and inclusion,

Egs. (2.12)-(2.14) constitute a well-posed linear elastic boundary value problem that can be solved using
the finite element procedure outlined in Lubarda et al. [60]. Once the stress fields are known, the glide
component of the Peach-Koehler force is computed according to

fi=n'-

c +Zo‘7

j=i

- b’ (2.16)

where the first term inside the parenthesis is the stress due to external loading and the second term accounts
for the stress fields produced by all of the individual dislocations (excluding the one under consideration).
The dislocation configuration is then updated through an appropriate set of constitutive relations.

Dislocation generation is accommodated by activation from point sources which are randomly distributed

with source density, o

sre

throughout the matrix material. A source is activated when the source strength,

T e » 18 €xceeded by the shear stress acting at the source over a time period of ¢, Nucleation consists of

nuc *

~13 ~



the creation of a dipole where the oppositely signed dislocations are placed at a distance, [ apart (each

nuc ’

dislocation is placed at a distance of [ /2 on either side of the source) to balance the critical source

nuc

stress. This critical distance is defined as

S (2.17)

The dislocation glide velocity, ¥, is assumed to be linearly related to the Peach-Koehler force according to

vi=Dplf (2.18)

where B is a drag coefficient. A glide dislocation may become trapped at point obstacles which are

characterized by an obstacle strength, 7, ,

and will remain pinned until the resolved shear stress acting on
the lead dislocation exceeds the obstacle strength. Mutual annihilation of dislocations is specified to occur

when two oppositely signed dislocations are separated by a distance less than or equal to the critical
annihilation distance, y, . Additional constitutive assumptions specifying the initial state of the simulated

crystal are required such as: the slip plane spacing, the initial dislocation density, the spatial distribution of
dislocation sources and obstacles, and the statistical distribution of source and obstacle strengths.

Discrete dislocation dynamics simulations are widely used to study the scale-dependent
mechanical behavior of crystalline materials, and they are capable of capturing both statistical and nonlocal
aspects of the deformation. The statistical aspects emerge due to the initial dislocation and source
configurations, whereas the nonlocality arises due to long-range dislocation forces. Although the length
and time scales currently capable of being simulated are somewhat limited by the n-body nature of the
problem and the time discretization required to accurately capture the transients of dislocation motion,
discrete dislocation models are a useful tool for benchmarking and calibrating nonlocal crystal plasticity

models.

~14 ~



2.3  Classical Single Crystal Plasticity

2.3.1 Kinematics

The traditional theory of single crystal plasticity is based on three fundamental assumptions: (i) a
two-term decomposition of the total deformation into elastic and plastic parts (ii) the plastic deformation is
given as the sum of individual slips (shears) on a discrete number of active slip systems and (iii) the lattice

deformation is equal to the elastic material deformation. The usual two-term multiplicative decomposition
of the deformation gradient, F, into elastic, F°* =1+ H®, and plasticc F* =1+ HP, parts in a

geometrically linear (“ H® & 1) setting leads to the approximation

D
I

F=I+H=F  F ~I+H +H (2.19)

where H=uV, H® and HP are the total, elastic and plastic distortions, respectively. As shown in
Figure 2.2, a material vector, dX , is transformed under a given deformation into the vector dx according

to

dx =F-dX = dX + (e + w) - dX = dX + (H® + HP) - dX (2.20)

where the additive decomposition of the total distortion into the infinitesimal strain, € = sym(H), and

linear rotation, w = skw(H), tensors has been stated in Eq. (2.20),. According to (iii), it is assumed that

the lattice deformation is equal to the elastic material deformation, H®, which implies that during

deformation an arbitrary lattice vector, D%, is transformed according to

d* =F°.D* =D* + H* - D° (2.21)

where d“ is the deformed lattice vector. As in Eq. (2.20), the elastic distortion can be additively
decomposed into strain and rotation components, i.e., H® = €® 4+ w°®, such that the lattice rotation is given

by w®. Any rigid body rotations are encompassed in H® via w® so that lattice vectors follow material
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vectors under such motions, accordingly, the intermediate configuration defined by FP in Figure 2.2 is

isoclinic. The temporal evolution of the plastic distortion due to dislocation glide is given as [10]

HY = > 4% @n° (2.22)

where 7%, s, and n“ are the (signed) slip system shearing rate and unit vectors in the shearing and slip

plane normal directions, respectively, for the att slip system.

2
AD
A F
dX2 > D! >
dx>
Xm
FP F°
d> = p?
A
A I |
I |
dx? L
| 'a1 _ p!
II |
|
dx*

Figure 2.2: Elastic-plastic kinematics for the classical theory of single crystal plasticity.

2.3.2 Balance Laws and Thermodynamics
The classical balances of linear and angular momentum for a nonpolar body in static equilibrium

and in the absence of body forces are stated as
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Vx € R (2.23)

where o is the Cauchy stress. The boundary value problem admits the usual natural and essential

boundary conditions, respectively, on appropriate parts of the external surface, R , i.e.,

Vx € OR, (2.24)

u=u Vx € OR, (2.25)

where T is the traction vector, 'T' is the applied traction, i is the unit normal to the bounding surface,
OR_, where tractions are applied, and u’ are the prescribed tractions and displacements on the

complementary portion of the boundary, O, ,and OR = OR_ U OR, .

A set of constitutive relations is proposed within a thermodynamic setting considering isothermal
processes and neglecting other forms of energy production. The 2™ Law inequality under these conditions
states that the deformation power must be greater than or equal to the rate of change in the free energy of

the system, i.c.,
p, > pib Vx € R (2.26)
where, p, = o : €, is the deformation power, p is the mass density, and is the ¢ is the Helmholtz free

energy. Assuming that the free energy depends on the elastic strains and a set of scalar strain-like internal

state variables (ISVs), (f, for each slip system, i.e., 1) = P(e®, ¢f), where the subscript signifies the [ th

ISV, I =1, 2, ..., N it can be shown via standard thermodynamic arguments [61] that the state laws are
given by
0 o 0
o=p L4 . Xf =P v (2.27)
0e® ¢y
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where y{ are the thermodynamic forces work-conjugate to the thermodynamic displacements, ¢}, and

the reduced dissipation inequality is given as

D=0 =Y N X >0 (2.28)
« I

The ¢}, reflect microstructural evolution that leads to energy storage in addition to that embodied by the

recoverable elastic strains, €°.

2.3.3  Constitutive Equations
The plastic strain evolution equation for an associative theory of single crystal plasticity may be

cast in a general form as

. OF° :
e? =3 "\ P > AN (2.29)

« «

where A%, F,and N“ are the plastic parameter, yield function (also the flow potential in the associated

flow case), and plastic flow direction for the ot slip system, respectively. Since &’ = sym(Hp), it can

be asserted with the aid of Eq. (2.22) that

Fo = |7 — ] = (2.30)
™ =n""-0-5=0:P" (2.31)
N¢ = P Sgn(Ta - T;j) (2.32)
4% = X% sgn(t® — 7') (2.33)

where 7% is the resolved shear stress, 7' is the slip system back stress, " is a slip threshold stress

defining the elastic domain in stress space, and P = sym(s* ® n®) is the Schmid tensor. The

expression in Eq. (2.31), may be written in this form due to the symmetry of the Cauchy stress tensor and
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elucidates the plastic flow direction as the derivative of a flow potential. A rate-dependent formulation is

adopted and the plastic parameter is given by the power law overstress function as

IV R v o

where 7, is a reference shearing rate, g% is a drag stress, and m is the inverse strain rate sensitivity

exponent. The threshold stress is given by the Taylor relation, i.e.,

rt =1+ “Clb«lzg he8 o8 (2.35)

where 73" is the intrinsic lattice resistance to slip, ¢, is a material constant related to the dislocation
configuration, p is the shear modulus, b is the magnitude of the Burgers vector, h s an slip system

interaction matrix, and Qﬁ is the total dislocation density on slip system (3. The dislocation density

evolution equation is taken to be of the Kocks-Mecking [62] form as a competition between storage due to

dislocation trapping and annihilation due to dynamic recovery, i.e.,

ey

ol (2.36)

11
¥ —Z| = _9 «a
0 b[za ycg]

where [ is the mean free path for mobile dislocations and y, is the capture radius for the annihilation of

oppositely signed dislocations. The mean free path for dislocations is defined as

o (2.37)

where K is material parameter and a®? is an interaction matrix defining the potency of dislocations on
slip system [ for trapping dislocations on slip system « [63]. A typical phenomenological description of

back stress evolution used in classical crystal plasticity models is an appropriate adaptation of the
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Armstrong-Frederick [64] law for each slip system with the assumption of self-hardening due to

dislocations of like sign on the same system, i.e.,
7 = By* = C1)' | 9| (2.38)

where B and C' are direct hardening and dynamic recovery coefficients, respectively. Equation (2.38) can

be transformed into a dislocation-based one by postulating a relationship between the back stress and a
signed dislocation density, o}, that is interpreted as a phenomenological geometrically necessary

dislocation density, i.e.,
Ty = peby| of [sgn(el) (2.39)

where ¢, is a dislocation configuration-dependent material constant. Equations (2.38) and (2.39) are

connected through the signed dislocation density evolution equation which is specified as

cz] 0f [sgn(7" —7") —c,0f || 7 | (2.40)

Q'i:

where c; and ¢, are material constants defining the accumulation and annihilation rates, respectively, of

the signed dislocation density. Time differentiation of Eq. (2.39), insertion of Eq (2.40), and then
comparing the resulting expression to Eq. (2.38) leads to the interpretation of the phenomenological
constants in terms of the dislocation-based ones as

potat 4 24
2 2

While the signed dislocation density, o}, can be thought of as a type of geometrically necessary

dislocation density, it should not be confused with the geometrically necessary dislocation density that is
required to maintain compatibility of the total deformation field, as discussed in Section 2.4.2.
It is assumed that two scalar ISVs are needed to describe the energy storage due to microstructure

evolution; one each for the total and signed dislocation densities, i.e.,
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G = ebyyo ,h%e? (2.42)

5 = eby| ot [sen(e?) (2.43)

The variable (}* is defined as the short-range elastic strain field on slip system o produced by dislocations

on all other slip systems, and ¢;' is the pseudo long-range strain field produced by dislocation pileups lying

on slip system « . Introducing a free energy function with quadratic dependence on its arguments, i.e.,

b, =1et:Cie® + 13N (GTEY + GBS (2.44)

a 0

- . . . th . . o
where, 1, = py, is the free energy per unit volume, C is the 4™ rank tensor of elastic moduli, and E|

I =1,2 are symmetric positive-definite matrices of material moduli with units of force/length®. Inserting

Eq. (2.44) into Eq. (2.27) leads to explicit state laws, i.e.,

o=C:e" |, =) B |, x=> E’ (2.45)
<] <]

(e}

Assuming that Ef“ﬂ = E;“‘ﬂ = ué®?, it is seen that X, =r" and x5 = 7;'. Considering Eqs.(2.42),

(2.43), (2.36), and (2.31) the reduced dissipation inequality for the single ISV constitutive model may be

expressed as

0= Z[T‘)‘ _622&1)7;]’?& _ ZZ[TaHm? —%7';(;50‘3]|73| >0 (2.46)
a B

«

where H*? is defined as

h*’ 1
7 R S — —,[Z a0t — 2y o° (2.47)
2 z haégé K ¢ ¢
N Las

The first term in Eq. (2.46) is the rate of energy dissipated by plastic deformation, and the second term is

the rate of energy stored due to microstructural evolution.
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Physically, the product term r“(;* is the energy stored due to the short-range interactions of
dislocations lying in slip plane « and can be related to the self-energy of the dislocation configuration. To
elucidate this fact, consider the expression for the self-energy per unit length, E, /[,, of a dislocation as

expressed in dislocation theory [65], i.e.,
E, |1, = coub® (2.48)

where c; is a numerical constant that depends on the dislocation configuration and character. The total line

length, [, , of dislocations in a given volume, V', is given as

l, =0V (2.49)
where o = Z . 0% . Therefore, the dislocation energy per unit volume of material may be expressed as

E, |V = c;ub’o (2.50)

Now consider the energy per unit volume stored due to microstructural rearrangement, 1,", (the second

term in Eq. (2.44)), i.e.,

Pt = ZT’GC{I = uclngZZh’mgﬁ (2.51)
o a f
The two expressions given in Egs. (2.50) and (2.51) are equivalent if the constant c; is specified such that

Z Z haﬁgﬁ

_ 2. a B

o

c (2.52)

Equation (2.52) shows that the constant c; is function of the current microstructural state via the

dislocation density. On the other hand, the product 7;'¢;" is the energy stored due to long-range effects on

slip system « , i.e., those due to dislocation pileup effects.
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2.4  Generalized Single Crystal Plasticity

There are a variety of ways in which generalized theories of crystal plasticity can be constructed,
and this is reflected by the diversity of the models that can be found in the literature. Accordingly, it is
beneficial to introduce a classification system as in Kuroda and Tvergaard [66] which delineates broadly
between three classes of models: low-order theories, non-work-conjugate theories, and work-conjugate
theories. Low-order theories incorporate nonlocality into the constitutive response while maintaining the
classical structure of the mechanical balance equations and do not admit non-standard boundary conditions.
Such models are incapable of predicting size-dependent mechanical behavior for a homogeneous material
subjected to uniform remote boundary conditions. Non-work-conjugate theories are defined as those that
maintain the classical structure of the mechanical balance laws, but include additional non-mechanical
balance equations. The class of work-conjugate continua is comprised of models with non-standard
expressions of deformation power and mechanical balance laws; examples include second or n™ gradient
models and generalized micromorphic models with the distinction that grade-n theories incorporate higher-
order derivatives of the usual displacement degrees-of-freedom, whereas the latter introduce additional
micro degrees-of-freedom that are independent of the displacement field.

Classical single crystal plasticity is extended to account for scale effects by appealing to the
concept of geometrically necessary dislocations (GNDs) [11]. From a purely kinematic point of view, the
origins of the connection between heterogeneous states of deformation, deformation incompatibility, and
geometrically necessary dislocations can be traced back to the early works of Kondo[67], Bilby et al. [68],
and Kroner [69], amongst others, whereas the connection between GNDs and lattice curvature can be
traced back to the work of Nye [70]. According to Ashby [11], GNDs lead to increases of both isotropic
and kinematic hardening by further reducing the mean free path of mobile dislocations and by virtue of the
long-range nature of their associated stress fields; however, there are many models that neglect GND
effects on kinematic hardening. Disregarding this aspect of material strengthening is questionable as the
long-range and directional nature of the internal stress fields induced by GNDs is unequivocal and deemed

critically important by many; Mughrabi [71] noted that the inclusion of GND-enhanced isotropic hardening
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by itself is insufficient to properly model scale-dependent mechanical behavior. While most nonlocal
theories have been applied to boundary value problems involving forward uniaxial loading, thereby making
the two hardening contributions difficult to distinguish, an appropriate coupling of GNDs to back stresses is
imperative to capturing material behavior during load reversal. Kinematic hardening due to the presence of
GNDs has been incorporated into crystal plasticity models in a number of ways [17, 72-74], but with the
commonality that the back stresses are related to gradients in the GND density. Representative generalized
crystal plasticity models within the three previously described classes are the low-order theories due to [19,
21, 22, 75], the non-work-conjugate theories due to [14, 73, 76-79] and the work-conjugate theories due to
[17,25, 28, 29, 31, 34, 36, 80, 81].

The GND density tensor used in nonlocal crystal plasticity theories can be derived from the
mathematical compatibility requirements of deformation measures; however, it is instructive to first
examine the GND density tensor from the discrete dislocation perspective. The presentation and discussion

of Section 2.4.1 follows closely to the seminal 1999 contribution of Arsenlis and Parks [82].

2.4.1 The Discrete Geometrically Necessary Dislocation Density Tensor

In 1953, Nye [70] introduced a tensorial measure of the dislocated state of the lattice [70]. Nye’s
tensor, like the usual dislocation density familiar to metallurgists and materials scientists, must be evaluated
over a reference volume of material and is a function of the Burgers and line tangent vectors of all of the
dislocations contained within the volume. Considering a single straight (constant line tangent vector)
dislocation which extends across a volume of characteristic length, [ , which is perpendicular to and pierces

opposing faces of the cube, Nye’s tensor, o, is defined as

a=ob®¢ (2.53)

where o =1 /12, b is the Burgers vector of the dislocation, and £ is the unit tangent vector directed

along the dislocation line in the right-hand screw sense. If a volume of material containing an ensemble of
dislocations is considered, then Nye’s tensor is defined by the line integral over a/l dislocation segments

within the volume as
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o= %Zfb ® gidl (2.54)
i T

It is seen that Eq. (2.53) is just a special case of the more general definition given in Eq. (2.54). From this
definition it becomes clear that Nye’s dislocation density tensor is an aggregate measure for all dislocations
contained within the volume; and that as pointed out by Arsenlis and Parks [82], the inverse problem of
determining the exact dislocation distribution for a volume of material given the components of o does not
have a unique solution. In fact, as shown by Kroner [83], the scalar dislocation density (total line length
per unit volume) and Nye’s dislocation density tensor are just two different invariants of various statistical
moments of the dislocation distribution in a given volume. Furthermore, if each dislocation segment can be
treated individually as having a constant Burgers vector, the definition of Nye’s tensor given in Eq. (2.54)

can be expressed as
o= [ear (2.55)
V5 .

As a consequence of being expressed in this form, the integrated properties of Nye’s tensor are revealed.
For example, consider the generally curved dislocation threading the reference volume shown in Figure 2.3,

and applying Eq. (2.55) to evaluate Nye’s tensor over this volume yields

a==b® " -1r) (2.56)

where r™ and r~ are the coordinate positions of the beginning and end points of the dislocation segments
on the boundaries of the volume, as defined by the direction of integration in Eq. (2.55). Equation (2.56)
shows that the Burgers vector and the two threading points are all that is needed to calculate an individual
dislocation segment’s contribution to Nye’s tensor, and that the actual path of the segment has no
consequence on the calculation. This reinforces the earlier comment that given the components of Nye’s
tensor over the volume (the straight red dash-dotted line in Figure 2.3), the total dislocation distribution

(the generally curved path between the two end points) cannot be uniquely determined. Making use of Eq.
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(2.56), Eq. (2.55) may be expressed for a population of dislocation segments in terms of the average

tangent vector, Ei, and the secant length, K , as

1 _
—— l?,bl 1
o v El ® &

where

Introducing a scalar measure of the discrete GND density for a given segment as

==l

i
Ocp =

<

Nye’s tensor can also be written in the form

a=> g,b ®¢
i
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Figure 2.3: Demonstration of the geometrically necessary dislocation density (dash-dot straight red
line) associated with the arbitrarily curved (solid red line) dislocation.

A natural measure of the discrete SSD density for each segment can then be defined as
olp = 0" — olp 2.61)

where the total dislocation density for each segment is defined in the usual manner as
o = lz f dr (2.62)
Vg

Considering Eq. (2.61) and the dislocation segment shown in Figure 2.3, it is clear that the discrete SSD
and GND densities cannot be thought of as belonging to separate dislocation populations - a dislocation is
neither geometrically necessary or statistically stored - rather they are two different statistical moments of
the total dislocation distribution within the volume under consideration.

The lattice-geometric consequences of Nye’s tensor are illustrated by considering a single face of
the reference volume. The integral over the enclosed area of the inner product of Nye’s tensor with the

plane normal gives the net Burgers vector, B, of all dislocations piercing the plane, i.e.,
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B- [a-id (2.63)

OR
Evaluating the surface integral in Eq. (2.63) over all of the surfaces of the reference volume and making
use of the divergence theorem, the previous result leads directly to the conservation equation for Nye’s

tensor as

a-V=0 vxeV (2.64)

which is interpreted as a statement of conservation of Burgers vector that implies that dislocations cannot
terminate within the interior of a crystal. Finally, a representation of Nye’s tensor for the special case of a
dislocation population consisting entirely of straight, pure edge and screw segments with constant Burgers
vector (e.g., fcc) is given in Eq. (2.65). This representation of the dislocated state of a crystal is employed
in some discrete dislocation dynamics frameworks [53] and is often encountered in discussions of

continuum measures of the GND density tensor. For a given slip system defined by the right-handed triad

of vectors (s”,n” t”) where t7 is a unit vector defined as t’ = s’ xn” Nye’s tensor is given for this

special case as

a=b3(of —o)s’ @t + (o) —0l)s’ @8’ (2.65)
g

8

ol

where, gf s gﬁ are the positive and negative edge densities and o Q*; are the positive and negative

screw densities, respectively. For more general crystal structures (e.g., hep), the Burgers vector is not

constant and cannot be pulled outside of the summation. It is emphasized that the dislocation densities in

Eq. (2.65) refer to the G slip system and not to the individual dislocation segments as in the previous

developments of this section. In other words, each slip system density can be thought of as being the

cumulative individual segment density lying within that system over the given volume.
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2.4.2 Deformation Compatibility and the Continuum GND Density Tensor

Compatibility, i.e., the mathematical requirement for a single-valued global displacement field, on

a standard continuum, is ensured if H X V=uVxV=0. Therefore, a continuum measure of the
deformation incompatibility is the continuous analog to the discrete GND density tensor, o, which was

introduced in the Section 2.4.1 and is defined in this context as
=-H'xV=H"xV (2.66)

The following reciprocal relationships between the GND density tensor and the lattice (elastic material)
deformation can be established [82], i.e.,
o=k +tr(k)1—e® xV (2.67)

k=—a’ +1tr(a)l - (" x V)" (2.68)
where the lattice torsion-curvature is defined as
K = d)? (2.69)

The lattice rotation (axial) vector, ¢, is related to the lattice linear rotation tensor in the usual manner via
the alternating tensor, €, i.e., & = —1 / 2€ : w°. The original relationships between the continuum GND

density tensor and lattice torsion-curvature derived by Nye [70] neglected the elastic strain terms in Egs.
(2.67) and (2.68). Researchers frequently use the original expressions (neglecting the elastic strain term) to
convert experimentally measured lattice orientations into GND densities cf. [84-88]. Expressed in terms of

the plastic distortion (see Eq. (2.22)), the continuum GND density tensor is written as

o = bz (ggyls“ ® t* + o 5" @ s” ) (2.70)

where the edge, of | , and screw, g ., GND densities are defined as gradients of slip projected in the

L2

respective glide directions for pure edge and screw dislocations, i.e.,
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, S D
% =3 V1" s G = VYTt 2.71)

Comparing Egs. (2.70) and (2.71) to Eq. (2.65) leads to the following connection between the polarity of

the discrete dislocation densities and the continuum gradients of slip, i.e.,

« 1 o o « «

%, = —EVW 8" = o] —of (2.72)
« 1 « « o (e}

%o = 3V7 t% =0 — o (2.73)

The relationships in Eq. (2.71) and (2.73) may be used to incorporate nonlocality into the slip system

hardening description, and are central to the slip gradient-based extensions of the classical theory.

2.43  Low-Order Theories

The distinguishing feature of low-order theories is that the classical structure of mechanical
balance laws remains intact and no additional non-mechanical balance laws are introduced. The model
enhancements are restricted to the material hardening description. Specifically, the constitutive equations
are modified to account for the additional strain-hardening due to GNDs, and in most cases both isotropic
and kinematic contributions are accounted for. To extend the model presented in Section 2.3 to incorporate
isotropic hardening due to GNDs, for example, the total dislocation density on each slip system is written

as the sum of SSDs and GNDs, i.e.,
0" = 0§ + o (2.74)

Here, the total GND density is given in terms of the edge and screw GND densities as

% = \/ (8. ) + (08 ) (2.75)

Taking the time derivative of Eq.(2.75) and making use of the rate version of Eq. (2.71) yields the total

GND density evolution equation, i.e.,
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061 (~V3" 8" )+ 0go (VA7 -] (2.76)

o !
o =
bog,

The SSD evolution equation is assumed to have the same functional form as in the classical theory (see Eq.

(2.36)) such that
o 1 1 « Xe]
o5 = g[lj —2y,05 ] ¥ (2.77)
where the mean free path, [, may be defined in one of two ways, i.e.,
K K
['"=—— or = (2.78)

\/Zﬁa(’ﬂ(@éj +05)

In the first definition, Eq. (2.78);, the mean free path is a function of only the SSD density, whereas in the
second it is a function of the total density. Similarly, the slip threshold stress maybe defined in terms of the

SSD or total densities as

n= g+ peb Zdh”’gg or ' =15+ “clb\/zgahw(gg +07) (2.79)

The particular choices that one makes regarding the definitions of the mean free path and the threshold

stress are constitutive assumptions, and to date there has been no definitive answer as to which, if either,
description is more appropriate. Clearly, if the combination ([]*,7") is chosen, then the isotropic hardening

description remains classical, whereas any of the other combinations will include a nonlocal contribution.
In generalized crystal plasticity theories, the typical phenomenological back stress contribution
used in many classical theories that is given in Egs. (2.39)-(2.40) is often replaced by a more physical
description that is derived considering the pseudo long-range internal stress fields generated by the GNDs
[14, 72, 73, 89]. In these works, the back stress contribution at a material point is determined from a first-
order (linear) approximation of the GND density distribution about the point in question which is assumed
to be valid within a cylinder of radius R. The GND density linearization is used in conjunction with the

analytical solutions for the stress fields produced by edge and screw dislocations to determine the total back
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stress contribution via integration. The calculated internal stress fields are approximate since they are
determined considering only the cylindrical region of influence defined by R, and also because the

analytical stress field solutions are derived assuming an elastically isotropic infinite medium and a state of

plane strain. The individual back stress components due to edge, Thos and screw 7', GND densities are

considered separately such that the total back stress tensor, o, , is expressed as

o = Z*(Tgl + 755)(s" ®n® +n® ®s") (2.80)

«

and the resolved slip system back stress is given by
T, =0, : (s ®@n") (2.81)

The edge and screw-related back stress components, respectively, are given as [14]

pbR? 8 B
FO doP (N oP . g% 2.82
b, L 8(1 — V)Z; n ( Oq ) ( )
a Iu‘bR § :dui /j tu (283)

where v is Poisson’s ratio and df’d and dg‘s are matrices defining the relative shear stress contributions

on the o™ system due to gradients of GND densities on the B slip system. These matrices are defined as

of 1 fora=p=12,..12 (2.84)
L 7o otherwise '

—1 for(a, 8) = (4,13),(6,18),(8,17),(9,15),(10,16),(11,14)
=11 for(af) = (1,16),(2,17),(3,18),(5,14),(7,13),(12,15) (2.85)

0 otherwise

daﬂ

The preceding developments are referred to as a “self-internal formulation” of the nonlocal back stress, and
it is noted that further studies [72, 89] have sought to improve upon this approximation. However, Eqgs.

(2.82) and (2.83) suffice in highlighting the key features of this and related GND-induced back stress
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formulations; namely, that the back stress is a function of gradients in GND densities (or second gradients
of slip via Eq. (2.71)) and the intrinsic material length scale is given by the cut-off radius, R, which
determines the region of influence of the pseudo long-range effects. It is to be understood here that pseudo
refers to the fact that the calculation of the back stresses has been truncated.

To proceed with the thermodynamic analysis, certain decisions must be made regarding which

versions of Eqs (2.78) and (2.79) will be employed. Rather than considering all of the possible
combinations, a description of isotropic hardening based on I* = I and r* = 7' is pursued. Three ISVs

are introduced to capture the stored energy due to microstructural rearrangement, i.e.,

O T e o
a bR2 af e [ «
¢ - S, ) @
3
' bR2 af e | «
G = Tzd@B(VQg,(a ) (2.88)
3

where (' is the elastic strain due to short-range dislocation interactions and ;' and (5 are the elastic

strains due to the long-range dislocation interactions of edge and screw populations, respectively. The free

energy is assumed to have the same functional form as Eq. (2.44), i.e.,
¢, =3e Cret 4 pud [V (G + (G (2.89)

and the state laws are given as

oc=C:¢e° Xy =1 = pdt
; (2.90)
Xy = ~Tpy = ey X5 = Tpo = MGy

The dissipation inequality for the proposed constitutive description then follows as
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D_ZTQ o ZZ (J/Hni

‘ + roHg? - VA7)

(2.91)
> > HY 4+ HY) - V(VET) > 0
where the matrices Hl‘”‘g s Hgs s H§‘3 , and ij’j are defined as
3 _ G haﬂ
o _ [ IS (S + o) — 2,0 (2.92)
9 \/z hms
3 B8 B 40
o _ G he? —0g,.8 + QG.,@W (2.93)
2 = — ; 3 .
257 1 (h + ab) o

Hy = gy g0 (2.94)

P81 -w) *

2

HYO = %dgﬂtﬂ ® t (2.95)

It is shown in Eq. (2.91) that there are contributions from both first- and second-order slip gradients to the
energy storage rate due to microstructural evolution. The first-order gradient contribution is the result of
the GND-enhanced isotropic hardening, whereas the second-order gradient effects are the result of the

long-range GND stress fields.

2.4.4 Non-Work-Conjugate Theories: The Dislocation Sub-Problem

Higher-order theories, in addition to nonlocal constitutive response, also involve supplemental
balance equations that must be satisfied as part of the initial-boundary value problem. The non-work-
conjugate theories are a subset of higher-order theories in which the additional conservation equation(s) are
of a kinematical nature (not mechanical) and, therefore, do not involve higher-order stress measures.
Within the context of crystal plasticity, this is typically achieved by introducing dislocation density
conservation equations that admit dislocation density and density-flux boundary conditions. Among these
types of models, there are those which augment the standard mechanical initial-boundary value problem

with a weak form implementation of Eq. (2.71) as in Evers et al. [14, 73], and those which couple the
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mechanical problem with the dislocation sub-problem via the well-known Orowan relation [74, 78, 79, 90].
Orowan’s relation is the kinematical relationship between the slip system shearing rate and the mobile

dislocations lying in that system and is given as

P S (2.96)

where v is continuum dislocation glide velocity in slip direction. This relation provides a natural link
between theories of single crystal plasticity which include ~“ as a fundamental ingredient and the

evolution and flux of dislocation density. No distinction is made here between the mobile and immobile
population dislocation densities, but it is seen from Eq. (2.96) that only mobile segments, i.e., those with
nonzero velocity contribute to the slip system shearing rate.

A related but unique coupled approach has also been introduced and developed by Acharya and
co-workers in a series of papers [76, 91-99]. Their theories of field dislocation mechanics [76] and the
coarse-grained version, phenomenological field dislocation mechanics [95], are different from the other
coupled approaches in that they capture the long-range internal stress fields due to dislocations exactly,
whereas the formerly mentioned coupled models incorporate approximate versions of these fields which are
functionally similar to Eq. (2.82). The field dislocation mechanics model is able to capture the exact
internal dislocation stress fields, in essence, because it explicitly includes the elastic deformation fields
produced by the dislocations as part of an orthogonal decomposition of the total elastic deformation. This
aspect of the theory is closely related to the superposition principle employed in the discrete dislocation
dynamics framework discussed in Section 2.2 in which the strains produced by dislocations and external
loading are treated separately. In fact, the omission of these dislocation-induced elastic strain fields results
in the introduction of a non-equilibrated internal stress field that is manifested by including a back stress in
the slip rate evolution equation (see Egs. (2.30), (2.33), and (2.34)) without including the additional
kinematic degrees-of-freedom that are associated with it. This deficiency has led some [36, 73, 100-102] to
argue in favor of expanding the usual two-term decomposition of the total deformation given in Eq. (2.19)
to include another elastic term which accounts for the internal stress fields that remain when external

tractions are removed from the material element. While this assumption is different from the orthogonal
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decomposition of the elastic deformation employed by Acharya [76], it is intended address the same
shortcoming of the classical ISV-type approach to kinematic hardening.

Finally, the models of Ashmawi and Zikry [103-106] are mentioned as another augmented-type of
approach which is distinct from those which employ the weak form of the GND density conservation
equation. They introduce evolution equations for mobile and immobile dislocation densities, similar in
spirit to the kinetic relations used by Walgraef and Aifrantis [107] to study dislocation pattern formation,
and then develop a set of constitutive rules and a numerical scheme for “passing” mobile dislocation
density from one material point to another. As a result no explicit dislocation boundary conditions are
required in their formulation. Oddly, the mobile dislocation density is not explicitly coupled to the slip
system shearing rate via Orowan’s relation, and is linked to the mechanical problem only through its
participation in the mobile/immobile dislocation density evolution equations their contribution to the slip
resistance.

A few of the representative approaches to the dislocation sub-problem are subsequently introduced
and compared. Specifically, the models of Evers et al. [14], Arsenlis et al. [78] and Yefimov and Van der
Giessen [74] are discussed, and to simplify the presentation attention is focused on 2-D versions of the
models such that only conservation equations for the edge dislocation density are considered. In the works
of Evers et al. [14], Geers [89], and Gerken and Dawson [73] the dislocation sub-problem consists of a

weak form of Eq. (2.71); which is obtained by multiplying the equation by a virtual edge GND density,

bog,, » and integrating over a volume, i.e.,

[ (68, +195 s )60 dV =0 (2.97)
R

where the rate form of the equation has been used to facilitate comparison with the other theories.

Integrating by parts to transfer the gradients from the slip rate to the GND density yields the following

[ 166 605 —Lms™ - (805 )|dV = =1 [47s" - nbgf  dA (2.98)
R OR

The surface integral term in Eq. (2.98) clearly shows that natural boundary conditions are admitted in terms

of the slip rate and essential boundary conditions in terms of the edge GND densities.. While it is possible
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to apply arbitrary boundary conditions of either type, two types of extreme conditions have typically been
employed in practice. These limiting cases are the so-called microhard (microrigid, microclamped) and

microfree conditions and are given, respectively, as

7% h =0 Vx€OR, (2.99)

06, =0 Yx€OR, (2.100)

where the microhard condition (Eq. (2.99)) represents a boundary that is impenetrable to slip and the
microfree condition (Eq. (2.100)) describes a boundary that is a perfect sink for GNDs, i.e., a free surface.
The remaining treatment of the dislocation substructure evolution and the slip system hardening description
is handled exactly as in the low-order theories discussed in Section 2.4.3, such that all of the previous
analysis can be directly applied here. The key components which seem to be missing from such
formulations are (i) a coupling of the dislocation density to the slip rate equation via Orowan’s relation and
(ii) the total density conservation equation. Equation (2.98) is the GND density balance equation and only
accounts for the conservation of the total amount of local Burgers vector (GNDs). The total dislocation
density conservation equation, if included, states that the rate of increase of total dislocation density within
a given volume is equal to the net increase in density produced by generation and annihilation by interior
sources/sinks minus the net outflux of density through the boundaries.

The model of Arsenlis et al. [78], on the other hand, addresses the two missing components of the
previous approach enumerated in the preceding paragraph, but does not handle the GND density
conservation equation in a transparent manner. Their model also differs from the previous model in that it
employs a signed dislocation density basis to describe the dislocated state of the crystal, and this approach
has the distinct advantage that the GND and SSD densities may be unambiguously defined. In the 2-D

case, this leads to the introduction of two edge dislocation densities (positive/negative) for each slip system,

of and o% , respectively. Therefore, the total, GND, and SSD dislocation densities are defined as

0% = o0f + 0% (2.101)
gg = |o] — 0% (2.102)
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o oo (2.103)

0§ = 0" —og = o} +oF —
The evolution equation for each species on each slip system, o|' and o7, can be written in general form as

o =6 + o0 4o =L T (2.104)

7

where g‘i‘”+ and ¢ are the volumetric generation (multiplication and nucleation) and annihilation terms,

respectively, and g'l.“ﬂu'r gives the rate of change of density due to dislocation flux. The generation and
annihilation terms are constitutively specified and have functional forms similar to those given in Eq. (2.36)

, while the flux terms are given as

6" ==V (ermrst ) =~V (etm ) -5
(2.105)

o

¢ = V(o7 ) = V(e ) 5°

Here, v{' and vy are the signed scalar dislocation glide velocities and Eq. (2.105) represents the

volumetric loss of dislocation density due to net outward flux of the dislocation species. Neglecting for the

moment the generation and annihilation source terms, the weak form of Eq. (2.104) for each species is
obtained by multiplying by the appropriate virtual dislocation density (5o or o7 )and integrating over a

volume as

[lor +9 (ot s |sotav =0
(2.1006)
Jé —9(exme) -5t oesav = o
R
Integrating by parts and applying the divergence theorem yields the relations
[lot60r — otwrs™ - V(608 )|dV = —fgjvf 5% - 1607 dA
R
(2.107)
[lot60s + opvs® - V(07 )]av = fg;*vg ° - R6p%dA
R
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As before in the case of the GND density conservation equation, it is seen that analogous microhard

(natural) and microfree (essential) boundary conditions are admitted as extreme cases, respectively, as

a0
o v, 8 -

=
Il
o

Vx € OR _ (2.108)

ov

-~
oTvurs” -

=
Il
o

of =0
Vx € OR, (2.109)

or =0

While the relations given in Egs. (2.98)-(2.100) are similar to those given in Egs. (2.107)-(2.109), it is
emphasized that they have been obtained from two different dislocation conservation equations; the former
from a statement of GND density (net Burgers vector) conservation and the latter from a statement of total
dislocation density conservation. Furthermore, had the source terms been included in the weak form of Eq.
(2.104) there would have been additional terms in this Eq. (2.107) accounting for this contribution. Ideally,
a complete formulation of the dislocation sub-problem should include both conservation equations.
Considering the 2-D dislocation density basis employed, the dislocation and mechanical problems are

related by the appropriate form of Orowan’s relation, i.e.,

¥ = 0'b] - V] + ofbT - V¢ = bV} + ofvy) (2.110)
since b = b = —bT, v} = v{'s”,and v = —v7s”. The scalar dislocation velocities are specified

as constitutive functions and contain a slip resistance contribution that is a function of the total dislocation
density akin to Eq. (2.35) and a back stress contribution that is a function of the gradients in GND density
which is similar to Eq. (2.82). However, instead of using the analytical stress fields and GND density

linearization as described Section 2.4.3, the back stress is assumed to be given as follows

ca b ~
o= S0 g0 @.111)

«
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where ¢ is a numerical constant. This approximate functional form of the back stress has been derived by
Groma et al. [108] by coarse-graining the internal stress fields produced by 2-D ensemble of edge

dislocations. Comparing Eq. (2.111) to Eq. (2.82) and taking account of the fact that d{“ =1, it is seen

that the two expressions are equivalent if ¢; / 0® = R? / 8(1 — v). This is brought to attention to point

out that the intrinsic material length scale appearing in the back stress derived from the semi-analytical
approach is constant and defined by R, whereas the one derived from coarse-graining of dislocation
ensembles evolves with deformation. The model of Arsenlis et al. [78] does not appear to explicitly
incorporate the GND density balance equation although it does allow for polar densities to develop, for
example, through the specification of microhard boundary conditions of the type given in Eq. (2.108).

A non-work-conjugate theory which features both dislocation conservation equations and couples
the dislocation sub-problem to the mechanical problem via Orowan’s relation are those due to Yefimov and
Van der Giessen [74] and Limkumnerd and Van der Giessen [90]. The dislocation density balance

equations in their model are stated as

80 o . _ ,

¢+ V(0,7 = f° @.112)
at

005 _

%+V~(9”V“):O (2.113)

where Eq. (2.112) is the total dislocation density balance equation and Eq. (2.113) is the GND balance

equation. The function f* embodies the source/sink terms describing the volumetric generation and

annihilation rates. It can easily be shown that Eq. (2.107) of Arsenlis et al. [78] is identical to Eq. (2.112).
Adding the rate equations given in Eq. (2.104), including the generation and annihilation terms, leads to the

following

0 + 0% + V(60T — 2T2) -8 = 0% + 0% + 0% + 0% (2.114)

Recognizing that v}" = v7 and pulling the slip vector s inside the parenthesis on the second term on the

LHS of Eq. (2.114) clearly asserts the equivalence between the two expressions where
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fo = gf+ + 00 + g‘f + 0% . Similarly, equivalence between Eq. (2.113) and the rate form of Eq.

(2.72) is established by moving the unit slip vector outside of the parenthesis in Eq. (2.113) and utilizing
Eq. (2.96) such that
901 | & 0o, | 1¢

+ V(0%T%) - g® = +=VA%.s* =0, 2.115
oy (0"v™) 5 TV (2.115)

which is identical to the rate form of Eq. (2.72). The weak forms of the two balance equations (neglecting
the source term for convenience) are obtained as before by multiplying by virtual dislocation densities and
integrating over the volume such that the following two expressions are obtained, i.e.,

[[e780 = 03 7 - V(80™)|dV = — [[0g ¥ - 260" |dA (2.116)

R OR

dA (2.117)

f |66 805, — 0" - V(603 ,)]dV = — f [0"¥° - 0805 |
R OR

Inspection of Eq. (2.116) reveals that the total dislocation density conservation equation admits natural
boundary conditions with respect to the GND density flux and essential boundary conditions with respect to
the total density, whereas Eq. (2.117) reveals that the GND density conservation equation admits natural
boundary conditions with respect to the total dislocation density flux and essential boundary conditions

with respect to the GND densities. The coupled mechanical-dislocation initial-boundary value problem is
completed by employing Orowan’s relation and prescribing constitutive equations for f* and also the

dislocation stress-velocity relationship, i.e., the functional form for v are required. It is noted that these
modeling frameworks provide a transparent connection to the discrete dislocation dynamics models
discussed in Section 2.2, and that all of the so-called material length scales have a direct and physical
connection to unit dislocation processes. Additionally, the higher-order boundary conditions required for
the dislocation sub-problem have a clear physical interpretation in terms of dislocation density and density-
flux and again are analogous to the boundary conditions employed in discrete dislocation dynamics models

of plasticity.
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2.4.5 Work-Conjugate Theories

Work-conjugate theories of higher-order generalized crystal plasticity are characterized by the
inclusion of non-standard power-conjugate degrees-of-freedom at each continuum point. These theories
are sometimes referred to as “continua with microstructure” or alternatively as “generalized micromorphic
continua”. The usage of microstructure here is not to be confused with an actual material microstructure
(e.g., grains, porosity, multiple phases, inclusions, etc.), but instead refers to the fact that each continuum
point is imbued with micro degrees-of-freedom in addition to the usual displacement field. Therefore, the
deformation power, the mechanical balance laws, and the required boundary conditions for such theories
are non-classical. This is contrasted with the non-work-conjugate higher-order theories discussed in the
previous section in which the standard mechanical balance laws apply, and the additional balance laws and
boundary conditions are restricted to the dislocation sub-problem. There are two sub-classes of work-
conjugate theories: (i) grade-n theories and (ii) generalized micromorphic theories. Grade-n theories
incorporate higher-order derivatives of the usual displacement field; representative examples include the
full second-gradient theory of Smyshlyaev and Fleck [26] and the couple-stress theory of Kim and Oh [28].
On the other hand, generalized micromorphic theories introduce degrees-of-freedom that are independent
of the displacement field. In general, these micro degrees-of-freedom can be of arbitrary tensorial rank but
are typically taken to be either scalar or vectorial. Representative generalized micromorphic single crystal
plasticity models with scalar micro degrees-of-freedom have been introduced by Gurtin [16, 17] and Gurtin
and co-workers [18, 109] and a number of other authors [77, 81, 110, 111], whereas theories including
additional vectorial degrees-of-freedom have been introduced by Le and Stumpf [31], Clayton et al. [36],
Naghdi and Srinivasa [29, 112], Shizawa and Zbib [80], and Forest [34, 35]. It is beyond the scope of this
thesis to elaborate in detail the particulars of each formulation; however, due to the popularity of the
Gurtin-type framework it is instructive to introduce and discuss this particular type of model in more detail
which is pursued in subsequent sections. Discussion of micropolar single crystal plasticity, the focus of
this research and a type of work-conjugate higher-order theory, is postponed until the more detailed
treatment given in Chapter 3.

The previous discussion of low-order and non-work-conjugate higher-order theories of generalized

single crystal plasticity has been undertaken from the perspective that they can be incorporated/coupled to
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the solution of the standard mechanical initial-boundary value problem for the classical continuum without
altering its structure. Since the mechanical initial-boundary value problem is altered for higher-order work-

conjugate theories, the Gurtin-type theory is presented here with more completeness.

Kinematics

The Gurtin-type model to generalized single crystal plasticity is based on treating the set of slip
system shears, {7} = {y* ~* .. A"}, as the additional scalar micro degrees-of-freedom. Here,
“micro” is used to denote the higher-order degrees-of-freedom associated with fine scale kinematics that

are not controllable in the classical theory. The main kinematical relations of the classical theory for

infinitesimal strain presented in Section 2.3.1 are assumed to hold and are summarized as

H =H° + H"

e = sym(H) = e° + &P
2.118)
HP = Z,yasa ® n®

a=HPxV

Here, it is noted that the GND density tensor has been listed as a fundamental kinematic relation. As in the
classical theory, the elastic material deformation is assumed to correspond to the lattice deformation, i.c.,
Eq. (2.21) holds. The key kinematic distinction between the present theory and those that have been

previously discussed is that the slip system shears are taken to be power-conjugate degrees-of-freedom.
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Balance Laws and Thermodynamics

Due to the non-standard nature of the force system introduced by Gurtin [17], the principle of
virtual power [113] is employed to derive the mechanical balance laws. It is assumed that internal power is
expended independently on the elastic distortion rate tensor as well as slip rate and its gradient such that the

internal power density is given as

b= o H Y s 9 119

where ¢“ and ¢® are scalar and vectorial microstresses, respectively. The scalar microstress is a force

stress with units of force/length?, whereas the vectorial microstress is a couple stress with units of
force/length. Making use of Eqgs. (2.118),5 and (2.31), Eq. (2.119) may also be expressed in terms of the

total distortion rate tensor as

p, =0 H+ > [(¢" — )" + <" V§°] (2.120)

When expressed in this form, it is clear that if the Cauchy stress is to be interpreted as power-conjugate to

the total distortion rate tensor then a resolved effective stress, p® = ¢“ — 7%, is power-conjugate to the

slip rates. Since the displacements and slip rates are the fundamental continuum degrees-of-freedom, the

external power density (neglecting body forces) is assumed to be of the form

pp =T -u+ > E°5° (2.121)

«

where T and = are the macro- and microtraction vectors, respectively. Given the assumed functional

forms for the internal and external power densities, the principle of virtual power can be utilized to obtain

the mechanical balance laws. The principle of virtual power consists of two requirements:

i) Power Balance: Given any subbody, P, of a continuum, R, the corresponding internal and
external powers are balanced for all generalized virtual velocities

[PV = [p(Pv)aa vV (2.122)
P op
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where the generalized virtual velocity is defined as V = {61’1, {67« }} .

i) Frame indifference: Given any subbody, P, the internal power expenditure is null when the
motion is rigid

pr(P,V)dV =0 VVeVE (2.123)

p

where V¥ is the set of rigid generalized velocities. A generalized virtual velocity is said to
be rigid if [17]

du(x) = a + ¢ X x, SHC = —€- ¢, {6} =0 (2.124)

where a and c are constant vectors.

Applying the principle to determine the mechanical balance laws, a generalized virtual velocity

without slip is first considered, {§7“} = 0. The virtual power balance is then given as

fo SHAV = fT~5ﬁdA (2.125)
P oP

Integrating by parts and applying the divergence theorem then leads to the following,

f(aﬁ)-(sadv+f(T—o.ﬁ)-5ndA:o (2.126)
P oP

This relation must hold for all P and éu and, therefore, one obtains the balance of linear momentum as

c-V=0 VxeR (2.127)

and the macroscopic traction condition as

T=oc-n Vx€OR (2.128)

Next a rigid rotation velocity field is considered such that the distortion rate is a constant skew-symmetric

tensor, i.e., 6H = —e - ¢. Appealing to the frame indifference requirement the following must hold,
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fo . SHAV = 0 (2.129)
P

Since H = —H” , Eq. (2.129) is satisfied only if
oc=0' VxeR (2.130)

which is nothing more than the classical angular momentum balance. To determine the microscopic force

balance, a generalized virtual velocity is considered such that u = 0 and the power balance is given by

3 f (@ — 765" + ¢ - T8aV = T f =065 dA 2.131)
a p

a gp

Integrating by parts and applying the divergence theorem leads to the following expression,

S (g =7 = V68V + 3 [ (67 R — 28574 = 0 (2.132)
@ P a 9P

Since this must hold for all P and {67}, the microscopic force balance is given as
T4V —¢* =0 VxeR (2.133)

with the corresponding microtraction condition given by

(1]

=¢“-h Vx€OR (2.134)

The principle of virtual power applied to a continuum with displacements and slip system shears taken as
basic degrees-of-freedom has lead to two distinct sets of mechanical balance laws: the usual “standard”
macroscopic balances of linear and angular momentum given in Egs. (2.127) and (2.130), respectively, and
a non-standard microscopic force balance given in Eq. (2.133). The macroscopic and microscopic
deformation processes are coupled by the presence of the resolved shear stress in the microscopic force
balance. The microforce balance can be interpreted as a nonlocal yield condition where the second and

third terms in Eq. (2.133), represent kinematic and isotropic components to slip resistance, respectively.
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The weak form of the microforce balance given in Eq. (2.131) reveals that the microhard and microfree

boundary conditions appropriate for the Gurtin-type model are given, respectively, as

¥ =0 Vxe€dR (2.135)

¢ h=0 VxedR (2.136)

The microhard and microfree conditions given above have similar physical implications as in the non-
work-conjugate theory, namely, that a microhard condition describes a surface that would be impenetrable
to dislocations and the microfree condition describes a surface that is a perfect dislocation sink. It is noted,
however, that the microhard and microfree conditions in the Gurtin-type theory are essential and natural
boundary conditions, respectively, whereas in the dislocation density flux-based theories they are natural
and essential boundary conditions, respectively.

In prelude to deriving the state laws and dissipation inequality, it is noted that Gurtin [17, 18, 109,
114] does not use ISVs or pose constitutive equations in the same manner as has been done in the previous

developments (cf. Egs. (2.44), (2.45), and (2.86)-(2.95)). The only arguments admitted to the free energy

are the elastic strains and the slip gradients (or some function of slip gradients), i.e., 1 = (%, {V~*}),

both of which appear in the internal power density (see Eq. (2.120)). Additionally, Gurtin [18] proposes a

decomposition of the vectorial microstress into energetic and dissipative parts, i.e.,

0%

—_ « «
s = gen, + gdi,s

(2.137)
0
o= p 20
oV«

Given that the vectorial microstress is a function of the slip gradients, it is seen with the aid of the
microforce balance that the kinematic hardening term in Eq. (2.133) is related to second gradients of slip

which is in agreement with the physically-based back stress derivations covered in Section 2.4.3. The

energetic/dissipative decomposition of the thermodynamic stress, ¢, instead of the thermodynamic strain,

VA%, is commonly done in higher-order work-conjugate theories which treat the plastic slip rates or the

plastic strain rate tensor as generalized velocities. It is interesting to note that on the one hand an

~47 ~



energetic/dissipative decomposition is introduced for the total macroscopic strain, € = €° + €, yet it is

the microscopic stress to which the energetic/dissipative decomposition is applied. Similar

energetic/dissipative decompositions of the scalar microstress, ¢, have been proposed in some related
works, but this is not a typical feature of Gurtin’s crystal plasticity theories [17, 18, 109]. For isothermal
deformation processes, the dissipation inequality of Eq. (2.26) holds, and the power density of internal
forces is given by Eq. (2.119). Following the Coleman-Gurtin [61] thermodynamic procedure, the state

laws are

c=p % , S = ?w (2.138)
Oe® ) oV~
and the reduced dissipation inequality is
0=> ("9 + <, Vi) >0 VxeR (2.139)
which may also be expressed with the aid of the microforce balance as
0= [(T"+ V- -¢" 1"+ -Vi*|>0 Vx€R (2.140)

[e%

Interestingly, if the total mechanical dissipation rate, D, is considered the following expression is obtained

D = fodv _ Zf[(,ra + ﬁ C(y),i/a + C(;s . ?,i/a]
! - (2.141)
— Zf(,ra,ya _ get:z ,ﬁ,ya)dv + Zf(Ea,ya)dA
a p

@ OR

where the term containing the divergence of the vectorial microstress in the first line of Eq. (2.141) has
been integrated by parts and the divergence theorem has been applied. This expression reveals that the
energetic portion of the vectorial microstress actually serves to decrease the mechanical dissipation rate and
presumably reflects a stored energy due microstructural rearrangement due to higher-order gradient effects

as discussed in dislocation-based model in Section 2.4.3. Equation (2.141) also shows that in addition to
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the usual volumetric contribution to the mechanical dissipation rate due to the resolved shear stress acting

on the slip system shearing rates there is a surface contribution due to the vectorial microtractions.

Constitutive Equations

Constitutive equations are required for the free energy function, the scalar, ¢*, and vectorial, ¢*
microstresses, and the evolution of the slip resistance. The methodology and terminology used to define
the constitutive functions adheres to the ideology of Gurtin et al. [18]. The free energy is assumed to have

the functional form

b, =te Cre 42y (2.142)

where ¢ is a so-called “energetic” length scale. Inserting Eq. (2.142) into Eq. (2.138) leads to the
following explicit state laws for the Cauchy stress and the energetic portion of the vectorial microstress,

Le.,
o=C:e" , <% = ul’vy” (2.143)

The dissipative constitutive equations are introduced with the aid of an equivalent slip system deformation

rate, d* , which is defined to be

=

where L is a so-called “dissipative” length scale. The scalar dissipative microstress is posited to have the

 y 12| |vw ’ (2.144)

functional form

>0 (2.145)
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where ¢“ is a drag stress-like parameter that is required to be strictly positive, d, is the reference

equivalent deformation rate, and m is the inverse rate-sensitivity exponent. The drag stress effectively
represents the slip resistance and is assumed to evolve according to the following general functional form

G = Zhaﬂ ({,Yx},{ﬁﬂyx”dﬁ (2.146)
153

where 17 isa hardening matrix and as indicated in Eq. (2.146) the matrix components evolve as functions
of both slip rates and their gradients. Gurtin [18, 115] does not frame slip system strength evolution
equations in terms of dislocation densities as discussed in Sections 2.3.3 and 2.4.3 or give a specific
evolution equation for the drag stress. Rather than invoking assumptions on their behalf, the discussion is
continued without specifying the exact functional form of Eq. (2.146). Analogous to the scalar dissipative

microstress, the dissipative portion of the vectorial microstress is assumed to be given as

a a7
gdis_gL

o 1/m — o
d ] Vi (2.147)

5w

Inserting Eqgs. (2.145) and (2.147) into the dissipation rate density given in Eq. (2.139) yields the

expression

a[da ]l/m .
=>g¢"|=| d (2.148)

In an effort to connect the theoretical developments of Gurtin et al. [18] to the models introduced
in Sections 2.3, 2.4.3, and 2.4.4, a version of their theory without slip gradients is considered. The
following conditions hold in the absence of slip gradients: {¢®} = {0}, d* =| 5° |, and ¢* = 7, and

the mechanical dissipation rate density then simplifies to

1/m
|9 |

dO

| 5 | (2.149)

0229“
(e}
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Now consider the classical theory of single crystal plasticity with only isotropic hardening and a creep-type

viscoplastic kinetic equation for the slip system shearing rate, i.e.,

] sgn(t) (2.150)

Here, the drag stress serves as the isotropic hardening variable in the absence of a threshold stress and there
is no explicit yield surface in stress or strain space. The mechanical dissipation rate in the classical theory

according to Gurtin’s point of view (no back stress and no ISVs) [17, 18] is given as

0= 19" (2.151)

Solving Eq. (2.150) for the resolved shear stress and then substituting the result into Eq. (2.151) yields

1/m

| 7 |

;o
Yo

|5 | (2.152)

0229“
(e}

A comparison of Eqgs (2.149) and (2.152) shows that the mechanical dissipation rate density in Gurtin’s

theory in the absence of slip gradients is identical to that of the classical theory if there is no back stress or
traditional ISVs and provided that , = do- It is this particular interpretation of the classical theory that

motivates Gurtin’s choice of constitutive equations for the dissipative microstresses so that when there are
no slip gradients, the classical theory is retrieved. Further comparison of the Gurtin-type model to that of
the dislocation-based ISV frameworks introduced in the earlier sections is somewhat difficult due to the
different philosophical perspectives from which the models are developed. On the one hand, the
dislocation-based models embrace the ideology of introducing physically-based ISVs to capture both the
increased slip resistance and the energy stored due to microstructural evolution, whereas Gurtin et al. [18]
describe the increased flow resistance through similar isotropic hardening descriptions yet do not account
for the additional energy stored during such processes. Another subtle difference is that constitutive
equations in the dislocation-based models are introduced for the inelastic kinematic variables (plastic strain

and ISV strains or dislocation densities) and the ISV stresses and strains are related through appropriate
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constitutive moduli. Alternatively, the Gurtin [17] ideology is based on specifying constitutive equations
for the thermodynamic stresses without clearly defining the corresponding work-conjugate thermodynamic
strains. The two methodologies could be brought into closer alignment through a reinterpretation and
reformulation of the ideas presented with this section, but would require invoking certain assumptions that
the original authors might not agree with. Some of these aspects are further addressed in Chapter 3
following the introduction of the theory of micropolar single crystal plasticity, but for now the Gurtin

model is presented in a manner analogous with original authors’ intentions.

2.4.6  Discussion

The generalized single crystal plasticity theories elaborated upon in this section will be referred to
as slip gradient-based models. These formulations all require the explicit calculation of slip gradients as
part of the constitutive update, the global solution of equilibrium equations, or both. Therefore, the

numerical implementation of such models requires modified finite element schemes [21, 22] or the use of

higher-order interpolation functions as compared to the standard C°-continuous methods to ensure
consistency between the interpolated fields [18, 116]. Additionally, if the slip system shears or GND
densities are taken as nodal DOF as in the higher-order theories, the finite element matrix bandwidth is
significantly larder. For example, an fcc crystal with twelve slip systems would require twelve additional
degrees-of-freedom per node in a full 3-D implementation of the Gurtin-type [18] theory and eighteen are
required for the Evers-Bayley [14, 72] non-work-conjugate theory. A consequence of these modifications

is an increased computational cost associated with the solution of initial-boundary value problems as

compared to traditional C°-continuous displacement-based finite element methods. While such theories
offer an enhanced description of material behavior during heterogeneous deformation, the extent of the
increased computational cost associated with the numerical implementation of these models provides some
practical limitations on the size of the boundary value problems that can be solved. It is in part due to these
limitations that this research focuses on the development of a micropolar theory of single crystal plasticity.

The micropolar theory, in contrast to the slip gradient-base ones, introduces only three additional degrees-

of-freedom per node in the 3-D case and may be implemented with C° -continuous shape functions. These
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issues are further addressed in the development of the micropolar theory in Chapter 3 and its numerical

implementation, which is covered in Chapter 4.

2.5 Summary

This chapter has provided an overview of topics relevant to the formulation of theories of
generalized single crystal plasticity. The classical theory of crystal plasticity is introduced within a
dislocation-based constitutive framework, and nonlocal extensions representative of three classes of
generalized continua have been discussed. Both the low-order and non-work-conjugate higher-order
theories have been introduced conceptually as relatively straight-forward extensions of the classical theory,
whereas the Gurtin-type work-conjugate higher-order theory promotes a different philosophical perspective
regarding certain fundamental aspects such as the nature of energetic/dissipative decompositions of
thermodynamic quantities and the use of traditional ISVs. The relative merits and weaknesses of each type
of nonlocal theory have been discussed from both physical and practical perspectives. This study has been
limited to infinitesimal deformations and plastic deformation due solely to dislocation glide while

neglecting cross-slip and climb.
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CHAPTER 3

MICROPOLAR SINGLE CRYSTAL PLASTICITY

3.1 Introduction

This chapter develops theories of micropolar single crystal plasticity which are presented as an
alternative to the more common slip gradient-based approaches to generalized crystal plasticity. A
micropolar [42] or Cosserat [43] continuum is a special case of the micromorphic continuum where each
material point possesses microrotational degrees-of-freedom in addition to the displacements. Early works
in phenomenological micropolar elastoplasticity are due to Besdo [44], Lippmann [45], and Sawczuk [46],
while more recent contributions in this vein are due to Deborst [117, 118], Steinmann [48, 119-121],
Grammenoudis and Tsakmakis [49, 122-124], Neff [50, 125] and Neff and Chelminski [126, 127]. Most
relevant to the current research are the models of micropolar single crystal plasticity put forth by Forest and
collaborators [34, 35, 37-40, 128].

The motivations for pursuing a micropolar theory of single crystal plasticity are several-fold and
are based upon both practical and philosophical considerations. First, as discussed in Chapter 2, explicit
slip gradient-based approaches require modified and/or higher-order FE methods which leads to a
significantly higher computational cost associated with the solution of similar boundary value problems
with equivalent discretization sizes as compared to a standard theory. In contrast, the micropolar

continuum has only three additional DOF per node for the fully 3-D case and, since the microrotations are

independent of displacements, standard C” -continuous interpolation functions can be used in the numerical
implementation. From a philosophical perspective, the adherence to the more “traditional” physical
interpretation of elastic-plastic thermodynamics is appealing. Here, “traditional” is defined in the sense
that the total deformation measures are separated into energetically recoverable (elastic) and energetically
dissipative (plastic) parts, where the total deformation rates appear in the definition of the internal power
density and only the elastic components (in addition to ISVs) explicitly appear in the free energy function.

As such, the introduction of non-standard force systems that are work-conjugate to plastic strains and their
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gradients and the associated microforce balances is avoided. The construction of yield criteria or flow rules
for work-conjugate higher-order continuum theories can be done in one of two ways [129]: (i) a single
criterion can be introduced in terms of a combined equivalent stress and inelastic rate or (ii) individual
criteria can be specified for each conjugate stress/inelastic kinematic rate pair, a so-called multicriterion
theory.

Building upon the previous works of Forest et al. [34, 35] within the framework of multicriterion
micropolar single crystal plasticity, their phenomenological strength model is extended to a dislocation-
based model. This is an important contribution as it enables one to establish the connections between
micropolar single crystal plasticity and various aspects of slip gradient-based generalized crystal plasticity
models, and in addition provides a more physically-based description of scale-dependent strengthening
behavior than the former. Additionally, a new single criterion formulation is presented with an analogous
but simplified strength model. The development of the single criterion model is motivated by related
earlier works in phenomenological macroscopic micropolar elastoplasticity, and is the first such model of
micropolar single crystal plasticity. The models are developed within the context of geometrically linear
kinematics.  This avoids certain issues associated with multiplicatively decomposed micropolar
elastoplasticity at finite strains that are still open to debate, such as the appropriate elastic-plastic
decompositions of deformation maps [35, 48, 120] and the specification of appropriate deformation
measures [130, 131]. An infinitesimal deformation framework is sufficient for examining the scale-
dependence of initial yield and the early strain-hardening regime, and attention is confined to these

conditions in this research.

3.2 Kinematics

The motion of the classical continuum is completely determined by the displacement, u, and the

deformed state of the body is characterized by the deformation gradient, F. In contrast, the motion of a

micropolar continuum is defined by two independent motions which are determined by; the displacements,

~55~



u, and the microrotation vector, (T) The two deformation maps associated with these DOF are the

deformation gradient, F, and the microrotation tensor, R , which is related to the microrotation vector as

R:exp(—e-d)) :exp('i)) 3.1

where , € is the alternating tensor and ® = —€- ¢ is the skew-symmetric linear microrotation tensor.

The two-point tensor R can be thought of as a microdeformation map completely analogous to the
deformation gradient, with the distinction that the deformation gradient describes the transformation of
material vectors attached to continuum point while the microrotation tensor describes the transformation of
microstructural vectors attached to the same point. Considering small deformations and rotations, material

vectors deform according to Eq. (2.20),,, i.e.,
dx=F - dX=dX+(e+w) - dX (3.2)
while microstructural director vectors, D, deform according to
d=R-D=D+&-D, (3.3)

where d is the deformed microstructural vector and the small deformation assumption has been used in the

approximation R = exp((f) ~ I+ ®. A suitable set of linearized invariant deformation measures are

the micropolar strain, €, and torsion-curvature, &, tensors defined as

e=H-®=uV+e o (3.4)
R =0V (3.5)

The overbar on the microrotation vector, linear microrotation tensor, strain, and torsion-curvature tensors is

used to distinguish kinematic quantities used in the micropolar theory from those introduced in Chapter 2,
and H = uV is the distortion tensor. The micropolar strain tensor is generally non-symmetric, and is
sometimes referred to as the relative deformation tensor. The symmetric part is just the classical small

strain tensor since the microdeformation is purely rotational, i.e.,
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sym(€) = 1(uV + Vu) =e (3.6)

whereas the skew-symmetric part gives the difference between the material rotation and microrotation, i.e.,

skw(€)=L(uV-Vu)+e d=w—-9% (3.7)

If the microrotation and material rotations coincide, the kinematic description reduces to that of the so-

called constrained micropolar continuum (also referred to in the literature as indeterminate couple stress
theory [132]) in which the couple stress is work conjugate to the gradient of material rotation.

The 2-D interpretation of these deformation measures is illustrated in Figure 3.1 for a material

element under simple shear. The deformed state at a material point is characterized by considering the

motion of two independent sets of initially orthogonal vectors, dX!,dX? and D',D?, the former being

material vectors and the latter denoting the microstructural vectors (shown in red). During deformation the

material and microstructural vectors are transformed into their respective counterparts, dx',dx? and d',d?.
The material vectors stretch and rotate, whereas the microstructural director vectors only rotate. The

relevant micropolar tensorial shear strain components &, and &, are given as, &, = ¢; and,

Eyp = Uyp — ¢_>3, where it is again emphasized that 12

) and 5(21) are the usual tensorial shear strains from

the standard theory, and E[ and 5[21] give the difference between the material and microrotations, i.e., the

12]

relative rotation of the microstructure with respect to the material.
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Figure 3.1: Geometric interpretation of the micropolar shear strains.

3.3 Balance Laws and Thermodynamics

In the absence of body forces and couples, the strong form of the linear and angular momentum

balances for a micropolar continuum in static equilibrium are given as

Vx € R (3.8)

where o is the Cauchy stress tensor work-conjugate to the micropolar strains and m is the couple stress
tensor work-conjugate to the torsion-curvature. The micropolar continuum admits the prescription of the
standard natural and essential boundary conditions given in Egs. (2.24)-(2.25), and additional micro

boundary conditions of the type

vx € OR (3.9)

é=¢ VxedR; (3.10)
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where M" and ¢ are the prescribed couple stress tractions and microrotations, respectively. Here, OR,
and OR; are the portions of the external boundary where couple tractions and microrotations are specified,
respectively and OR = OR,, U OR; .

The free energy inequality introduced in Chapter 2 remains valid, ie., p, > o, but the

expression for the power density of internal forces appropriate for the micropolar continuum must be used

and is given as
py=0:e+m:Kk (3.11)
The deformation power may be split into local, p,_, , and nonlocal, p;_,, , contributions as
p,, =0:sym(E)=o0:¢ (3.12)
PN :cr:skw(§>+mzﬁ (3.13)

It is clear from Eq. (3.13) that the nonlocal contribution vanishes when (i) material and microrotation rates
coincide and (ii) the torsion-curvature rate is zero. For micropolar elastoplasticity within a geometrically

linear framework, additive decompositions of strain and torsion-curvature are assumed to hold, i.e.,

E=% 48 (3.14)

R =Rk +RP (3.15)

The free energy is assumed to be a function of the elastic strain, elastic torsion-curvature and a set (one for

each slip system) of elastic strain-like scalar ISVs, {C“}, i.e.,

Y =9[R, {C°}) (3.16)

Following standard arguments the state laws and reduced dissipation inequality are obtained as
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oY oY o o
o=y , m=p ;o X' =p— 3.17
" R ac" 47

D=0:8 +m:k’ - > (" >0 (3.18)
(%

where p is the mass density and X is the thermodynamic force work conjugate to the thermodynamic

displacement, (*. Introducing a free energy function with quadratic dependence on its arguments, i.e.,

g, =18 :C:e + 1R :D: R +%Z§@Eaﬁgﬂ (3.19)

where C and D are 4™ rank elasticity tensors, E* is a symmetric positive-definite material modulus

matrix, and the elasticity cross-term of the form K° : G : €° has been neglected since there can be no
coupling between the force and couple stress elastic responses if the material possesses at least point

symmetry [133]. Given Eq. (3.17), the state laws take the explicit forms

qQ
Il
a
|
E
Il
S]
&l

e , Xa _ ZEa&C& (320)
6

3.4  Constitutive Equations

In the process of defining the material modulus tensors, C, I, and E*’, the evolution equations

for €°, %P, and C“, and the material strength model appropriate for a micropolar single crystal, the

classical theory and its slip gradient-based extensions are used as a guide. With this in mind, the following

assumptions are made:

Al. As in the classical linearized theory, the total distortion is decomposed into elastic and plastic

parts, uV = H® + HP.

A2. The micropolar plastic strain rate is equal to the plastic distortion rate, > = HP .
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A3. Micropolar effects should be negligible during purely elastic deformations.

A4. Microrotations are identified as lattice rotations.

AS. Elastic material rotations, embodied by w®, should coincide with the lattice rotations, i.e., the

skew symmetric force stresses should be small compared to the symmetric force stresses.

A6. The evolution of plastic torsion-curvature is due to the generation and accumulation of

geometrically necessary dislocations (GNDs).

These assumptions provide the basis from which the remainder of the theory is derived, and it is noted here
that a similar approach has been advanced in Forest et al. [34]. The first two assumptions are relatively

straight forward, whereas the last three require further elaboration.

3.4.1 Micropolar Crystal Elasticity

The linear elastic state laws for a micropolar material are given in Egs. (3.20), where the elasticity

tensors obey the major symmetry relations C g = C,..,D gk = D i which follows directly from the free

Klig>
energy definition given in Eq. (3.19). Additional material symmetries lead to further reductions in the
number of independent elastic constants, and for crystalline materials the three most common symmetry
classes considered are: isotropic (idealized), cubic (fcc/bee), and hexagonal (hep). An isotropic micropolar
material requires the specification of six elastic constants, whereas crystals with cubic and hexagonal
structure require eight and sixteen constants, respectively. In the classical theory of linear elasticity,
isotropic, cubic, and hexagonal materials have two, three, and five independent elastic constants,
respectively, meaning that an additional four, five, and eleven constants (considering these three
symmetries), respectively, are needed to describe the elastic response of a micropolar solid. The complete
list of symmetry groups and the associated number of independent elastic constants are given in Eringen

[134]. For an elastically isotropic material the stress-strain relations are expressed as
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o = Mr(°)1 + 2usym(g®) + 2, skw(e°) (3.21)

m = atr(k°)l + 20sym(k®) + 2y skw(k®) (3.22)

where A and x are the usual Lamé’s constants from the classical theory and p,, a, (3, and y are the

additional micropolar constants. The elastic constitutive equations for cubic and hexagonal crystal
symmetries are expressed most conveniently in a modified Voigt notation with the nine-dimensional stress

and strain (resp. couple stress and torsion-curvature) vectors defined as

{o} ={oy o0y oy O3y 931 %120 9323 931 0[12]}T (3.23)

—e —e —e —e —e —e —e —e —e —e T
et ={g €99 €35 2843 2631 2613 263 26y 25[12]} (3.24)

where the non-dilatational components of the vectors are defined with respect to the symmetric and skew-

symmetric tensor components. The elasticity equations may then be expressed in matrix notation as

{o} = [CI{z"} , {m}=[D{r"} (3.25)

Denoting the 4" rank tensor G which symbolically represents either of the tensors C or I, the symmetry

of the constitutive tensors for cubic and hexagonal crystals are given, respectively, as

Cubic:

Q Q@
Q. Q
Q Q Q
o o o o

=

[G]= (3.26)

=

S O O O O O

S O O O O O

S O O O O O
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Hexagonal:
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where Gy; = (G, — Gy,) / 2 for the crystal with hexagonal symmetry.

3.4.2  Flow Criteria and ISV Kinetics

There are two ways in which to construct the flow criteria for generalized continua with higher-
order stresses; the so-called single and multicriterion methodologies [129]. In a single criterion model with
associative plastic flow a single relationship is employed between a combined equivalent stress and
equivalent inelastic rate measure to define the onset and direction of plasticity. A general set of functional

relationships for the flow potential of micropolar material within this context are given as

F(U,m,Lp,r):f(c,m,Lp)fr (3.28)
e - 328 . RP = 3 oF (3.29)
Jo Om

where F is the yield function, f is a scalar invariant function of the force stress, couple stress, and a
characteristic plastic length scale, L, required for dimensional consistency, 7 is the yield stress, and A is

the plastic mutliplier. On the other hand, multicriterion models employ independent flow criteria for the

plastic strain rate and plastic torsion-curvature rate. This is expressed by an analogous set of relations, i.e.,

F (o-,r )z fﬁ(c)—r , Fm(m,L r ):fm(m,Lp)—rm (3.30)

p’m
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. . OF . . OF
= == , wP=)—= (3.31)
Jo Om

where all of the terms have the same interpretation as in the single criterion theory, but have been
introduced independently with subscripts “o ” and “m” indicating the terms related to the plastic strain and
torsion-curvature evolution, respectively. In this type of model, coupled strengthening/softening effects

(plastic torsion-curvature induced strain hardening, for example) are accounted for through the prescription
of evolution equations for 7 and r, which may, in general, be functions of both plastic parameters. This

contrasts with the single criterion models where cross-coupling effects enter the formulation naturally as a

result of employing a unified yield function.

MultiCriterion Flow Theory

Based on assumptions A2 and A6, the plastic strain and torsion-curvature rates may be generalized

from Eq. (3.31) and written in terms of individual slip system contributions as

) . OF® :
eP = Z)\a 8_0 — Z)\Q’Na (3.32)

= \ aFf \ (v 8Fg
K :Z)\L om X om

=Y AINY + A°N2 (3.33)
In Eq.(3.33), separate terms have been introduced to account for excess edge (L) and screw (®) GND
densities as suggested by Egs. (2.68)-(2.70). The transition from Eq. (3.32) to a specific form and set of
relations analogous to Eqs. (2.30)-(2.33) from the classical theory then follows directly given assumption

A2 ie.,

gp — Z,j/aza , 7o = g° ® n® (334)
a

Fo =78 =0 (3.35)

T;}f =o0:171" (3.36)
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N = Z% sgn(75,) (3.37)

i
A0 =A% sgn(Tgy) (3.38)
A=y ((F)/g° )m (3.39)

where we have used the notation, 7'2} , for the resolved shear stress to make the distinction that the driving

force for slip in the micropolar theory contains a contribution from the skew-symmetric part of the stress

tensor which is not present in the classical theory such that

Tgr =T~ Ty (3.40)

Ty =8 o =57 [sym(o) + skw(o)] - n (3.41)
7% = 8" - sym(o) - n® (3.42)

7 = —s* - skw(o) - n* (3.43)

Here, 7" is the classical resolved shear stress and 7;" is the component due the non-symmetric stresses

which acts as a slip system level back stress. Furthermore, using the balance of angular momentum, Eq.
(3.8),, an expression can be obtained for the skew symmetric part of the force stress tensor in terms of the

couple stress tensor, i.e.,

skw(o) = %e -(m- V) (3.44)

Substitution of this expression into Eq. (3.43) and making use of the fact that t* = s* xn® allows the

back stress contribution to be written as
o= -1t (m- V) (3.45)

This shows that the back stress arises due to gradients in lattice torsion-curvature projected onto the slip

plane. This is analogous to slip gradient-based frameworks which introduce back stresses as functions of
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gradients in GNDs, i.e., gradients of lattice torsion-curvature. However, in the micropolar theory back
stresses emerge as a consequence of the balance of angular momentum (see Eq. (3.43)) and not as a result
of additional constitutive assumptions. This back stress contribution and its relation to other models of
strain gradient crystal plasticity and the statistical theory of dislocations has been originally pointed out by
Forest [38] for the case of single slip, where the result in Eq. (3.45) is given in a slightly different form. It

is also worth noting that, as seen in Eq. (3.34), in contrast to the classical theory, the micropolar plastic
strain tensor contains the plastic spin, i.e., W’ = skw(s® ® n®).

Appealing to A6 and Eq. (2.68), a set of relations for the plastic torsion-curvature evolution due to

changes in GND densities is proposed, i.e.,

kP = ZﬁYj + # Y? (3.46)

o L] Ly
YO =t @5 , Y0 =5 @ (3.47)
Fe =|mt|/oy —ve B =|mo|/ze - (3.48)
M =m:Y' , 7 =m:Y? (3.49)
N¢ = éYﬁ sgn(wi) , No = L%Yj sgn(wg) (3.50)
@ = A Sgn(ﬂﬁ) , s = nggn(ﬂg) (3.51)
A= en((Fr)far )" o A = e ((F2)/02) (3:52)

where the dislocation dyad tensors Y, Y? ; characteristic plastic (dissipative) length scales L7, L7 ;

OF
resolved couple stresses 77, 7¢ ; and torsion-curvature threshold stresses 7{',7 have been introduced for

edge (L) and screw (®) GND densities, respectively. It is noted that the screw dislocation dyad tensor

used in this work differs from that employed in Forest et al. [34], where the expression
YY =11 - 5" ®s® is used in place of Eq. (3.47),. The interpretation of Eqs (3.46)-(3.52) in terms of

© 2

yield functions, resolved driving forces, flow directions, etc. parallels the treatment of plastic slip
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deformation modes in the classical theory. The threshold stresses r* and 7S are expressed in units of

Q

force/length” in the yield functions of Eq. (3.48), but the products r'L} and 5L represent the local
threshold couple stresses (force/length) which, when exceeded, require the generation of GNDs to
accommodate the local curvature. These plastic length scale parameters, L] and L7 , are not directly

identifiable with any particular material microstructural feature (grain size, inclusion spacing, etc.) per se;
however, we assume that they are related to the GND densities via the expressions
. pRe]
o YL o SO@

%G, =~ » o=
DL DL,

(3.53)

where we have been guided by a comparison of Egs. (2.68), (2.70), and (3.46). Voyiadjis et al. [135] have
shown that the “plastic” length scales entering their micropolar model for granular materials may vary
depending on the loading conditions, microstructure, and deformation history. A comparison of the rate
form of Eq. (2.71) with Eq. (3.53) shows that the role played by gradients of slip projected in the glide

direction in the slip gradient-based extensions of crystal plasticity is subsumed into the plastic multipliers in
the micropolar theory, i.e., ¢ < L‘i?ﬁ” -s" and o7 & —L%?ﬁ/” St
The model is completed by defining the slip system level ISV, ¢, the threshold stresses for slip

and plastic torsion-curvature, and their respective evolution equations. The ISV is defined as a measure of

the short-range internal elastic strain field caused by dislocations and taken to have the functional form

¢ = ey ,h0d + of) (3.54)

where ¢, is dislocation configuration-dependent material constant, b is the magnitude of the Burgers

vector, hY is a slip system interaction matrix defining the relative contribution of dislocations lying in slip

t

system (3 to the strain field on the o' slip system, and gg and gg are the SSD and GND densities,

respectively. Defining the ISV constitutive matrix E*° = 6% (see Eq. (3.19)), the state law between

the ISV generalized stress and strain is then given as
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X* = uc” (3.55)

The total slip system GND density is defined as in Eq. (2.75) and, with the aid of Eq. (3.53), the GND

density evolution equation is given by

y 1], ¢! ¢4
0 = —— |06, T e (3.56)
oG bL} T L
The SSD density evolution equation is defined as [62]
o 1 1 « Xe]
% = 5[17 — 2y,.04 ] |3, (3.57)
and the total dislocation density evolution equation is then given as
co 11 « e 1 «a sbﬂ «a ng
o = 3[: — 2y,0§ } L _Q[QG.L e (3.58)
l o bL} bLY

It is noted here that [, as discussed in Chapter 2, could be defined in terms of the SSD or total density as
shown in Eq. (2.78). Equations (3.54)-(3.58) define the evolution of the dislocation substructure and it is
left to define the strength models for plastic shearing and torsion-curvature rates. Three different strength
models are proposed. In the first version, it is assumed that the slip threshold is given by an enhanced
Taylor relation, the plastic torsion-curvature thresholds are constant, and the mean free path is defined as

function of both SSD and GND densities, as outlined next.
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Strength Model Version 1

Y=+ uclb\/zﬁ h“5(95 + gg) (3.59)

o= (3.60)

=, rg = 7“30 (3.61)

where the newly introduced terms are the intrinsic (constant) flow resistances, 7', and 7, for plastic

torsion-curvature due to edge and screw GNDs, respectively. The terms in Egs. (3.59) and (3.60) have
previously been given in Chapter 2 (see Eqgs. (2.35) and (2.37)). The reduced dissipation inequality for this

model is then given as

pe]

[e%
L

0=Z[T§}f A |+
«

(3.62)

(pﬁ ) @/3
_er@ Hlaﬂ |,Yﬂ ‘—Hg‘ﬁ—l—Hé)‘di >0
a f Lﬂ D‘Z

1 ©

where 77, is the resolved shear stress (see Eq. (3.41)) and the matrices H 1‘”3 , H ;ﬁ ,and H §‘H are defined

Ir

according to

. c he? 1 ‘
Y= — [WZXW(@% + oY) — 2,08 (3.63)
\/Z(sh (o5 +z)

af 8
He =G h QG; (3.64)

2 37, h (08 + b)) o

af 8
ag _ G h %0 (3.65)

2 S0 he0(ah + 0f) of

The second version assumes that the slip threshold is defined by a generalized Taylor relation, the plastic

torsion-curvature thresholds are defined by Taylor-like relations in terms of the edge and screw GND
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densities, respectively, and the mean free path is defined as a function of both SSD and GND densities. It

is listed as follows.

Strength Model Version 2:

P = by S (o] + o)) (3.66)

K

(O
V2,0 + o)
1= oty b e[S g, | e =t e (S Tog | G

l

(3.67)

af
he

The material constants ¢, and ¢, and interaction matrices A%’ and are analogous to ¢; and h*’ used

in the slip threshold expression. The dissipation inequality for version 2 is also given by Egs. (3.62)-(3.65).
The third version does not employ the generalized Taylor relation to describe the slip threshold strength,
which is defined as a function of the SSD density only. Similarly, the mean free path is also defined as a
function of only the SSD density. The plastic torsion-curvature thresholds are taken to be defined as in Eq.
(3.68). This version of the strength model completely decouples the strain and torsion-curvature hardening
responses and the sole source of scale-dependent strengthening is that due to the gradient-dependent back
stress. Decoupling the two material hardening descriptions is an attempt to reflect that, as discussed in
Chapter 2, the SSD and GND densities are two independent moments of the total dislocation density which

are allowed to evolve independently.

Strength Model Version 3:

re =& 4 uclb‘/z Bh“ﬂgg (3.69)

[0} K
oot (3.70)

3
Z aadQS
i =1y + ped Zﬂhi“ﬂ | Qg,L o =t '“CSb\/m—|QFU (.71
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The reduced dissipation inequality for the third version of the strength model is given as

¢t | &
0= 30|l I3 | | e |2
2|\ o Lg;

(3.72)

3 ‘/’L 3 ‘P
H(yﬂ |’Y | H(y o Héy Li

*ZZW

where the matrices Hé‘ﬁ and H é‘U are defined by Egs. (3.64)-(3.65) and H 1‘“3 is defined as

ap _ G h’ i\/ﬁ o
N ST Ve el 6.73)
§ o5 +07)

Notice that since the slip threshold stress does not depend on the total dislocation density, r“ does not

appear in the mechanical dissipation rate in Eq. (3.72).

Single Criterion Flow Theory

The single criterion theory possesses a few potentially advantageous features as compared to the
multicriterion framework. Namely, it

1) Does not rely on the additive partition of the total dislocation density into SSD and GND
contributions as a means to describe scale-dependent slip threshold hardening; a questionable

proposition to some [78, 136, 137].

i) Reduces the number of material parameters and evolution equations required to define the

inelastic material response.

The appropriate generalization of Eq. (3.29) for the single criterion model is

Ep — Z)\u o ZA(VN(Y (374)

«

kP = ;A“ aax: = ;X’(Na + N“) (3.75)

The yield function for the single criterion model is taken to have the form
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1
gt gt p]/p (3.76)

w15+ | o

where 7% is an equivalent stress measure that is strictly analogous to that introduced in Shu and Fleck [27]

for their second gradient crystal plasticity theory and p is an exponent that according to them “...in a loose

sense it defines the interaction between statistically stored and geometrically necessary dislocations.” In

this research, we consider cases p = 1,2 and the remaining relations for the model follow in a straight

forward manner For p = 1,

7o = ||+ |7 o | + | ma /1 (3.77)
N = Z sgn(rgy,) (3.78)
a 1 a a a 1 a a
NT = —Ysgn(r!) , NI =-—Y"sgn(n?) (3.79)
r Vi
1L O]
7 = X sgn(r%) (3.80)
¢F = Nsgn(nd) L ¢ = Asgn(n?) (3.81)
i = s o) = = o] = o
For p =2,
2 2 2
N B AR (3:83)
TLY
N = g0 [ (3.84)
«a 7-(-9
Ne— L ye Tl oo = Ly (3.85)
a2 v © a2 O g
(Y 7 ey 7
. T
’?a — )\af’;ff (3.86)
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Pr =\ ol = A — (3.87)

af (3.88)

i =sof(F)for ) =

,-i/

Egs. (3.82),4 and Eq. (3.88); can be proven in straight-forward fashion by insertion of Egs. (3.80)-(3.81)
into Eq. (3.82) and insertion of Eqgs. (3.86)-(3.87) into Eq. (3.88), respectively. The plastic strain and

torsion-curvature rates derived using these yield functions may be expressed as before as, i.e.,

P o =p _ ] u (1
= > FZ , RP = Y (3.89)
Z o L‘I Lﬁ;
where it is understood that the definitions given in Eqs. (3.77)-(3.88) are to be used in place of those
introduced for the multicriterion model.
The slip system level ISVs are defined as in Eqgs. (3.54)-(3.55) and the SSD density evolution

equation for the single criterion model is defined as

s 111 af a | ya
o0 = Z[E /Zﬂa P08 —2y,08 ]/\ (3.90)

where it is seen that the [“ is defined as a function of the SSD density only as in version 3 of the
multicriterion strength model, and the GND density evolution equations for the single criterion model are
obtained by substituting Eq. (3.81) (resp. (3.87)) in place of Eq. (3.51) in Eq. (3.53). The single criterion
model requires only a single strength variable for each slip system and it is defined in terms of the SSD

only, i.e.,

=+ uclbﬂ/zﬂh“‘g (3.91)

Notice here, as in version 3 of the multicriterion theory, that x“ = r“ since ¢ is a function of the total

dislocation density. It is also noted that the SSD density in Eq. (3.90) is different in character than that
defined in Eq. (3.57) and in the first term of Eq. (3.58) for the slip gradient and multicriterion models,

respectively. In those formulations the SSD density evolves according to the magnitude of the slip system
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shearing rate, | * |; however, since A% in Eq. (3.90) is an equivalent inelastic rate as defined by either Eq.

(3.82) or Eq. (3.88), it embodies effects due to both plastic slip and torsion-curvature evolution. This is a
by-product of the natural coupling present within the single criterion framework, and in this way
incorporates scale-dependent isotropic hardening in the absence of a Taylor relation based on the additive
superposition of the SSD and GND densities. The reduced dissipation inequality for the above constitutive

description is then given as

= Z%a}\a _ ZZXQH%@)'\[? >0 (3.92)
@ a f

where the resolved shear stress has been replaced with the appropriate equivalent stress measure, 7, and

the matrix H’ is defined for p = 1 as

Hozﬂ B ¢ haﬁ 1 X ) 5
T 9 a0 4L K Zsa 05 = “Yels | "
IS0, 100 + of)
(3.93)
n 1| 5 sgn(wf) o sgn(wg)
Slte, LT 5 Go~ 5
o i L
and for p = 2 as
s _ G h? 5 € 8
v= 9 s/ b | K Zéalggs 2y.05
I3, h (h + o)
(3.94)
+ig‘g )/ L4 Wg/ﬂé
Qg G, L Lif'd G,0 ngﬂc/\g

The simplified nature of the single criterion model with respect to the multicriterion model is advantageous
only if the reduced nature of the constitutive description does not significantly limit the range and
characteristics of the deformation behavior that can be captured. This is assessed in the benchmark

numerical simulations performed in Chapter 5.
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3.4.3 Material Parameter Selection
The various assumptions listed at the beginning at the beginning of Section 3.4 provide guidance

in specifying and interpreting certain material parameters. Given A4 and Eq. (3.3), a slip system director

vector, D, deforms according to
d“ =D + & D" (3.95)
Assumptions Al and A2 result in the micropolar elastic strain tensor being defined as
e =H —-& (3.96)

A5 asserts that the elastic material rotations should approximately coincide with the lattice rotations, a
constraint that maintains a connection with the classical theory of crystal plasticity (see Eq. (2.21)). This
constraint may be enforced by minimizing the skew-symmetric part of the elastic micropolar strain tensor,

Le.,

skw(®) = w° — @ (3.97)

Considering the isotropic constitutive relations given in Eq. (3.21), this can be achieved by prescribing

large values for g, [34] such that the nonlocal strain energy contribution from this term (Eq. (3.13)))
would become unbounded if skw(2°) were non-negligible since o :skw(g°) = p, || skw(g°) |]*.

Therefore, the p, parameter acts as an energetic penalty constraint forcing skw(g®) ~ 0 = w® =~ .

The extension of this concept to other material symmetries should follow the same logic so as to minimize
the development of skew-symmetric elastic strains. A consequence of this assumption is that prior to
reaching the activation threshold for plastic torsion-curvature, the lattice rotation predicted by the
micropolar theory is identical to that predicted by the classical theory. However, once activated, the plastic
torsion-curvature will drive the lattice rotations which will necessarily differ from those obtained from the
standard theory.

The remaining non-traditional material parameters are those related to the couple stress-curvature

response. With regard to A3, we require that the micropolar effects should be negligible during purely
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elastic deformations. Essentially, this is a requirement that the effective elastic stiffness of the micropolar
crystal should not exceed that of its classical counterpart. Such behavior can result if large values of the
couple stress elastic constants are used. From dimensional considerations, it is seen that the quotient of any
given couple stress elastic constant to that of a force stress elastic constant has dimensions of length
squared. These quotients represent “elastic” or “energetic” material length scales of the micropolar

continuum. Referring to the constitutive relations given in Egs. (3.21)-(3.22), a typical elastic length scale,

£, , which commonly arises in the solution of 2-D initial-boundary value problems, is given as

¢ = |2 (3.98)

Additional elastic material length scales have been introduced by Cowin [138]. To satisfy assumption A3,
these elastic length scales should be smaller than the characteristic dimensions of the material volume being

modeled. These elastic length scales are to be distinguished from the plastic (dissipative) length scales
(L7 , L) ) which are introduced in the plastic torsion-curvature evolution equations in Section 3.4.2. Since

the intrinsic back stress arises due to gradients in lattice torsion-curvature, as demonstrated in Eq. (3.45),
this allows for an interpretation of the couple stress and plastic torsion-curvature parameters as being
related to the development of heterogeneous dislocation arrangements whose influence affects post-yield
behavior. For example, consider the stress-strain response of a single crystal with no slip threshold
evolution (no isotropic hardening). If there are no gradients in lattice torsion-curvature, the stress-strain
response will be elastic-perfectly plastic as shown in Figure 3.2(a). Conversely, when there are appreciable
gradients in lattice torsion-curvature there will be material strengthening due to the development of back
stresses via Eq. (3.45). In the absence of plastic torsion-curvature, which can be accomplished in the

multicriterion theory by specifying infinite plastic torsion-curvature thresholds and in the in the single
criterion theory by specifying L7, L7 > ¢, the kinematic hardening response is linear and the rate of

hardening is proportional to the elastic length scale parameter, as shown in Figure 3.2(b). When plastic
torsion-curvature is non-negligible, the initial kinematic hardening modulus is dictated by the elastic length

scale parameter, whereas the deviation from the linear response is governed by the plastic torsion-curvature
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threshold stresses and the magnitude of the plastic length scales, as shown in Figure 3.2(c). These
deformation characteristics are further examined and demonstrated in the simulations performed in Chapter

5.

elastic length scale controlled

A A
(o g g
plastic torsion-curvature
controlled
> > >
3 9 9
(a) (b) (c)

Figure 3.2: Qualitative 1-D stress-strain response for a micropolar single crystal with no slip
threshold evolution (a) no gradient effects (b) gradient effects with energetic kinematic hardening
only and (c) gradient effects with energetic-dissipative kinematic hardening.

35 Discussion

Analogue to an enhanced three-term decomposition of the material deformation

In a certain sense, the micropolar continuum may actually provide a more refined description of
GND-related size effects than many of the slip gradient-based models. It has been argued by Hartley [139],
Clayton and McDowell [36, 100], and more recently by Gerken and Dawson [73, 102] that the popular
two-term decomposition of the strain (or deformation gradient for finite deformation) into elastic and

plastic parts may be insufficient for describing the kinematics of non-homogeneously deforming crystalline
materials within a classical continuum theory. These authors reason that the lattice deformation, H',

typically associated with the elastic material distortion, H®, should actually be decomposed into (at least)
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two-terms: one associated with the removal of external tractions on the “released” (thought experiment)
material volume element and another associated with the deformation heterogeneity that exists at finer
length scales and/or between incompatibly deformed neighboring material elements. These approaches

suggest a decomposition of the total distortion in the geometrically linear setting as

uwW=H +H =H" +H +H° (3.99)

where H' is the total lattice distortion, H®" is the lattice distortion associated with external (to the volume

element) loading, and H! is the lattice distortion due to inhomogeneous (incompatible) deformation. One
advantage of such models as compared to theories (classical or generalized) employing the two-term
decomposition is that the accomodational elastic lattice strains that develop during heterogeneous plastic
flow are distinguished from those resulting from external loading and directly enter the mechanical balance

equations since, i.e.,

o =C:symH +H') (3.100)

Therefore, the additional lattice kinematics due to deformation incompatibility are properly accounted for
and the resulting back stresses enter the flow rule naturally, which is counter to approaches that insert the
back stress due to GNDs directly into the yield function while retaining the two-term decomposition [14,
72, 140].

A challenge for this type of theory lies in the construction of the evolution equation for the

incompatible lattice distortion. Gerken and Dawson [73] have cleverly addressed this issue by determining

H' from the long-range strain fields produced by the GND distribution which is calculated in terms of the
slip gradients according to Eq. (2.71). However, this approach, as handled in Gerken and Dawson [73],
still involves the additional computational cost associated with the modified FE algorithms required to
calculate slip gradients, the incompatible deformation tensor, and incorporating these features into the
solution procedure. On the other hand, micropolar single crystal plasticity qualitatively embodies the
advantageous features of the enhanced three-term decomposition while retaining the ability to use standard
FE methods in the numerical implementation of the theory. Since the plastic torsion-curvature evolution in

the micropolar theory is associated with the generation of GNDs, the associated elastic fields embodied by
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&° would play a role analogous to the incompatible lattice distortions, H'. This is further demonstrated

by comparing the effective resolved shear stresses from the two theories, i.e,

T =s" o0t =7 — 7 (3.101)
GD: 7 = C:sym(H®): Z% | = —C:sym(H') : Z° (3.102)
MP: 7% = C:sym(H): Z* , 77 = -1t ((D:&")-V) (3.103)

where the abbreviations GD (Gerken and Dawson) and MP (micropolar) have been used above. The key
difference between the two approaches is that the additional contribution to the resolved shear stress in Eq.
(3.102) results from the enhanced kinematic description of a continuum governed by the standard
mechanical balance laws, whereas in Eq. (3.103) they emerge due to the presence of couple stresses and as
a consequence of the balance of angular momentum. In fact, this may be a beneficial aspect of the model
as the presence of GNDs has long been known as a potential source for couple stresses at coarse scales of
observation due to the fluctuations of local stresses at finer scales [141]. It has been suggested that couple
stresses may also develop in crystalline materials due to dislocation core distortions and multibody
interatomic potentials [142], and Zhou and McDowell [143] have shown that couple stresses can arise from
particle systems (e.g., nonlocal atomistic systems) only if non-central force interactions exist. The

micropolar theory also contains an additional contribution to the mechanical dissipation embodied by the

term, 0, = o : skw(€P) + m : kP, that is not accounted for in the alternative GD approach.

Comparison to Gurtin-Type Single Crystal Plasticity

The Gurtin-type work-conjugate higher-order theory was introduced and discussed in Chapter 2,
and the key feature of these types of models is that the slip system shears are taken as continuum degrees-
of-freedom. Therefore, the slip system shearing rate is no longer a constitutively specified function and is
instead a generalized displacement. As a result, the typical structure of the elastic-plastic constitutive
formulation is altered. For example, instead of specifying a yield function (or flow rule) which defines a
yield threshold and a flow direction, the Gurtin-type theory contains an additional microforce balance law

that augments the usual balances of linear and angular momenta. Additionally, the Gurtin-type theory
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introduces energetic-dissipative decompositions of thermodynamic stresses in addition to the elastic-plastic
decomposition of the total strain tensor. Constitutive assumptions are made for the free energy and
thermodynamic stresses such that in the absence of slip gradients, the classical theory is more or less
retrieved. It is noted, that these models do not use ISVs in the traditional sense and they employ
phenomenological descriptions of strain hardening. That being the case, to facilitate the comparison of the
micropolar model to the Gurtin-type model the following discussion is presented from a point-of-view
consistent with developments of Gurtin and co-workers [18, 109, 115]. The governing equations of
Gurtin’s theory are summarized below for ease of reference and Chapter 2 can be consulted for more in-
depth explanation. The following discussion is more focused on the development of constitutive equations

for the Gurtin-type framework that show the similarities between the micropolar theory and theirs.
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Kinematic Relations
U={u{y"}}
H=uV=H +H
— — e P
e =sym(H) =¢° +¢ (1.104)
HF = Z,yasa ® n®

a=H"xV = bz 018" ®t" 4 op 8" ®s”

«

Internal and External Power Densities

pp=0 €+ (M 6 VY

(3.105)
pp =T a+> 29"
«
Mechanical Balance Laws
o-V=0
o=o’ (3.106)
el _"_@.ga _qa -0
Traction Definitions
T=n-o
(3.107)

Y — ¢ L h
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Free Energy and State Laws

>

¥, = ,(e%{Vy"})

0
o= i (3.108)
Oe’
(e} e% (e} 8'11)1)
Sen =S T Suis —
ovy?
Mechanical Dissipation Rate
0= (¢"¥" + s - Vi*) =0 (3.109)

@)

Energetic Constitutive Equations

The constitutive equations presented in Chapter 2 for the Gurtin-type model included a rather
simple functional relationship between the free energy density and the magnitude of slip gradient vector
(see Eq. (2.142)). In recognition of the fact that gradients of slip normal to the slip plane do not lead to the
generation of GNDs, Gurtin et al. [18] assert that the free energy should only depend on the in-plane slip
gradients. Therefore, the microcouple stress lies in the slip plane and may be expressed in the following

general form

«Q

" =¢! +¢7, (3.110)

Y

where ' is the edge component of the microcouple stress vector and is parallel to s® and ¢ is the screw

component and acts parallel to t*. A free energy that is uncoupled and quadratic in the tangential

gradients has been proposed by Gurtin et al. [18] as

~82 ~



), =1et:Cret + Lg% [(0f ) + (08 .)] G.111)

«

where g, is a material parameter with units of stress and £ is an energetic length scale. The second term in

Eq (3.111), which is associated with heterogeneous microstructural evolution, can be expressed in terms of
the total slip system GND density with the aid of Eq. (2.75) as
_loe. . 1. 9232 2
¥, =1 Cre® +1g)0% > (e2) (3.112)
«
Notice that there is no contribution to the free energy due to the SSD density. Moreover, in contrast to
earlier developments, the strain-like state variable is proportional to the GND density and not its square

root. The energetic stresses are obtained from differentiation of Eq. (3.111) with respect to the elastic

strain and slip gradients, i.e.,

c=C:e°
(3.113)

«

geﬁ = e[:z.L + Ce(:L,@ = gogzb(gg,Lsa + Qg,@ ﬂ)

Equation (3.113), is the standard elasticity constitutive equation and Gurtin et al. [18] view the energetic
microcouple stresses (second term) as “distributed Peach-Koehler forces” since they act perpendicular to
the line directions of pure edge and screw dislocations; however, it is not implicit that this interpretation is
accurate considering that the usual glide component of the Peach-Koehler force is defined in terms of the
Cauchy stress, slip plane normal, and dislocation Burgers vectors, as given in Eq. (2.16), and there are

contributions from the remote stress field and the stress fields due to all of the other dislocations.

Dissipative Constitutive Equations

The dissipative constitutive equations introduced in Chapter 2 were proposed within what
effectively is a single criterion framework by making use of an effective inelastic rate as defined by Eq.
(2.144). An alternative path is pursued here in terms of a multicriterion Gurtin-type formulation of the
dissipative stresses as it enables a more straight-forward connection to the micropolar model. For example,

the scalar dissipative microstress in the proposed multicriterion Gurtin model is expressed as
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sgn(ﬁ“) (3.114)

This equation is to be compared to the analogous expression given in Eq. (2.145) where the functional

dependencies on the equivalent slip system deformation rate, d, have been replaced with a dependence
only on the slip rates. The drag stress evolves according to an appropriately modified form of Eq. (2.146),

ie.,

= S (KPP LT 147 | +h8° (1), (994)) - 947, (3.115)

B

where the scalar, hl‘*ﬂ, and vectorial, h;‘ﬂ , slip system interaction matrix components may in general

depend on the plastic slip and slip gradients on all slip systems. The general form of Eq. (3.115) has been

motivated by assuming that the drag stress is defined by an enhanced Taylor relation, i.e.,

f=%+wﬁ2ﬂ%£+£h (3.116)

where the evolution equations for the SSD and GND densities are defined as in Eqgs. (2.77) and (2.76),
respectively, and the mean free path is defined as in Eq. (2.78),. The dissipative component of the
microcouple stress vector is introduced by again appealing to the edge-screw decomposition and also to Eq.

(2.147), i.e.,

Cd(;s = C/JOZ{S.L + C(Zs,@ = *+ fata (3117)

where the signed scalar functions, fI* and f, are defined analogously to Eq. (3.114), i.e.,

| @-a g | 1/ny
T =gt | e[
Yo/ LT
(3.118)
|? ! | 1/77,3
« aTa ,ya -t = . a a
fs =955 | o Sgn(v'y t )
Voo /L
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where ¢} and g7 are edge and screw drag stresses, L] and L are edge and screw dissipative length

scales, 7, and ., are edge and screw reference deformation rates with units s, and n, and n_ are
10 ©0 1 ©

edge and screw inverse rate sensitivity exponents. These expressions can be interpreted as flow rules for
the gradients of slip in the slip and transverse directions, respectively. The edge and screw drag stresses are
assumed to have generalized evolution equations similar to that for slip given in Eq. (3.115), i.e.,

. / = . [ 3 = = .43

it =S (M BAVY D [ |+ AV - V47

B
(3.119)

©e

= S (R EPIAVYD 157 | +R2S (7 AV - V47 )
8
Since the dissipative microstress and microcouple stress equations are independent of one another,
Egs. (3.114) and (3.117)-(3.118) can be inverted to obtain relations between the slip rates and slip rate

gradients and their respective driving forces which are given by

g ] g ,
i = 5| LL |] sgn (g ) (3.120)
g
: | el e} ‘ L
_ ]
—VAe st = Yio|lSL Sgn(cf Sa)
AT
(3.121)
B .,\ g.ll . tnﬂ n?
vf?a St = M ‘ © ‘ Sgn(gg . t(y)
LU gels :

Here, coaxiality of the power-conjugate stresses and inelastic rates has been assumed, i.e.,

sgn(¥*) = sgn(q”), sgn(—=V4y* -s%) = sgn(ct - s”), and sgn(V4“ - t*) = sgn(ss - t*). With the aid

of the microforce balance (see Eq. (3.106);) Eq. (3.120) may be expressed as

(6%

: 1 V)" -
7 = ’YO[M] sgn(t® + V- ¢%) (3.122)
g

This is a familiar expression for the slip rate evolution, in which the second term in the numerator inside

the parenthesis acts as the kinematic hardening variable and the drag stress acts the isotropic hardening
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variable. Similarly, the expressions given in Egs. (3.118) and (3.121) may be written in terms of the edge
and screw GND densities by using the rate form of Eq. (2.71). Considering only the edge GND density

equations for the sake of brevity, Eqs. (3.118)1 and (3.121)1 are expressed as

| 65

1/n,
oG | o
fo=g0Iy L] sen (0G| (3.123)

9a.10

HL

sgncf - s”) (3.124)

| s s |

g9rL

“
9.1 = 9. 10

where g | is the edge GND density evolution equation and ¢; |, = §,, / bL| is a reference rate of

edge GND density. Finally, Eqs.(3.122) and (3.121) can be inserted into Eq. (3.109) and the mechanical

dissipation rate is then expressed as

n

s m L
. T(J/ _’_v_ca ! N . g(l .S(¥ g(l 'S(‘Y
OZZ '70[| o | ‘TQ+V'§Q|+7L0‘LQQ | |la |
- g1 L] r
(3.125)
n.
SR I K o
e e ]

9615 L

It is easy to see from Eq. (3.125) that the dissipation inequality is unconditionally satisfied for the Gurtin-
type theory since each term is individually positive; this results from the omission of ISVs as arguments in

the free energy which then do not appear in the internal power density.

Decomposition of the Inverted Flow Rule
The energetic-dissipative decomposition, ¢ = ¢, + ¢, of the microcouple stress allows the

microforce balance to be expressed as

T + V-e, = ¢" V- (3.126)
[E——c [ —L
energetic hardening dissipative hardening
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where the energetic and dissipative contributions to hardening have been separated. Notice that there is
both energetic and dissipative kinematic hardening and only dissipative isotropic hardening. Inserting the

constitutive equations given in Eqgs. (3.113),, (3.114), and (3.117)-(3.118) into Eq. (3.126) then yields

¢ 4+ V- [90£2b(95,ﬁa + o5t = ¢

(3.127)

- | 0G0 |
+V-lglL] )

1/n,
o g
9. 10 ] Sgn(%,v )

. 1/n
| 6¢ .
S| sen(dg, )8t - o0l

¢ 0

This result will be compared to an analogous expression obtained from the multicriterion micropolar theory

of single crystal plasticity in subsequent discussion.

Relationship to the Multicriterion Theory of Micropolar Single Crystal Plasticity

In an effort to make a more clear connection to the micropolar theory of single crystal plasticity,
the multicriterion flow rule presented in Chapter 3 is reexamined from a perspective more closely aligned
with that of Gurtin et al. [51] with regard to certain constitutive assumptions. Specifically, a simplified free
energy function which only includes functional dependencies on the elastic strains and torsion-curvatures is
considered. Additionally, flow rules without elastic thresholds are adopted. For the present analysis, Egs.

(3.39), (3.52), and (3.19) are replaced, respectively, with the following

. iy m
Ao =4, M (3.128)
g
n a 1\
xe = ‘Wi‘L N — |u| 3.129
L QDLO aTo ’ © 90@0 (ol o' ( ’ )
97 Ly 95175
¥, =1ee e 1 1g 0 fmeff (3.130)

In Eq. (3.130) the free energy is assumed to depend on the magnitude of the elastic torsion-curvature tensor

and as in Eq. (3.111) g, is a material parameter with units of stress and ¢ is an energetic length scale. The
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isotropic hardening variables, ¢* , ¢, and gs » are assumed to have the following general forms analogous

to Egs. (3.115) and (3.119), i.e.,

9" = Z(’l“‘s |37 | +hP o] +h§f<pd) (3.131)
Ié]
gt =20 (me7 147 | +hoTel + hiled)

(3.132)
i = (h 147 Hhelel + kel )

Q
)
Il

6
I¢]

Here, it is to be understood that each of the interaction matrices given in Eqgs. (3.131) and (3.132) may, in
general, be a function of {7}, {¢{},and {2 }.

The explicit state laws for this version of the multicriterion theory are obtained from Eq. (3.130) as
c=C:e° |, m= g[)ﬁgﬁc (3.133)

which are to be compared to Eq. (3.113); the similarities between the energetic vectorial microcouple stress
from the Gurtin-type theory to the tensorial couple stress of the micropolar theory are obvious. While there
are certainly differences between the two higher-order stresses it is argued that they have similar impacts
and physical implications with regard to material behavior. The most noteworthy difference between the
two measures is their tensorial rank, which is due to the difference in torsion-curvature measures employed

by the two theories. The Gurtin-type theory with an uncoupled energy as in Eq. (3.112) can be thought of

as employing a planar torsion-curvature measure, k¢, , defined as

KG = b(og.s" + 0§ t") (G139

In some regards, a more rigorous comparison is difficult due to the different philosophical perspectives of
the two theories. For example, as previously discussed, the Gurtin-type theories employ an energetic-
dissipative decomposition of the microcouple stress, whereas the micropolar model achieves a similar
effect through the elastic-plastic (energetic-dissipative) decomposition of the torsion-curvature. A key

difference between these two ideologies as it relates to material response is that of nonlocal effects; in
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general such effects, are present during elastic deformations for the micropolar continuum, but are
restricted to the inelastic regime for the Gurtin-type theory. However, the separation of the microcouple

stress in the Gurtin-type theory into energetic and dissipative parts is essentially amounts to an implicit

additive decomposition of the slip gradient into elastic and plastic parts, i.e., V" = V2 + V44, where

the subscripts denote the elastic and plastic parts of the slip gradient, respectively. Since the slip system
shears are treated as generalized displacements within the Gurtin-type framework, it is natural to think of
the slip gradients as being the corresponding generalized (micro)strain measure which could be
decomposed into elastic and plastic parts. Although, this is not the approach as set forth by Gurtin et al.
[18], the physical implication is that energy is both stored and dissipated due to gradients of slip.

To further compare the two models, the mechanical dissipation rate for the new version of the

multicriterion theory is expressed with the aid of Egs. (3.128) and (3.129) as

m

7 1 (0 9) |

«

DZZ Yo

@

|70+ 1t m V) [

(3.135)
N D) st [me 1| e
olgn) o e w7
gty L 9ote ©

where the effective resolved shear stress, L has been expressed with the aid of Egs. (3.40) and (3.45).

Comparing Eq. (3.135) to Eq. (3.125) the similarity between the two expressions is obvious, with
analogous roles being played by the following terms:

MP Gurtin

N (3.136)

o o

Clearly, the dissipation inequality is unconditionally satisfied for this version/interpretation of the

multicriterion micropolar theory and is thermodynamically consistent in the sense implied by Gurtin et al.
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[18]. Taking the comparison even further by examining the inverted flow rule for slip (Eq. (3.38)) and

making use of the micropolar energetic-dissipative decomposition, kK = K° + KP, the following is

obtained

1 =
e +590£2ta '(R'V):ga

(3.137)

+§%ﬁma- Y

[Zgg,J_tS ®s” + Qg@sg © s’
I6]

As in Eq. (3.127), the energetic hardening term has been left on the LHS of Eq. (3.137), while the
dissipative terms have been moved to the RHS. This expression is similar to the equivalent expression
resulting from the multicriterion Gurtin-type theory given in Eq. (3.127). Yet, as to be expected, there are a
few subtle differences that are by and large restricted to the gradient-dissipative term. The gradient-
dissipative term in the Gurtin-type theory depends on the gradients of the rate of the GND densities,
whereas in the micropolar theory it depends on the gradients of the current value of the GND densities.

Additionally, both energetic and dissipative length scales appear in the gradient dissipative term for the
micropolar theory since of | = —¢¢ /bL] and of = —¢2 /bLY. As a result, the ratio of the

energetic-to-dissipative length scales is an important parameter that controls the kinematic hardening
response in the micropolar models. In contrast, only the dissipative length scales are contained in the
gradient-dissipative term in the Gurtin-type theory. The differences between the gradient-dissipative terms
in the inverted flow rule, as previously discussed, are due to applying the energetic-dissipative
decomposition to the microcouple stress instead of the microstrain (slip gradient). It is also worth noting
that the inverted flow rule in the Gurtin-type theory contains terms only pertaining to the slip system under
consideration, while the micropolar theory, due to its use of a non-planar tensorial torsion-curvature
measure, incorporates the influence of all slip systems. However, this is not seen to be a limitation of the
Gurtin-type theory as this can be remedied by choosing a free energy that has a coupled dependence on the

GND densities, e.g.,

4 =4 Cre HT D aicve (139
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where the material modulus matrix, C*”, has units of force x length®. Equation (3.138) leads to a
microcouple stress on slip system « that is a function of the GND densities on all other slip systems.

A comparison of the single criterion micropolar model and the model advanced by Gurtin et al.
[18] could be carried out; however, the connections between the Gurtin-type and micropolar models are
most easily seen in the multicriterion format. Obviously, there will be differences in the final expressions
obtained in such a comparison with respect to what has just been presented, but these are due to the
fundamental differences between the multi and single criterion methodologies and no additional insight is

gained by carrying out the analysis. For this reason and for the sake of brevity, this analysis is omitted.

3.6 Summary

This chapter has been concerned with the development of dislocation-based strength models of
micropolar single crystal plasticity where the classical and nonlocal slip gradient-based theories have been
used as guides. General aspects of the micropolar continuum have been covered and models based on both
single and multicriterion flow rules have been established. The multicriterion models have built on the
prior work of Forest et al. [34, 35] by replacing their phenomenological strength model with dislocation-
based models, and the single criterion model represents an original contribution of this research. It has
been shown that, as a consequence of the angular momentum balance, the micropolar theory includes a
natural kinematic hardening mechanism for slip which arises due to gradients in lattice torsion-curvature.
This is in agreement with the well-accepted notion that the long-range back stresses arising due to polar
dislocation densities are proportional to gradients in GND densities (second gradients of slip). Connections
between the micropolar theory and theories featuring: (i) enhanced decompositions of the standard
deformation and (ii) the slip system shears as treated as generalized displacements (Gurtin-type) have been
established. It is proposed that the micropolar theory of single crystal plasticity is able to capture the all of
the relevant physical aspects of the slip gradient-based models while offering a simpler and more efficient

numerical implementation.
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CHAPTER 4

NUMERICAL IMPLEMENTATION

4.1 Introduction

This chapter presents a two-dimensional finite element implementation appropriate for the
micropolar continuum along with the constitutive update algorithms for the single crystal viscoplasticity
models presented in Chapter 3. The user element (UEL) subroutine interface within Abaqus/Standard [51]
has been employed to implement the element-level equations, which leaves the element assembly
operations and the global equilibrium iterations to be performed by Abaqus. The UEL implementation is
benchmarked and validated through a series of comparisons to solutions of mechanical initial-boundary
value problems with known analytical solutions, and also by demonstrating convergent behavior in a

problem exhibiting strain localization.

4.2  Finite Element Implementation

4.2.1 Principle of Virtual Work
The weak form of the mechanical balance laws required for the finite element implementation are
derived in standard fashion (cf. [144]) from the local forms of the linear and angular momentum balances

given in Eqs (3.8). The linear and angular momentum balance equations, neglecting body forces and
inertial effects, are multiplied by arbitrary variations in the displacement, du, and microrotation, 6,

fields, respectively, and integrated over an arbitrary volume, i.e.,

fR(cﬁ)-éudV =0 4.1)

fR(mﬁ—e:c).é&zV:o (4.2)
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Integrating by parts and applying the divergence theorem, one obtains
faRéu-c-ndS = ch :6uvdV 4.3)

faRéd_)~m-ndA:fR[mzéd_)ﬁ—i-(e:c)-éd_)]dV 4.4

Adding Egs. (4.3) and (4.4) and making use of the deformation-displacement relations given in Egs. (3.4)-
(3.5) and the traction vector definitions given in Egs. (2.24) and (3.9), the weak form of the mechanical
equilibrium equations (principle of virtual work) suitable for the finite element implementation is obtained

as

[ (T-ou+M-86)dA= [ (o:8€+m:sk)dV (4.5)

OR

4.2.2  Finite Element Discretization
The development of isoparametric linear quadrilateral and triangle elements appropriate for two-

dimensional plane problems is presented in this section. The relevant degrees-of-freedom are the

displacements in the z; and =, directions, u; and wu,, and the microrotation about the z, axis, ¢, .
Therefore, the non-trivial components of the micropolar strain and torsion-curvature tensors are &, &y,

€9» &y, Kgy, and Ky,. In an isoparametric formulation, the element spatial coordinates and kinematic

degrees are freedom are interpolated from the nodal values using the same set of shape functions, i.e.,

zo=> Nl (4.6)

u =y Nl =3 N/ 4.7)

where z,, u,, and 57 are the continuum approximations within the element to the positional coordinate,
displacement, and microrotation fields, respectively; :L'ZI , uZI , and qgf are the corresponding nodal values

of the same fields for the " node, and N ; are the shape functions for the J t node.
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Linear Quadrilateral Element

The parent element for the four-noded quadrilateral element (Q4) is shown in Figure 4.1, where
the nodal coordinates are given with respect to the natural element basis. The shape functions for this

element are given as

Ny =114+ ) (14 1) (4.8)

where (,«11 , 1"2] ) are the natural coordinates of the I node. The derivatives of the shape functions with

respect to the global coordinate system which are needed to calculate the element strains are obtained by

making use of the chain rule, i.e.,

az‘[NI = arl Nlaz[rl + a'rZNIaz‘/é (49)

where the notation 0, (+) indicates the partial derivative of (x) with respect to (-) . The derivatives of the

shape functions with respect to the natural coordinates are easily calculated from Eq. (4.8) and are given as

2, N, :lrl1<1+7“21r2) , 0

. . Ny = Lol (14 ) (4.10)

)

The derivatives of the natural coordinates with respect to the global coordinates are not directly available;
however, these expressions may be obtained by making use of the chain rule and Eq. (4.6) in the following

manner. The derivative of a given quantity (x) with respect to the natural element coordinates may be

expressed as

67'1 (*) = arl'rlafl;l (*) + arl"'EZa;r,z (*) (41 1)

The derivative of the global coordinates with respect to the element natural coordinates is determined from

Eq. (4.6) as

0,3, =3,0, N (4.12)
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Rewriting Eq. (4.11) in matrix form for convenience and inverting leads to an expression for the global

coordinate derivatives in terms of readily computable quantities, i.e.,

O, | _ 0, Oy | _
9,] o, o, |~

where J i =0,z is the Jacobian matrix relating the natural coordinate derivatives to the global

87i xl 87,1 xQ 87'1 xl 87'1 ‘TQ

5 (4.13)

)

arle 87&:1:2 8sz1 86%

coordinate derivatives. At this point, all of the necessary preliminaries are in order to derive the element

matrices for the bilinear quadrilateral element.

Ty
'
(-1,1) (1,1)
[ ]
4 3
>, /
Ly
o ! . o
(-1-1) (1-1)

I

Figure 4.1: Parent isoparametric element for the bilinear quadrilateral (Q4) element.

The micropolar continuum displacement vector, {u } , is expressed in terms of the shape functions

and the nodal displacement vector by expressing Egs. (4.6) and (4.7) in a compact matrix notation as

{u)={w w &)} =[N|{a} (4.14)
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where the shape function matrix, [N] , and the nodal displacement vector, {a} , are given as

(4.15)
N, 0 0
[N;]=]0 N, O| , I=1234
0 0 N,
T
ap={w) {2 ) ey}
(4.16)

where [N] isa3 x 12 matrix and {a} isa 12 x 1 column vector and as before the superscript refers to

the I node. Introducing the micropolar strain vector, {E} ,as

= . _ _ _ . _hr
{E}:{Eu €9 C12 Eo1 Ky “32} (4.17)

the relationship between {E} and the nodal displacement vector is symbolically expressed in terms of the

strain-displacement matrix, [B] ,l.e.,

{E} =[B]{a} (4.18)

where the strain-displacement matrix is populated with the appropriate components of the shape functions

and their derivatives. For a fully integrated Q4 element, the strain-displacement matrix has the form

(4.19)

B/ |=| " I=1,234
[ I } 0 6.1;1 N[ _ NI ) =Y
0 0 9,N,
0 0 9,N,
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It is well-established that linear quadrilateral elements are prone to volumetric locking under plane strain
conditions for incompressible or nearly incompressible material behavior when the element is fully

integrated [144]. Several different techniques have been proposed to eliminate this limitation of the Q4
element; the B (read B-bar) method, which is a form of reduced integration developed by Hughes [145], is

employed in this research. The B method is based on integrating the dilatational and deviatoric parts of
the strain tensor independently, such that full integration is performed for the deviatoric components
whereas the averaged (over the element) dilatational strain components are used in the formation of the

element matrices. The total strain tensor admits the aforementioned decomposition, i.e.,

e=¢' + ¢ (4.20)

where €7 and " are the deviatoric and average dilatational (or hydrostatic) strains, respectively, and are

given as

tr(g)1 (4.21)

eh=L| geqv , & = %tr(E)I (4.22)

To demonstrate how this assumption modifies the strain-displacement matrix, consider the g, component

of the strain tensor such that the deviatoric and average hydrostatic contributions for a state of plane strain

are given as

gl =2,0, Nl — %ZI(%N[%] +0, Nyul ) (4.23)

= Yo Y
=13 (0, Nyul +0, Nyub ) (4.24)
where 0, N ; are the volume averaged derivatives of the shape functions, i.e.,

0, N =), 0. NdvV (4.25)
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Adding Egs. (4.23) and (4.24), performing the analogous procedure for the &,, component of strain and

appropriately regrouping the terms, allows one to write the strain-displacement matrix for the B method as

(4.26)
9, N, + é(f’wﬁf -9, N, ) Lo, N, -9, N,) 0
o, N, —0, N, 9, N +1(0, N, ~a,N,) 0
[B] = 0 Ny 0 Nel 1234
0 9, N, ~N,
0 0 9, N,
0 9, N,
2

where the strain vector is now given as {E} = []_3] {a} . Comparing Eq. (4.26) to Eq. (4.19) it is clear that

the differences between the two strain-displacement matrices are contained within the first two rows, i.e.,

those associated with the dilatational components of strain.
Introducing the stress, {E} , and traction vectors, {T} , the principle of virtual work given in Eq.

(4.5) may be expressed in matrix notation as

[ fou} {r}aa= [ (6B} {s}av (4.27)
where the stress and traction vectors are defined as
(2} ={oy on o0 oy my my) (4.28)
(ry={n, 7, m} (4.29)
Expressing the virtual continuum displacements and strains in terms of the nodal displacement vector, i.e.,
{ou} =[N|{sa} , {6E}=[B|{sa} (4.30)
and substituting back into Eq. (4.27), gives

{sa}" [ [N]"{T}dd={sa}" [ [B] {}av 4.31)
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where the virtual nodal displacement vector has been pulled outside of the volume integral. Since the
virtual nodal displacements are arbitrary, they may be dropped from the previous equation, which leads to
the final form of the discretized finite element equations for the 2-D micropolar continuum with linear

kinematics, i.e.,
[, [N {1}aa = [ [B] {z}av (4.32)

where the LHS and RHS of Eq. (4.32) are the forces to due external and internal working, respectively. As
previously mentioned, the global element assembly operations and general solution procedures are
performed by Abaqus [146]. Within the UEL subroutine call, the out-of-balance nodal load vector (the

residual), {R}, and the tangent stiffness matrix, [K], and the updated material state must be returned as

arguments to the main program. The residual vector and tangent stiffness matrix are defined, respectively,

as

{R}= [ IN]'{T}aa— [ [B]' {s}av (4.33)
x] :% = J, [B] [c*][Blav (434)

where [(C"’lg ] is the constitutive tangent matrix and is obtained via consistent linearization of the

constitutive update algorithm, which is subsequently discussed in Section 4.2.3. The integration of the
element matrices is performed numerically in standard fashion using 2 X 2 Gaussian quadrature over the

natural element coordinates such that a volume integral in the ambient space is calculated as

LH)av = [ f(n)

Iav = 2o () (+ )| () (435)

where f (:L’L ) is any arbitrary function, Q° is the element domain in the global coordinate system, Q- is

the element domain in the natural coordinate system, |J | is the determinant of the Jacobian matrix in Eq.

(4.13), 7"79 are the natural coordinates of the ch' integration point, andw is the combined weighting

factor.
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Linear Triangular Element

The implementation of a linear triangular element is briefly covered in this section taking

advantage of the concepts introduced in the previous section. The triangular elements are employed

sparingly in this research as they will be used only in situations where regular mapped meshes of

quadrilateral elements cannot be efficiently created. The local and global representation of the of the LT

element are shown in Figure 4.2.

v

Ty

T

Figure 4.2: Parent isoparametric element for the linear triangular (LT) element.

The isoparametric shape functions for the LT element are given as

N=1-n-m, Ny,=mn, N;=m,

(4.36)

where the shape functions are the area coordinates [147] of a general point within the interior of the

triangle, i.e.,
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The definition of the areas in Eq. (4.37) is given with respect to the interior point P in Figure 4.2. The

shape function derivatives with respect to the natural coordinates are calculated from Eq. (4.36) as

(4.38)

The derivatives of the shape functions with respect to global coordinates are determined as before by using
Egs. (4.13) and (4.6). The shape function matrix and the strain-displacement matrix appropriate for the LT

element are given by the expressions
N =[] [N,] [N]] (439)

[B]:HBl] [B2] [B3H (4.40)

where [NI } and [BI] are defined by Egs. (4.15) and (4.19), respectively. With the substitution of Egs.

(4.36), (4.39), and (4.40) in for Egs. (4.8), (4.15), and (4.19), respectively, the FE discretization and B
method developed in the previous section applies to the LT element. Unlike the classical theory, the strain

for a micropolar continuum is not constant throughout the LT element due to the presence of the

microrotations in the shear strain definition, e.g., the &, component of [BI } in Eq. (4.19). Therefore, the

element matrices are integrated with a 3-point Gaussian quadrature formula appropriate for triangular

domains [147].

4.2.3  Constitutive Update

This section covers the algorithmic treatment for integrating the constitutive equations presented
in Chapter 3 for both the single and multicriterion theories. Within the context of the displacement-based
implicit FE method, the integration procedure is strain/deformation driven. That is to say the role of the
constitutive update is to determine the stress and updated material state at the end of the time step based on

the known equilibrium solution from the previous time step and the current approximation to the

displacement field, i.e., given the strain increment, AE, and the previous equilibrium state defined by the
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t . .

set, {E, EP ¢ }, determine the updated state expressed by ! {E, EP, C} where the left superscripts denote
the total time at the end of the previous equilibrium solution, ¢, and current step, 7, respectively. The
generic elements in the previously introduced sets are meant to represent all relevant stress, 3 , plastic
strain, EP, and internal state variable, ¢, measures for the continuum and constitutive model under

consideration. The constitutive integration algorithm presented is a rate-tangent modulus scheme which is
an explicit method. The rate-tangent method has been implemented in all versions of the UEL used in this
research; however, it will be advantageous to move to a return-mapping algorithm for increased stability

and computational efficiency when solving large scale problems.

Rate-Tangent Integration Scheme

In the rate-tangent method, all variables except for the plastic increments are integrated via the
forward Euler method, and the plastic increments are determined by solving a set of algebraic equations
derived from forward-gradient expansions of the flow rules. The rate-tangent theory applied to the
classical theory of crystal plasticity is given by Peirce et al. [148], and it has also been adapted to the

second gradient theory of Shu and Fleck [27]. Subsequent extensions to handle the micropolar constitutive

models are covered in the following subsections. The symbol “ A ” is used to denote an increment of a

'z where "z and 'z are the values of the variable at the end

given variable, x, such that Az = "z —
and the beginning of a time increment, respectively. Although several variations of the constitutive models
have been proposed in Chapter 3, the update procedure is only developed for one version of the multi- and

single criterion models. The relevant relations for any given strength model can be derived in procedurally

similar fashion.

Multicriterion Flow Rule

The rate-tangent method is developed for the constitutive model referred to as “Strength Model
Version 2” (see Section 3.4.2) in this section. This particular strength model features a threshold stress for
slip that depends on both SSD and GND densities and a curvature threshold stress that depends on the

GND density. The incremental constitutive relations for this model are given as
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The plastic increments are determined from the generalized trapezoid rule as

AN = At[(1-0) A + 07X

AN = At[(1-0)'Ae +07X¢

- sgn(%f)sgn(tgg&)

4.41)
(4.42)

(4.43)

(4.44)

(4.45)

(4.46)

(4.47)

(4.48)

(4.49)

(4.50)

(4.51)

(4.52)

where 6 is an integration parameter that is equal to one for fully implicit backward Euler integration and

equal to zero for forward Euler explicit integration. The plastic parameters at the end of the time increment

are approximated by forward-gradient expansions about the state at time ¢ as
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e = o 4 I e OX
0 Teff o'r
. . 8t)\a at)\oz
T)\i — fAI + L A e + - Arj’
J_ J_

(4.53)

(4.54)

where 7° o is the resolved shear stress, 7] is the resolved couple stress projected on the edge GND dyad,

and the derivative terms in Egs. (4.53)-(4.54) are equal to

af)\n mtﬁ/“ 8t)'\(y mt}\a

8t7—2}f o <‘t7—;f _ tra> ’ atra o _<‘t ;}f

A n, ot N n, I\

9'n0 La<‘ta/La ) ol Lawa/m

Ek
L
The resolved force and couple stress increments are expressed as

ATpff =17% . Ao = 7% : C : (AE_Z@ tNﬂA/\(j)

Ar = 'Y{ i Am = Y? D (AR -] INJAN)

and the increments in the slip and curvature thresholds are given in Egs. (4.47) and (4.48) as

ro = Cluz ﬁ [[l ’Z aﬁ)( tQX t ﬂ}A)\ﬂ
8 / @
Zéh 525 6 K X

Alj\if sgn(f ﬂ)sgn( ggL) }
a Cr h(lﬂ A)\f} ;
A= ‘%ZWZW& ‘0| L[f sgu(‘n Jsen( ‘e, |

(4.55)

(4.56)

(4.57)

(4.58)

(4.59)

(4.60)

Insertion of Egs. (4.53)-(4.60) into the generalized trapezoid rules given in Egs. (4.51)-(4.52) leads to a

coupled set of algebraic equations for the plastic increments, i.e.,
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AN = AN + OAt{"’Z’“ :C:Ag---

(4.61)
=3 (e NS = ) AN~ T AN )
AXY = AEA? + OAH{'Y[" i D AR -
(4.62)
_Z (tha N ,sz _ tH:;aﬂ)A/\f}
The tensors and matrices 'Z'*, 'H/*7, '"H,*? | 'Y|* and 'H}*” are defined as
tya
tgpla __ tga
Ze = (4.63)
eff

IS = P ar \/7[ IZ P tox Zyctgsi] (4.64)

. X e A
tpprad — _ 1_ —sgn bl Vsgn( ol (4.65)
2 9lro \/WLQ ( ) ( Gvi)

DY
Y| = t L ye (4.66)

o'm

trab _ O\ e hy” 1 tof

H] —sen ' )sen(0d, ) (4.67)

at a 2 [hla,s QGL LJ

The terms containing the plastic increments in Eqgs. (4.61) and (4.62) are gathered on the left hand side

enabling them to be expressed in a more convenient matrix notation as

Do MUTANT 0 MIPANT = Ry (4.68)

> MPAN = Ry (4.69)
where the matrices, Ml‘“@ s M;B ,and M ?"” , and vectors, Ii' and Iz, are given by the expressions

M? = 6% 4 AL('Z' 2 INT el ) (4.70)
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MY = —9At'H,™ (4.71)

M7 =627 4+ OAL( 'Y 1D NG — (H ) (4.72)
RY = At'\* + 0At'Z' : C: A& 4.73)
Ry = At'A + 0At'Y]" : D : AR (4.74)

Inspection of Eq. (4.69) reveals that the plastic rotation increments do not depend on the plastic slip
increments; therefore, the plastic rotation increments may be determined first and can then be inserted into
Eq. (4.68) to solve for the plastic slip increments.

In the most general case, an elastoplastic micropolar constitutive model has four sets of tangent
moduli that need to be determined. However, this is not the case for the multicriterion constitutive model
presently being considered as the plastic rotational increments do not depend on the plastic slip increments,

and is the reason that Eq. (4.69) could be solved directly. The four sets of tangent moduli are defined as

C_aAo B_GAG

= — = — (4.75)
0AE 0AR

p=2cm  , _04om (4.76)
0AR 0AE

For the current model, A = 0. The algorithmic moduli appropriate for the current constitutive model are

determined by solving for the plastic increments using Egs. (4.68) and (4.69), i.e.,

AN} = MGOTIR) (4.77)

AN =3 M (RP =30 ST MMM R ) (4.78)

These expressions are substituted into the incremental stress-strain relations, i.e.,

Ao =C: (AE -3 tN“AM) (4.79)
Am =D: (AR -3 NTAXY) (4.80)
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which after differentiation yield the following

C% =C — HAtZaZﬁ(C D INOMPPTHE L C (4.81)
BY = 0035, D050, 20, C s NMY M MY (482)
DY =D-3% > D:'NiMg» 'Y D (4.83)

Single Criterion Flow Rule

The rate-tangent integration method is developed for the single criterion model with an effective
stress exponent of p =2. The incremental relations for the single criterion model are Eqs. (4.41)-(4.44)
and (4.49)-(4.50), which are supplemented with the ISV incremental equations appropriate for this model,

ie.,

11
ng = tQ? +Z[E Zﬁ a@t ﬂ 2:]_/( }A)\a (4.84)
A)\a tﬂ_a
Ton = tgg B — sgn(tgg#) (4.85)

bIs L7 70
TR — fr()( +_Z h(’“ﬁ l z aﬁX tQ 2y A)\ﬁ (4 86)
) /Z oo 1g? K\ 4&=x s ¢ '

The plastic increment is determined by the generalized trapezoid rule and plastic parameter at the end of the

time increment is given by the appropriate forward-gradient expansion, i.e.,

AN = At[(1-0) K 4072 (4.87)
Tya tya A a 8")\0‘ a at)\” a
A=A +8t7A7'eff +ﬁA7ﬂ + e Ar (4.88)
eff s

For p = 2, the effective slip system flow stress has the following form for plane problems
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Therefore, the derivatives of viscoplastic relation for the plastic parameter are given as

72()( — [ TOL

eff

Q (&%
7TJ_/LJ_

8t)‘\a B mt)‘\a tTS‘f at)\a B mt/\a tﬂ'i
8t7—gff <t7ca _ tra> t,f_a ’ atﬂi B <t7ca o t’l‘a>Li t,/:a
at)'\a' mt)'\a'

8t,r,a <t7ca _ tra>

(4.89)

(4.90)

The incremental force and couple stress relations are the same as in Egs. (4.57) and (4.58) while the

threshold stress increment is given in Eq. (4.86) as

o _ GH h’ K~ i
Are =25 Zﬁ 1> s hqéz‘-‘s[ Z oo} Q:yctgg]AAj

Combining Egs. (4.87)-(4.91) leads to a single equation to be solved for the plastic increments, i.e.,

AN = AT\ +9At[tZ""' :C: Ae + th_" :D: Ak ---
_Z (tZ/a .C: NS+ tYia' D - f,Nﬁ . tHllaﬁ)AX?]

Zﬂ MaﬁA)\ﬁ = R“

where 'H'*? | M*® and R® are defined for the single criterion model as
1 g

N e p he?

trrlaf __ ﬁxt t ﬂ
Y = =1 ,/ a ~2

1 9tre 2 /Z et to 5 Z Ye O

MP = %7 4 A2/ C: NS 4 Y D NG - )

RY = At'A* + 0AL('Z" 1 C: AE + 'Y 1 D: AR)
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The constitutive update is formally achieved as in the earlier developments by solving Eq. (4.93) for the
plastic increments and then updating the incremental relations. The constitutive tangent moduli for the

single criterion model are given as

C% =C—6Aty; >  C:'N'MWZV . C (4.97)
B = —eAtZaZ ;€ INOpMeP-LY [P D (4.98)
DY =D —0AtYy ] > D: 'NGMTYP D (4.99)
A" = —OAty Y7 D INTMOTHZY L C (4.100)

It is noted that the inherently coupled nature of plastic flow due to the use of a single yield criteria is
reflected by the fact that all four sets of material tangent moduli are nonzero for the single criterion model.

It is clear from the inspection of Eq. (4.95) that even in the absence of threshold stress evolution (i.e.,
tHl' @% = 0), the cross-term tangent moduli, B*Y and A, are nonzero; this is not the case for a general

multicriterion model.

4.3 User Element Subroutine Benchmark and Validation

The finite element formulation and implementation are verified by considering three initial-
boundary value problems: (i) simple shearing of a constrained semi-infinite layer, (ii) the stress
concentration at a circular notch, and (iii) strain-localization in a strain-softening bar. The first two
problems are examined for an isotropic linearly elastic micropolar continuum and have well-known
analytical solutions, which are used to demonstrate the basic performance of the element and to establish
convergence rates for the kinematic solution variables as a function of FE discretization size. The third
problem does not have an analytical solution and is intended to demonstrate that the FE solutions for the
regularized micropolar continuum display convergent behavior with mesh refinement, as distinct from

pathological localization of solutions obtained using classical local continuum theory.
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4.3.1 Simple Shear of a Constrained Semi-Infinite Layer

The initial-boundary value problem considered here is shown schematically in Figure 4.3. The

layer of material is assumed to be infinite in the direction of the applied displacement (., -direction),
thereby rendering the problem spatially 1-D with all field variables depending only on the z, -coordinate.
The relevant kinematic DOF are the displacement in the x, -direction, u,(x,), and the microrotation about

the x, -axis, (;_53(:162).

upper boundary: -3 =0

A\ 4

I

Y

lower boundary: uy=u=¢ =0

Figure 4.3: Geometry and boundary conditions for the constrained shear initial-boundary value
problem.

Under these conditions, the nonzero generalized strain and stress components are given, respectively, as

g = Uy +éy . & =0
(4.101)

Kgy = ¢3,2
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012:(M+/‘c>512 +<M—Hc)§21 , 021:(u_#c)g12+<u+uc>gﬂ
(4.102)
M3 :(5—’”’?32 o Mgy :(ﬁ+7)5}2

The non-trivially satisfied equilibrium equations are given as

0190 = 0

(4.103)
M3o9 — (012 - ‘721> =0

Insertion of Egs. (4.101) and (4.102) into (4.103) yields the following set of coupled partial differential

equations for the for two variables, u, and 53 ,1.e.,

(“ + %)“1,22 + 2%(?_53,2 =0

(4.104)
(/6 + 7)53,22 =24, (“1,2 + 253) =0

Using the simplified notation u; = u and 53 = ¢ and using “prime” to designate differentiation with

respect to the x, -coordinate, Eq. (4.104) may be concisely expressed as

u” +2N%¢ =0

(4.105)
_ IN?
¢//

_2Ne yag) =0
(1—N2)€§<u )

c

where the following relationships between micropolar elastic material constants have been used

(4.106)
"

(4.107)
6(0)=¢(H)=0
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where I = o / H is the average macroscopically applied shear strain and the solution is given as

sinh[z2 +sinh[H€I2]sinh[f]

¢(z,) = —u 2 " - H2 (4.108)

2|N ¢ |cosh| ~—|—1|— Hsinh|—

, ‘ ‘,

H - 2
cosh[%]cosh :1:2] %2 sinh[H +cosh[H]1
u(z,) = L b Nty K b (4.109)
2| cosh E — a sinh E -1
2 Nt 2

where the additional material length scale, ¢, = ¢, / 2N, has been introduced. Therefore, in addition to
layer thickness, H, the mechanical response depends on two material parameters, £, and ¢, (or

alternatively N_ ). Recall, that the parameter N, is related to the relative rotational stiffness of the
micropolar continuum, such that the solution to the constrained shear problem not only depends on the
intrinsic material bending stiffness, as manifested by /., but also on the difference between the material

rotations and microrotations. Analytical solutions to this problem have been previously developed in the
works of Diebels and Steeb [149] and Neff and Miinch [150]. The solution to this initial-boundary value
problem for a full second-gradient continuum (for the displacement field) has been derived by Luscher

[151] and is given here for comparison as

H_
cosh[?]cosh[ i IQ]IQsinh[f + cosh

* L.
cosh E -1 —Esinh E
Y4 J4 Y4

*

* * *

=1-1
izy) = u 6*] (4.110)

2

* *

where the tilde has been added to Eq. (4.110) to distinguish it from the previously given micropolar
displacement field. A comparison of the two solutions reveals that they are quite similar with the

distinction being that the second-gradient response is dependent only on a single material length scale, i.c.,
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by = 2((13 + a4> / 1t where a, and a, are higher-order material constants appropriate for the second-

gradient theory with units of force. The analogy between the micropolar material length scale, £, , given
in Eq. (4.106), and the second-gradient length scale is obvious; however, the role played by each is

different. The functional dependence of the second-gradient solution on £, is replaced by £, (notby £, )
in the micropolar solution. Only in the case where N, = 1 would the two solutions coincide where

. =1,/2. However, if N, = 1 the problem becomes ill-posed due to division by zero (see
Eq. (4.105),), and the strongest statement that can be made is that the two solutions will approximately
coincide when N, ~ 1.

Prior to comparing the FE simulation results to those obtained from the analytical solution, it is
useful to explore the range of predicted behaviors for different sets of material parameters. For brevity,

only a few representative solutions are given here. The response of a 1um thick layer is presented for two

values of the micropolar coupling constant, N, € {0.25, 0.99}, and for each value of N, four different

effective layer thicknesses are considered, i.e., H / ¢, € {2,10,50,1000}, leading to a total of 8 different

simulation cases. This range of material parameters has been chosen to explore a wide range of material
response. Films with smaller values of the coupling parameter will allow more deviation between the
material rotations and microrotations, and films with smaller effective film thicknesses will have a higher

bending stiffness. A shear modulus representative of aluminum is used, ¢ = 26.3 GPa, and it assumed

without loss of generality that o = (3 (see Eq. (4.105)) so that ¢, is determined by a single constitutive

parameter. For ease of reference throughout the remainder of this subsection the simulated cases, labeled

1-8, are listed with their corresponding material constants in Table 4.1.
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Table 4.1: Test cases and the associated nonlocal material parameters for the constrained shear
simulations for an elastic material.

Case N, H/{ B (MPa-nm’)

1A 0.25 1000 1.315E+04
2A 0.25 50 5.260E+06
3A 0.25 10 1.315E+08
4A 0.25 2 3.288E+09
S5A 0.99 1000 1.315E+04
6A 0.99 50 5.260E+06
TA 0.99 10 1.315E+08
8A 0.99 2 3.288E+09

The analytical solutions for each case are presented in Figure 4.4 in terms of the normalized response

variables, ¢ / ¢ and Au / u *, where ¢ = —I" / 2 is the material rotation angle that would be predicted

by the classical theory of elasticity and Au = u — I'z, is the shear difference [150]. The shear difference

is chosen as the representative response variable instead of the displacement field to more clearly highlight

how changes in material parameters influence the displacement field.
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Figure 4.4: Analytical solutions for the normalized response variables for Cases 1-4A (N, = 0.25)

(a) and (b) and for Cases 5-8A (N, = 0.99) (c) and (d).

An examination of the normalized microrotation profiles reveals that two different trends in

behavior are exhibited for the different values of the coupling parameter as the length scale is varied. For

both values of the coupling parameter considered, the microrotations for the largest effective film

thicknesses have a negligible boundary layer and display essentially uniform microrotations throughout the

film thickness with the magnitude of the microrotation corresponding to that which would be predicted by a

classical continuum model. In other words, as the effective film thickness approaches infinity (negligible

material length scales) the result approaches that of the classical continuum. As the material length scale is

increased for N, =0.25, the boundary layer increases and the magnitude of the microrotation either
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remains approximately the same (Case 2A) or decreases (Cases 3A and 4A) with respect to the baseline
case. In contrast, for N, =0.99, an increase in the material length scale coincides with increases in the
boundary layer width and the peak magnitude of the microrotation with respect to the baseline case.

Turning attention to the shear difference plots (Aw / u' ), different trends are also observed with respect to

changes in the material length parameter for the different values of the coupling parameter. It is

noteworthy to point out that the shear difference is an order of magnitude lower for Cases 1-4A as

compared to Cases 5-8A, and also that for N, = 0.25 continued increases in the material length scale do

not correspond with increases in the peak magnitude of Aw . In this case, the peak magnitude of the shear

difference increases with decreases in the effective film thickness (Cases 2A and 3A) up to a certain critical
length scale, which lies somewhere between 10 > H / ¢ , = 2. Case 4A, which considers the smallest
effective film thickness, exhibits a marked decrease in the maximum shear difference as compared to Cases
2A and 3A. On the other hand, in Cases 5-8A (N, = 0.99) this type of transitional behavior is not seen, at

least not for the material length scales considered here, and a consistent increase in the shear difference is
seen to coincide with increases in the material length scale parameter.

To evaluate the performance of the UEL subroutine, a select number of simulation cases are
considered which represent a broad range of the qualitative response characteristics displayed in Figure 4.4.
Simulation cases with large (Case 8A), moderate (Case 2A), and negligible (Case 5A) boundary layer
widths are considered, where the boundary layer width is defined in terms of the uniformity of the
microrotation field throughout the layer. For example, Case SA has a nearly uniform microrotation field
throughout the layer except for regions near the top and bottom surfaces (see Figure 4.7(a),(b)). This is
representative of a very narrow boundary layer. On the other hand, the microrotation field for Case 8A is
parabolic attaining a maximum value at the half-layer height as shown in Figure 4.6, and represents a large

(over the entire thickness) boundary layer. A fourth case, denoted Case 9A, is considered where the non-
traditional elastic constants are negligible, i.e., N, = 0.001 and H / ¢, = 1000. Although plots of the

normalized response variables are not shown for Case 9A, their qualitative features are similar to those of

Case 8A.
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The FE simulation results are given in Figure 4.5-Figure 4.7, where the normalized response

variables are plotted versus the analytical solutions for various discretization sizes. The mesh densities are
uniform in the z,-direction and a single element is used in the z, -direction with appropriate periodic

boundary conditions applied on the displacements and microrotations on the left and right faces of the
mesh. The mesh densities are indicated in the figure captions such that “Mesh 20 is indicative of a mesh
that has 20 elements through the thickness of the layer. Visual inspection of the results shown in Figure 4.5
and Figure 4.6 indicate that mesh densities of 50 elements are sufficient for accurately capturing the
kinematic response for Cases 2A and 8A; however, a significantly higher mesh density of 5000 elements,
as shown in Figure 4.7(b), still does not quite match the analytical solution for Case SA. A quantitative
analysis of the convergence behavior and the observed rates of convergence for the different simulation
cases are given in Figure 4.8 and Table 4.2, respectively, for both the microrotation and displacement
fields. In determining the error between the FE and analytical solutions, an error ansatz must be adopted.

A number of different error measures could be considered as discussed in Belytschko et al. [144], but in
this work a measure employing the £, norm for continuous functions is adopted. The £, norm is defined

as

1/2
112, = {ﬂw cm} Wi

Q

where f(z) denotes an arbitrary continuous function and 2 is the domain of the function. A normalized

error measure is then introduced as

|é(=) - ala)l,
la(=)l,

(4.112)

error =
where d(z) is the solution field obtained from the FE analysis and a(z) is the field obtained from the

analytical solution. The error measure is assumed to behave asymptotically with respect to mesh

refinement such that it can be described by the general power-law form, i.e.,
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By
error = C’[E] (4.113)

where C' is a constant, h is the element size, H is the layer thickness (see Figure 4.3), and p is the
exponent indicating the order of convergence. Figure 4.8 shows the computed error in the FE solutions

plotted against the relative element thickness, h / H . Except for the displacement field in simulation Case

9A, all of the simulation results display monotonic convergence behavior with the rate of convergence
given in Table 4.2. Recall that for simulation Case 9A, the non-traditional elastic constants are negligible
and it is not surprising that there is no improvement in the displacement field approximation with mesh
refinement. It is noteworthy that the order of convergence for all cases, excluding Case 5A (and the
previously mentioned displacement field for Case 9A), is approximately p = 1.7-2.0 even though the
displacement and rotation fields are bilinearly interpolated throughout the element. As might be expected,
the simulation case with the sharpest boundary layer transition, Case 5A, displays the worst convergence
behavior with orders of convergence equal to 0.42 and 0.67 for the microrotation and displacement fields,
respectively. The large gradients in the kinematic fields for this case are the cause of the slower rate of
convergence. Despite the lower-order of convergence for this particular simulation case, the element
performance is deemed to be acceptable and enables one to conclude that the basic element functions and

algorithms are performing as intended since the analytical solution is being approached.
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Figure 4.5: Comparison of the normalized response variables obtained from the analytical solution
to FE results for different discretization sizes for Case 2A (a) normalized microrotation and (b)
normalized shear difference.
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Figure 4.6: Comparison of the normalized response variables obtained from the analytical solution
to FE results for different discretization sizes for Case 8A (a) normalized microrotation and (b)
normalized shear difference.
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Table 4.2: Observed order of convergence, p, for the error based on the £, norm for the

microrotation and displacement fields for select simulation cases.

exponent p
Case N, H/¢ B (MPa-nm?) 3 -
2A 0.25 50 5.260E+06 2.08 2.02
5A 0.99 1000 1.315E+04 0.42 0.67
SA 0.99 2 3.288E+09 1.72 1.73
9A 0.001 1000 1.315E+04 2.00 0

4.3.2  Stress Concentration at a Circular Notch

Given that the implementation has been validated in the solution of the constrained shear problem
with respect to accurately capturing the microrotation and displacement fields for a range of non-traditional
elastic constants, a second initial-boundary value problem which features gradients in the stress fields is
simulated to further test the UEL subroutine. The initial-boundary value problem considered is a plate with
a circular notch subjected to remote uniaxial tension, and the analytical distribution of the principal stress
component and the stress concentration factor are compared to FE simulation results for different mesh
sizes. This is a fairly standard problem used to validate and benchmark the performance of various
micropolar FE implementations [152-156]. The analytical solution to this problem can be found in Eringen

[134] and was originally derived by Kaloni and Ariman [157]. Consider an infinite plate with circular

notch of radius, R, subjected to a remote tension, P, at r; = oo as shown in Figure 4.9.
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Figure 4.9: Geometry and boundary conditions for stress concentration initial-boundary value
problem.

Considering a cylindrical coordinate system whose origin is located at the center of the notch, the analytical

solution for the o, component of stress is given as

A 6 6A
Tpp :5(1—00520)——14— ﬁ——“ cos20 - --
92 2 -4 4
(4.114)
2A. | 3¢ 603
- —QKU - +14+—2 K, L cos 20
[27‘ T 52 7‘2 62
where the constants Az have the definitions
PR*(1-F, 1—v)R**P
A1=—£R2 ’ AQZ— ( 1) ’ A4:( ) 1
2 4(1+ R) 1+ R
(4.115)
A PRI,E
P (LR (R L)
Here, F) is defined as
-1
2 K, (R//{
F, =8(1—v)N? 4+R—2+ﬁM (4.116)
Gy K (R L)
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Both the stress concentration factor, K = o, (r = 0,0 = m /2) / P, and the o, stress component for

0 = w / 2 are compared to the results of the finite element simulations for the different combinations of

non-traditional elastic constants listed in Table 4.3. The classical elastic constants are taken to be

@ = 25GPaand v = 0.3.

Table 4.3: Test cases and the associated nonlocal material parameters for the stress concentration
simulations for an elastic material.

Case N, R/¢, B (MPa-mm’)

1B 10* 10 1.25
2B 10* 1 12.5
3B 10* 0.1 12,500
4B 0.5 10 1.25
5B 0.5 1 12.5
6B 0.5 0.1 12,500
7B 0.99 10 1.25
8B 0.99 1 12.5
9B 0.99 0.1 12,500

The FE simulation is setup as a quarter symmetry model with symmetry boundary conditions

applied along the bottom (z, = 0) and left (2, = 0) faces of the mesh, and the remote load has been

applied in the z, -direction. Since the analytical solution is derived for an infinite plate, the edge length of

the quarter symmetry FE model is taken to be H = 100R in order to minimize the influence of boundary

effects on the stress fields in the near-notch region. It is noted that the analytical solution was derived for

remote loading in the z, direction; accordingly, the stress distribution and stress concentration factor along

the plane z, = 0 and at point (R / 2,0), respectively, from the FE simulations are compared with the

analytical solution to account for the change in loading direction. Three different mesh densities are
considered, as shown in Figure 4.10, with 8, 16, and 32 elements, respectively, along the perimeter of the

notch. Figure 4.10(a) shows the typical mapped mesh pattern used in the far-field region. A uniform
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displacement boundary condition is applied to the top surface of the plate such that a unit 1 MPa remote

0, stress field is induced. The boundary conditions are stated as

Uy (2,,0) = 53(1:1,0) =0
Uy (0,2,) = ¢3(0,2,) = 0 (4.117)

ty (7, H) = 0.14pm

where H is the edge length of the FE model.

(a)

20N

(b) () (d)

Figure 4.10: Finite element discretizations used in the mesh convergence study for the stress
concentration at a circular notch (a) typical far-field mesh (b) Mesh 8 (c) Mesh 16 and (d) Mesh 32.
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The stress concentration factors obtained from the FE simulations for all considered cases are
given in Table 4.4 along with the corresponding values obtained from the analytical solution, the relative
error, and the order of convergence. Unlike the previous error analysis for the constrained shear problem, a

local error measure is employed here and is defined as

error = —————— (4.118)

where KT and K_are the FE and analytical stress concentration factors, respectively. Inspection of the

results shows that all simulation test cases have an error of less than 5% for the finest discretization size,
with all but Case 7B being characterized by an error of less than 2%. As compared to the constrained shear
FE solution, the order of convergence for the stress concentration factor is generally lower and ranges from

p = 1.08-1.41. Interestingly, slightly higher convergence rates are observed for Cases 7-9B which employ
large values of the micropolar coupling parameter (N, = 0.99) as compared to the other cases, and is

counter to the trend observed in the constrained shear problem. It is also noted that, as in the constrained
shear problem, the simulation cases associated with the largest values of the micropolar coupling parameter
display larger errors with respect to the analytical solution regardless of the mesh density, and the largest
error observed in the solution of both initial-boundary value problems corresponds to cases with large

micropolar coupling constants and small elastic material length scales, i.e., Cases 5A and 7B. The
connection between material descriptions using a large value of N, and the associated increase in error can
be rationalized in terms of the significant increase in the element stiffness that results from using very large
values of the micropolar coupling parameter. To further demonstrate the element performance, the o,,
component of the stress tensor is plotted versus position from the notch for select simulation cases as
shown in Figure 4.11. These plots reveal that for Case 7B (the simulation with the largest error in K ),

that very good agreement between the FE and analytical solutions is obtained within a few element
spacings from the notch root, even for the coarsest mesh. This implies that if a global error measure such
as that introduced in Eq. (4.112) had been used to evaluate the element performance for this initial-

boundary value problem that the measured discrepancy between the two solutions would be even less. To
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further illustrate this point, the o,, contours are shown in Figure 4.12 for Case 7B, where the legend has

been cropped to have a maximum value equal to that predicted by the analytical solution. Figure 4.11
demonstrates, at least for the two finest meshes, that changes in the predicted stress field in the near-notch

region are primarily restricted to the first few rows of elements in from the notch perimeter.

Table 4.4: A comparison of the analytical and FE stress concentration factors for three different
mesh densities.

Case Analytical ~ Mesh 8 error Mesh 16 error Mesh 32 error p
1B 3.000 2.801 0.0710 2.904 0.0331 2.953 0.0159 1.08
2B 3.000 2.801 0.0710 2.904 0.0331 2.953 0.0159 1.08
3B 3.000 2.801 0.0710 2.904 0.0331 2.953 0.0159 1.08
4B 2.978 2.775 0.0732 2.881 0.0337 2.933 0.0153 1.13
5B 2.641 2.489 0.0611 2.566 0.0292 2.605 0.0138 1.07
6B 2.487 2.354 0.0565 2421 0.0273 2.455 0.0130 1.06
7B 2.975 2.366 0.2574 2.679 0.1105 2.858 0.0409 1.33
8B 2.340 2.116 0.1059 2.239 0.0451 2.299 0.0178 1.28
9B 1.865 1.726 0.0806 1.811 0.0299 1.844 0.0114 1.41

2.8 : : : 3.0
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24 O Mesh8 1 26 ¢ R M("ig(
29 b Mesh 16 ] 24 ¢ Mr:%h 16
gj 2.0 F o Meshaz g 22y O Mesh 32
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(a) (b)

Figure 4.11: Representative plots of o,, versus position along the line z, = 0 for the different mesh
densities: (a) Case 5B and (b) Case 7B.
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Figure 4.12: Contours of o0, in the near-notch region for Case 7B (a) Mesh 8 (b) Mesh 16 and (c)
Mesh 32.

4.3.3  Strain Localization in a Strain-Softening Bar

The previous two code validation problems have demonstrated that the element is performing as
intended in the solution of elastic initial-boundary value problems. In an effort to establish that the
constitutive update is performing adequately for the full range of capabilities, an initial-boundary value
problem utilizing an elastic-plastic constitutive description is solved. The specific problem examined is that
of strain-softening plate subjected to a uniform axial displacement, as shown in Figure 4.13. This sort of
initial-boundary value problem is often used to demonstrate and establish the mesh regularization
capabilities of nonlocal continuum theories, as compared to the classical local continuum theory which
yields non-convergent solutions to such problems due to the lack of material length scale in the governing
equations. Similar strain localization studies using micropolar continuum theories have been performed by
de Borst [158], de Borst and Sluys [159], and Sharbati and Naghdabadi [155]. Convergence of both the
global response given in terms of the force-displacement curve and the local response given in terms of the
peak principal plastic strain component across the midsection of the plate are investigated and

demonstrated.
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Figure 4.13: Geometry and boundary conditions for the strain-localization initial-boundary value
problem.

The geometry and boundary conditions applied to the rectangular plate of dimensions 120 mm X

60 mm are given in Figure 4.13. The left edge of the plate is constrained against displacement in the z, -

direction and the midpoint along this edge also constrained from displacement in the z,-direction to

eliminate rigid body modes of deformation. The top and bottom surfaces are traction free and a uniform
displacement, ¢ , is applied to the right edge of the plate. The formal statement of the boundary conditions

is given as

u (0,2,) =0 , wu(0,H /2)=0
(4.119)
u,(W,z,) = 4.2mm
The single criterion constitutive model is used in this series of simulations with the slip systems oriented

such that a single system (s?) is aligned along the ¥, -axis (see Figure 4.13), and the material parameters

are given in Table 4.5 and have been taken in accord with those used in Sharbati and Naghdabadi [155].
To this end, one should not pay too much attention to the actual values of the constants in relation to their

physical meaning since the model advanced by them is phenomenological and the simulation is intended,
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as in the present case, merely to serve as a computational exercise to demonstrate the numerical

performance of the FE implementation. The strain-softening constitutive behavior is prescribed be setting
the dislocation segment length constant, K, to zero while specifying the capture radius, ¥, , to a positive
value. This is equivalent to specifying a linear softening modulus. A weakened element with a lower
initial slip threshold strength (g, = 2.85x10' mm™), as shown in Figure 4.13, is used to trigger the strain

localization.
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Table 4.5: Material parameters used in strain localization simulations for an elastic-viscopolastic
material.

Parameter Symbol  Magnitude  Unit
Young’s modulus E 4 GPa
Poisson’s ratio v 0.49 -
Coupling parameter N, 0.75 -
Elastic length scale e, 4 mm
Plastic length scale L, 4 mm
Reference threshold stress 7, 0 MPa
Threshold stress strength coefficient o 0.5 -
Burgers vector magnitude b 0.3 nm
Dislocation interaction coefficients L 508 -
Initial SSD density 90 3.02x10"°  mm?
Dislocation immobilization coefficients a? s -
Dislocation segment length constant K 0 -
Dislocation capture radius Y, 0.75 nm
Reference slip rate Yo 107 s
Drag stress g 8 MPa
Inverse rate sensitivity exponent m 20 -

The FE simulations are performed for a number of mesh discretizations; the meshes are comprised

of uniform distributions of the Q4 element, and the mesh density is indicated in the results by the number
of elements in the z, -direction. For example, “Mesh 400 indicates that 400 elements have been used

along the width of the plate. Prior to delving into the results obtained using the micropolar model of crystal
plasticity, simulation results acquired using a classical local crystal plasticity constitutive description are
examined. Figure 4.14 shows the force-deflection response predicted by the classical theory for four
different mesh densities. While the initial post-yield behavior is the same for each discretization, a mesh-
dependent deviation in the simulated response curves is seen to occur around an applied displacement of
approximately 6 ~ 3.3 mm. The general trends observed in the force-deflection responses as a function
mesh density are such that the coarser meshes begin deviate at lower applied displacements and display
smaller load drops, whereas simulations with finer discretizations maintain the linear softening behavior for
a longer duration and exhibit much larger load drops. For example, the force-displacement curve for Mesh

20 begins to depart from the linear behavior around 6 =~ 3.3 mm and the load drop between this point and
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the final applied displacement is approximately Af,) ~ 900 N, whereas for Mesh 280 there is an abrupt

load drop at § ~ 4 mm equal to Af,q, ~ 3600 N. Since there is no regularizing length scale in the local

constitutive formulation, the element size dictates the localization behavior such that as the mesh is refined,
the peak intensity of the plastic strains within the localization zone increases and the localization band

decreases in thickness, as shown in Figure 4.15 and Figure 4.16, respectively. Figure 4.16 contains contour
plots of e} for the four discretizations considered where the contour legend has been cropped in

accordance with the micropolar results that are as of yet to be presented. The main points to take away
from this Figure are the decreasing thickness in the localization band with continued mesh refinement, and
also that for the two finest discretizations secondary and tertiary localization bands are seen to form, which

further underscores that the simulations are not converging to a unique solution. This claim is also
supported by the plots shown in Figure 4.15 where it is seen that the maximum value of &f, along the

midsection of the plate increases in divergent manner with decreases in element size. These are well-
known limitations of classical continuum theories that arise in the numerical solution of initial-boundary

value problems exhibiting localization behavior.
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Figure 4.14: Force-displacement curves for the strain-softening plate obtained using the classical
local crystal plasticity model for different FE discretizations.
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Figure 4.15: (a) Plot of ; versus normalized position along the line z, = I /2 for the strain-
softening plate as predicted by classical crystal plasticity for various mesh densities and (b) the peak

value of , along this line plotted as a function of normalized element size.
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Figure 4.16: Contours of &, for the strain-softening plate obtained using the classical crystal

plasticity model for different FE discretizations (a) Mesh 20 (b) Mesh 40 (c) Mesh 100 and (d) Mesh
280.

Turning attention to the results of the FE simulations employing the micropolar crystal plasticity
constitutive model, it is seen in Figure 4.17 that the global response is stable and does in fact converge to a
unique solution when the mesh density is increased. The exploded view of the force-deflection response
given in Figure 4.17(b) reveals some slight deviations for the coarser meshes (Mesh 20 and Mesh 100), and

identical results for the remaining discretizations indicating that the solution has converged with respect to
this aspect of the deformation behavior. In Figure 4.18, the distributions of €} along the midspan of the

plate are shown for various mesh densities, and it is in contrast to the results obtained from the classical

theory that the micropolar model appears to be converging to a unique solution, albeit rather slowly.
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Figure 4.17: Force-displacement curves for the strain-softening plate obtained using the micropolar

crystal plasticity model for different FE discretizations (a) normal view and (b) zoomed view.
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Figure 4.18: Distributions of £, versus normalized position along the midspan (z, = H / 2) of the

strain-softening plate obtained using the micropolar crystal plasticity model for different FE
discretizations.
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To determine the rate of convergence for this local aspect of the deformation response, the peak value of
g}, along the midplane of the plate for each mesh density is plotted as a function of normalized element

size as shown in Figure 4.19(a). These results indicate that the convergence behavior is non-monotonic
over the entire range of discretization sizes considered, and in fact the solution is seen to decrease in
accuracy with mesh refinement when the normalized element size is in the range of 0.017 < h /W <
0.06. However, below a certain critical size (h /W = 0.012) the solutions display the expected
monotonic convergence behavior with further decreases in element size. Since an analytical solution is
unavailable for this initial-boundary value problem, an estimated solution is obtained by extrapolating the

converging series of results as shown in Figure 4.19(b). The extrapolated maximum value is calculated to
be g} = 0.017, and the error in the FE simulations calculated based on this approximate solution are given

in Figure 4.19(c) where a local error measure as introduced in Eq. (4.118) has been used. The order of
convergence for the local response has been determined to be p = 1.84, and is in agreement with the
convergence rates obtained for the previous validation problems given in Sections 4.3.1 and 4.3.2.
Although, it is again pointed out that this convergence rate has been determined from a limited subset of the

available FE simulation data. As a final demonstration of the convergent behavior of the FE solutions and
also to contrast with the results from the classical theory given in Figure 4.16, contours of &/} for various

FE discretizations obtained using the micropolar constitutive model are given in Figure 4.20. The contour
plots reveal that as the mesh density is increased, unlike the FE results obtained using the classical theory,

the width of the localization band stabilizes and no additional localization bands are formed.
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Figure 4.19: Local response and error analysis for the strain-softening plate obtained using the

micropolar constitutive model (a) maximum value of £} along the midspan plotted versus

normalized element size, (b) extrapolated solution for maximum value of £} along the midspan as

determined from converging FE results and (c) error in FE simulations calculated with respect to the
extrapolated solution.
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Figure 4.20: Contours of £/ for the strain-softening plate obtained using the micropolar crystal

plasticity model for select FE discretizations: (a) Mesh 20, (b) Mesh 100, (¢) Mesh 220, (d) Mesh 320
and (e) Mesh 400.

4.4  Summary

This chapter has presented the development, implementation, and validation of a 2-D plane strain
FE formulation of the micropolar single crystal plasticity theory given in Chapter 3. The governing
equations for both bilinear quadrilateral (Q4) and linear triangle (LT) elements have been derived and
discussed. A rate-tangent modulus integration scheme appropriate for the constitutive models introduced in
Chapter 3 has been developed for both single and multicriterion flow criteria. The element-level equations
have been implemented in the commercial FE software Abaqus/Standard [146] as a UEL subroutine, and

the numerical implementation has been verified through a series of benchmarks and validation procedures
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to ensure that the element performs as intended. The validation process has demonstrated that the element
is functioning properly, and provides confidence in the results obtained for more complex initial-boundary

value problems in the remainder of the research.
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CHAPTER 5

NUMERICAL SIMULATIONS: SINGLE CRYSTALS

5.1 Introduction

This chapter presents an application of the micropolar single crystal elastic-viscoplastic
constitutive formulations given in Chapter 3 to solve several prototypical initial-boundary value problems
that frequently appear in the generalized continuum literature. Specifically, the problems to be considered
are: (i) simple shearing of constrained thin films (ii) pure bending of thin films and (iii) simple shearing of
metal matrix composite with stiff elastic inclusions. These particular initial-boundary value problems are
appealing because there is a relatively large body of literature concerning their solution using both nonlocal
continuum theories as well as discrete dislocation dynamics. As such, these related works give insight into
the characteristics of the expected material response and provide valuable comparison points for the
developed models. The chapter begins with an exploratory exercise in which various aspects of the
different multi- and single criterion flow theories are compared and contrasted via the solution to the
constrained shear problem. The intention is to gain an understanding not only of how results obtained from
the two frameworks differ, but also to develop intuition as to how the non-classical material constants both
qualitatively and quantitatively affect different aspects of the deformation behavior. With this knowledge
in hand, the micropolar models are then calibrated to discrete dislocation dynamics simulations of

equivalent initial-boundary value problems.

5.2 Constitutive Model Parametric Study and Comparison

The initial-boundary value problem of simple shearing of a constrained thin film, as considered in
the numerical validation study in Chapter 4 for a purely elastic material, is studied here for an elastic-

viscoplastic single crystal. The goal of this study is to systematically explore the influence of the non-
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classical material parameters on the deformation behavior of the single crystal. The geometry and

boundary conditions are identical to those considered in Chapter 4, and are given again in Figure 5.1 for
ease of reference. The slip systems, denoted by the slip directions s' and s in the figure, are separated by

60° and the crystal orientation is defined by the angle ¥ which is the angle between the z, axis and s'.

The film has thickness, H , in the z,-direction and is infinite in the z, -direction. The bottom surface is

rigidly clamped against displacements and microrotations, and a uniform displacement is applied at the top

surface while the vertical displacement and microrotation are constrained. In each simulation, the films are
subjected to an average macroscopic shear strain, I' = u / H = 0.03, which is applied at a rate of

I' = 107 s™! and then unloaded back to zero strain at the same rate.

u =u*=TH
wm=¢ =0
\ 7/ A
\ 7/
\ /
2 1
S s A
N 7
Y S
\ )
v ‘\
. o

A
A 4

ul:u2:<$:0 W

Figure 5.1: Geometry and boundary conditions for the constrained shear initial-boundary value
problem.

~ 140 ~



The boundary conditions are stated as

Ul($l70,t) = U2<£L'1,0,t) = Q_S(:Ep()at) =0 (51)
u(z, H,t) =T(OH , uy(z,H,t)= 5(901711775) =0 (5.2)

u (2, t) = (1 2y,1)  w(H 3, 0) = uy (=1, )
5.3)

5(+%7$27t) = 5(7%71‘27”

Due to the periodicity of the problem, a simple FE discretization is employed with 200 elements in the z, -
direction and a single element in the z, -direction with appropriate boundary conditions applied to the a;f“

and z; faces (see Eq. (5.3)). The periodic boundary conditions are implemented in Abaqus via linear

multi-point constraints.

Previous works that have studied this simple, yet illustrative initial-boundary value problem with
generalized crystal plasticity models are those due to Shu et al. [160], Bittencourt et al. [23], Svendsen and
Reese [161], Arsenlis et al. [78], Evers et al. [14], Sedlacek and Werner [79], Yefimov and Van der
Giessen [162] Kuroda and Tvergaard [66], Roy and Acharya [95], Gurtin et al. [18], Hunter and Koslowski
[163], and Limkumnerd and Van der Giessen [90]. The majority of these previous contributions have
focused on comparing the nonlocal crystal plasticity simulation results to those obtained from the discrete
dislocation dynamics simulations of Shu et al. [160], and such a comparison with respect to the micropolar
models is presented in Section 5.3.1. Herein, the focus is on performing simulations to elucidate the
various sources of material strengthening within the micropolar theory, their impact on the resulting
deformation behavior, and to highlight the differences between the single and multicriterion formulations.
Connections between the micropolar and alternative nonlocal crystal plasticity theories are made where
possible.

Reducing the 3-D inelastic constitutive equations given in Chapter 3 to the problem at hand
eliminates all terms associated with plastic torsion and therefore GN screw dislocations. As such, several of
the non-standard material parameters are eliminated. As compared to an analogous classical crystal

plasticity formulation, the number of additional model parameters needed to define the viscoplastic

~ 141 ~



response for the multi- and single criterion theories developed in Chapter 3 for the various strength models

is summarized in Table 5.1, where the slip system superscripts have been suppressed for notational
convenience and /{7 is the GND interaction matrix. It is clear from Table 5.1 that several additional

material parameters are required to define the inelastic response for the multi- as compared to the single

criterion model. To simplify matters, the following assumptions are made regarding the additional material

parameters for the multicriterion model: ¢ , = 7,, 9, = g, ¢; = ¢, and hf‘j = h%% and n L=m.

The remaining plastic curvature flow rule parameters, L, and r ,, are given on a case-by-case basis for

each set of simulations. To facilitate comparisons with prior related studies [18, 23, 90, 160, 162], material
parameters similar to those used by Shu et al. [160] have been employed. The set of fixed parameters is

listed in Table 5.2 and the rest are explicitly stated during the discussion of the results, and it is noted that
the interaction matrices, h*?, h[jﬂ ,and a®?, are given by the second-order identity matrix, §*”. The

majority of the simulations are performed with ¢ =60° in accordance with the prior related works;
however, this section concludes with a brief look at how the mechanical response changes for different
crystal orientations. For ease of reference, the key features of the various multicriterion strength models

are briefly recalled here (see Chapter 3 for full detail).

Multicriterion Version 1 (MCV1)

¢ Slip threshold is governed by a generalized Taylor relation, r* = 7" + ,uclb\/ E 5 R (08 + af) .

¢ Curvature threshold is constant, r* = r{';.

Multicriterion Version 2 (MCV2)

¢ Slip threshold is goverened by a generalized Taylor relation, r* = 7" + uqb\/ Z ﬂh‘w (0§ +05)-

¢ Curvature threshold is governed by the GND density, " = r{\) + uc,b Ze oo

%1 ‘ :
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Multicriterion Version 3 (MCV3)

¢ Slip threshold is goverened by a generalized Taylor relation, 7" = 7" + puc,b,| Zﬂ he? 05 -

O Curvature threshold is governed by the GND density, 7' = 7 + uc;b,/> p oo gg N ‘ .

Table 5.1: Nonlocal inelastic constitutive parameters that are required for the various micropolar
models in addition to those that are needed to define an analogous local model.

Model Nonlocal Inelastic Constitutive Parameters
Multicriterion Version 1 Lo,o0,T0,9,-7
Multicriterion Versions 2 & 3 Lo,o0, 0 > hjfa s g,
Single Criterion Model L,

Table 5.2: Fixed material parameters used in the parametric study of the constrained shear
simulations for an elastic-viscoplastic single crystal.

Parameter Symbol = Magnitude  Unit
Shear modulus Iz 26.3 GPa
Poisson’s ratio v 0.33 -
Coupling parameter N, 0.95 -
Reference slip threshold stress i 0 MPa
Threshold stress strength coefficients ¢y 0.5 -
Burgers vector magnitude b 0.3 nm
Dislocation interaction coefficients he?, hfﬂ §o8 -
Initial SSD density %0 10.5 um?
Dislocation immobilization coefficients P 58 -
Dislocation capture radius Y, 0 nm
Reference slip and curvature rates Yor P Lo 107 s
Slip and curvature drag stresses 9,9, 5 MPa
Inverse rate sensitivity exponents m,m, 20 -
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The following series of simulations are performed in a sequential and selective manner to
individually highlight the different sources of material strengthening. In order to restrict the nonlinear

stress-strain response to that caused by the influence of GNDs, the dynamic recovery term in the SSD

evolution equation has been suppressed (y, =0). The results are quantified by the average shear stress-

strain response as well as the local distributions of shear strain (u,,) and GND density as functions of

normalized film depth. The stress-strain response is characterized by the normalized surface traction,
T / 7,, (calculated from the nodal reaction forces) where 7, = 50 MPa is the nucleation source strength
used in the discrete dislocation simulations [160] and the applied shear strain, I"' . From this point forward,

the notational substitution Lp = L, is made, and all single criterion results shown are for an effective

stress exponent p = 2.

Linear Gradient-Induced Kinematic Hardening {/, > 0, K = 0}

Figure 5.2 shows the average shear stress-strain response and shear strain distributions as
functions of normalized film depth, respectively, for a material where only linear kinematic hardening is
active and the film thickness is taken to be H =1 um. This strengthening description is achieved by
suppressing slip threshold hardening and plastic-torsion curvature effects. The plastic torsion-curvature is

suppressed within the multicriterion framework by specifying an infinite initial plastic curvature threshold (

Ty = ), and alternatively within the single criterion framework by specifying a large value of Lp /L.,

ie, L, / £, = 1000. The multi- and single criterion models yield the same deformation behavior under

these conditions, and all of the material hardening is due to the elastic curvature effects entering via the

back stress term. Increasing the elastic length scale leads to an increased hardening rate with the tangent
modulus scaling linearly with Ei. When £, = 0 the stress-strain response is elastic-perfectly plastic since

this choice suppresses the curvature-induced back stress. The elastic-plastic transition in both forward and

reverse loading is quite sharp for all of the cases considered, and is due to the absence of slip threshold

hardening. As shown in Figure 5.2(b), when £, > 0, the strain profiles at the maximum applied strain are
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parabolic and although the average stress-strain responses vary quite substantially, there is little discernable
difference in their shapes and peak magnitudes. Upon unloading, all of the shear strain distributions for

non-zero elastic length scales are tightly centered about zero, which is to be contrasted with the case of
¢, =0, where locally negative shear strains on the order of 7.5 x 10~ are present in the near boundary
regions. This type of kinematic hardening is analogous to the so-called “energetic-gradient hardening” of
the Gurtin-type models; however, it is noted that in the absence of such hardening (£, = 0) the micropolar

theory does not predict a uniform distribution of strain as does theirs, as shown in Gurtin et al. [18] (see
Figure 5.3). The simulation results presented from the work of Gurtin et al. [18] were carried out using

different sets of material parameters, so attention is focused on the trends in behavior as opposed the actual

magnitudes of the response variables.

‘ 1.0
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—— H/f =100
ol : . 08|
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& o4l ‘ /
H/( =2 ¢
02}
. ‘ ‘ 0.0 :
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Figure 5.2: (a) Average stress-strain response and (b) shear strain distributions at I' = 0.03 and
after unloading for different values of the elastic length scale. Slip threshold hardening and plastic
curvature are suppressed.
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Figure 5.3: (a) Average shear stress-strain curves and (b) plastic shear strain distribution at
I' = 0.02 with “energetic-gradient” hardening, but not “dissipative-gradient” strengthening or slip
resistance hardening as reported by Gurtin et al. [18].

Linear Slip Threshold Hardening {/, = 0, K > 0}

Figure 5.4 shows the average shear stress-strain response and shear strain distributions as a

function of normalized film depth, respectively, for a material with only linear slip threshold hardening
active. This hardening description is achieved by suppressing the elastic length scale effects (£, =0) and

the plastic curvature evolution. As in the case of linear kinematic hardening, the multi- and single criterion

models give the same deformation behavior under these conditions, and the rate of linear hardening is
quantified by the parameter, A = ¢u /2K . Distinct from the stress-strain response for the linear

kinematic hardening material, the elastic-plastic transition upon reverse yielding for a linear slip threshold
hardening material is more gradual and becomes more pronounced with increases in the hardening rate.
This difference in behavior is due to the differential yielding of the film upon reverse loading, and was
previously pointed out by Kuroda and Tvergaard [13] but from the perspective of slip gradient-based
models of crystal plasticity. Figure 5.4(b) shows that the strain profiles become more blunted and the
boundary layer width decreases with increases in the hardening rate. The narrowing of the boundary layer
is also apparent from inspection of the profiles at zero applied strain where the “jets” of locally negative
strains become more compressed as the rate of hardening increases. As noted by Kuroda and Tvergaard

[13], the decrease of the boundary layer width with increasing hardening rates is the result of a more
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uniform distribution of effective film strength. The imposition of the microhard boundary conditions leads
to the boundary regions being significantly more resistant to deformation than the bulk (as evidenced by the
shear strain distributions), but as the slip threshold hardening rate is increased, the disparity between the
bulk and boundary layer region diminishes leading to more uniform plastic flow. Similar trends are
observed within the Gurtin-type framework [23] for changes in the slip threshold hardening (see Figure
5.5).

To this point, the two sources of linear material hardening within the micropolar framework have
been demonstrated. As with any type of constitutive model featuring combined isotropic and kinematic
hardening, information concerning other aspects of the deformation behavior in addition to the
unidirectional loading response is needed to properly calibrate the model. For example, consider the stress-

strain curves in Figure 5.6(a) which are identical under forward loading. The material constants have been

specified for two different scenarios - one in which kinematic hardening dominates (H / ¢, = 50;

A/ T, = 2.5) and the other where slip threshold hardening (H / ¢ , = 200; A /7, = 8) is dominant.

This illustrative example underscores the importance of considering multiple aspects of the deformation
fields, including unloading behavior, when determining the material parameters for the micropolar and

other types of generalized crystal plasticity theories.
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Figure 5.4: (a) Average shear stress-strain response and (b) shear strain distributions at I' = 0.03
and after unloading for different linear slip threshold hardening coefficients. Elastic length scale
hardening and plastic curvature are suppressed.
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Figure 5.5: Shear strain distributions at I' = 0.0218 for various values of linear slip resistance
hardening, H, / T,ef » S reported by Bittencourt et al. [23].
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Figure 5.6: (a) Average shear stress-strain response and (b) shear strain distributions at I' = 0.03
and after unloading for two combinations of material properties that give identical stress-strain
responses up to the point of reverse yielding. Plastic curvature is suppressed.

Nonlinear Gradient-Induced Kinematic Hardening { ¢ . >0,5< Lp /¢ . <20, K =0}

As discussed in Chapter 3, when plastic curvature is activated a gradient-induced nonlinear

kinematic hardening effect results and is mainly controlled by the elastic and plastic length scale
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parameters, although in the case of the multicriterion model the additional viscoplastic torsion-curvature
parameters will also have an influence, especially the torsion-curvature threshold stresses. The nonlinear

kinematic hardening response is controlled by two main material parameters: the effective film thickness,

H /¢, and the ratio of plastic to elastic length scale, L, / £, . The magnitude of the elastic length scale,

¢, dictates the initial kinematic hardening modulus, and the ratio Lp / €, determines the transient

response. The multi- and single criterion models behave differently when plastic torsion-curvature is
activated; this is due to the fundamental difference in which they are formulated. Namely, the
multicriterion model employs separate kinetic equations for slip and plastic torsion-curvature, whereas the
single criterion model is defined in terms of single kinetic equation. To illustrate the differences between

the two models and to highlight the influence of the controlling material parameters, two sets of simulations

are considered. In the first set, a fixed value of L /¢ =35 is considered for different relative film

thicknesses, and the second examines a material with fixed relative film thickness, H / ¢, =20, for

different ratios of the plastic to elastic length scale. Slip and curvature threshold hardening is suppressed in

both sets of simulations. This constitutive description is achieved within the multicriterion framework by
using strength model version 3 and by setting ¢, =0.

The stress-strain response for the first set of simulations is shown in Figure 5.7(a) for both the
multi-(black) and single (red) criterion models for three different values of the elastic length scale. Since
there is no distinction between the threshold for plastic slip and torsion-curvature in the single criterion
model, the plastic curvature threshold stress for the multicriterion model has been chosen such that plastic
curvature initiates simultaneously with slip to make the comparison between the two models meaningful.

As such, different plastic curvature thresholds are used for each elastic length scale considered and are
given as r , = 0, 2.25, and 2.9 MPa, respectively, for H/ée = 1000, 20, and 10. The stress-strain
curves show that the hardening response saturates more quickly for the multi- as compared to the single
criterion model, and that the differences between the two become more pronounced for larger elastic length

scales. This type of hardening is similar to, although not strictly analogous to, the “dissipative-gradient

strengthening” in the model of Gurtin et al. [18] in that it results in increases in the (offset) yield strength
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for larger values of the elastic length scale. The distinction between the two strengthening effects is that
there is a change in the initial offset yield strength that arises due to the elastic length scale kinematic
hardening in the micropolar model, whereas in the model of Gurtin et al. [18], as shown in Figure 5.8, there
is a change in the proportional limit.

Further differences between the two model results are seen in the shear strain and GND density
distributions, as shown in Figure 5.7 (b) and (c), respectively. The strain profiles for the multicriterion
model are nearly identical for the two length scales shown and are characterized by largely uniform strain
distributions with a narrow boundary layer on the order of approximately 0.08 H. On the other hand, the
strain profiles predicted by the single criterion model have a parabolic shape with a boundary layer on the
order of 0.02 H. The maximum local shear strain is observed to decrease with increases in the elastic
length scale for both models, but this effect is more pronounced for the single criterion model results. It is
rather surprising to see such uniform shear strain profiles predicted by the multicriterion model for a
constitutive description that does not include slip threshold hardening. Given the results shown in Figure
5.2 and Figure 5.4, it was anticipated that the shear strain profiles would have a parabolic shape. Further
investigation of the shear strain profiles as a function of the applied deformation obtained using the
multicriterion model reveal that they do have a parabolic shape up until an applied macroscopic strain of
I' =0.01, at which point they begin to blunt and transition into the shape shown in Figure 5.4(b). This
behavior could be rationalized in some sense as a deterioration of the elastic length scale effects, as
evidenced by the saturation of the stress-strain curve; however, this does not explain why a similar trend is
not observed for the results of the single criterion model. The GND distributions, shown in Figure 5.4(c),
are not markedly different for either choice of elastic length scale or model type. The key distinction
between the GND density distributions for the multi- as compared to the single criterion model are the
aforementioned differences in boundary layer width, as well as the bilinear variation of the GND density
between the two boundary layers that is displayed for the single criterion model. In contrast, there is a
region of zero GND density connecting the two boundary layers for the multicriterion model.

The stress-strain responses for the second set of simulations are shown for the single and

multicriterion models in Figure 5.9(a) and (b), respectively for a fixed elastic length scale and three values

of L, / £,. As in the previous simulations, the plastic curvature threshold stress has been specified such
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that plastic curvature initiates simultaneously with slip. In Figure 5.9, the stress-strain responses for the
three selected values of L, / ¢, are plotted along with the curve for linear gradient-induced kinematic
hardening for comparison purposes. Increasing the plastic length scale leads to a higher saturation stress,
and also to slower developing transients which increase noticeably in duration for the single criterion
model. On the other hand, the transition from the initial hardening rate to the saturation stress level is

rather abrupt in the responses obtained from the multicriterion model. The shear strain and GND

distributions for these simulations are not shown for the sake of brevity as the individual variations for

increases in L, for each class of model are rather moderate. The general trends predicted by the single and

multicriterion models for these distributions are qualitatively similar to those shown in Figure 5.7(b) and

(c), respectively.
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Figure 5.7: (a) Average shear stress-strain response (b) shear strain distributions at I' = 0.03 and
after unloading and (c) GND density distribution for different elastic length scales with a fixed value

of Lp / £, = 5. Slip and curvature threshold hardening is suppressed.
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Figure 5.8: Average shear stress-strain response for the constrained shear problem at I' =0.02
predicted by a Gurtin type model of generalized single crystal plasticity for different values of
dissipative-gradient strengthening, [ / 1 >0, but no energetic-gradient hardening or slip resistance

hardening as reported in [18].
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Figure 5.9: Average shear stress-strain response predicted by the (a) single and (b) multicriterion

models for different values of L, /¢, for a fixed elastic length scale, 1 / (,
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All Hardening Components Active {/, =20 nm, L, =100nm, K =50, r,, = 2}

Previously, the various material strengthening mechanisms have been isolated and examined with
respect to their influence on the deformation behavior of the constrained thin film. The following set of
simulations explores the full model capabilities for the single criterion model and the three versions of
multicriterion model presented in Chapter 3. In the earlier studied carried out using the multicriterion

model, the initial plastic curvature threshold was changed on a case-by-case basis to ensure that plastic
curvature and slip initiated simultaneously; however, in these simulations a fixed value is used, 7, =2
MPa. This value has been chosen such that the activation of plastic curvature and slip coincides for the
smallest effective film thickness, H / ¢, =20, and this means that slip will precede plastic curvature for

the thicker films. In comparing the models, attention is focused on the stress-strain response and the local
distributions of shear strain, SSD density, and GND density. The constitutive model used for each set of
results is indicated in the lower right hand corner of the plots, e.g., single criterion (SC), muli-criterion
strength model version 1 (MCV1), etc.

The stress-strain curves for the various models are shown in Figure 5.10, and it is seen that model
MCV1 displays the most pronounced size-dependence while the SC model exhibits the least. The most
interesting stress-strain responses are obtained for the MCV1 model (see Figure 5.10(b)) and they are
characterized by an extraordinary amount of slip threshold hardening that arises because of the slip
threshold dependence on the GND density and the absence of curvature threshold hardening which leads to
much higher GND densities as compared to the other models. The stress-strain curves for the MCV1
model display a noticeable concavity around an applied macroscopic strain of 0.003-0.006 and exhibit a
softening behavior during reversed loading in the post-yield regime. This behavior is atypical as compared
to that of the other constitutive models, and is be due to material instabilities caused by the lack of
curvature threshold hardening. As shown in Figure 5.10(b) and (c), respectively, the stress-strain responses
for the MCV2 and MCV3 models are qualitatively quite similar, and the main difference between the two
is that the MCV?2 leads to stiffer material behavior due to the GND contribution to slip threshold hardening.

This additional slip threshold hardening for the MCV2 model also leads to a much more rounded elastic-
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plastic transition as compared to the MCV3 model and is a manifestation of more pronounced differential

yielding.
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Figure 5.10: Average shear stress-strain responses predicted by the (a) single and multicriterion (b)
version 1 (c) version 2 and (d) version 3 for fixed elastic length scale, /, = 20 nm, and fixed value

L, / £, = 5 for different film thicknesses.
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The shear strain profiles are shown in Figure 5.11 for the different models at the maximum applied
macroscopic strain, I' =0.03. As might be expected, the most interesting results are obtained for the
MCV1 model which shows pointed, triangular shaped profiles for the three thinnest films. This result is to
be contrasted to those of the other models, which are characterized by parabolic strain profiles. The
peculiar result for the MCV1 model is again due to the combined effect of having the slip threshold stress
depend on the GND density without including plastic curvature hardening which would otherwise retard
the generation of GNDs. Comparing the strain fields from the MCV1 (Figure 5.11(b)) and the MCV2
(Figure 5.11(c) models, it is seen that, although the strain profiles for the MCV2 model are slightly more
pointed than those for the SC and MCV3 models, the evolution into the triangular shape has been prevented
by including curvature threshold hardening into the constitutive description. The shear strain profiles for
the SC and MCV3 models are practically identical, and do not exhibit any unexpected or noteworthy
features.

Attention is now turned to the dislocation density distributions shown in Figure 5.12 (SSD) and
Figure 5.13 (GND) for the various models. Unlike the shear strain distributions, the dislocation density

distributions have distinct features and trends for each model considered. In what follows, the discussion
will neglect the results for the thickest film, H / ¢, =500, since all of the models are equivalent for
diminishing scale effects. The SSD distributions for the SC model shown in Figure 5.12(a) have the shape
of the capital Greek letter sigma, and this shape, rather than a parabolic profile, is a result of gy being

defined in terms of the equivalent slip system deformation rate in the SC model. For thinner films, the
maximum value of the SSD density occurs at the boundary, whereas for thicker films it occurs in the
central region. Excluding the differences that are observed in the near boundary regions that are caused by
the additional accumulation of SSDs due to plastic curvature, the SSD density profiles do not vary
appreciably with changes in film thickness. Much like the strain profiles, the SSD density distributions for
the MCV1 model are triangular in shape but contain pronounced dimples centered about the midline of the
film as shown in Figure 5.12(b). These dimples are due to diminished SSD storage in the central region of
the film because this region is GND density-free as shown in Figure 5.13(b), and in contrast to the SC
model the SSD density profiles for the MCV1 model away from the boundaries is strong function of film

thickness with thinner films being characterized by higher maximum values of SSD density (at the edge of
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the dimples). Additionally, the maximum SSD densities for any given film thickness are 1.5-2 times higher
for the MCV1 model as compared to the other models. In contrast to the other models, the morphology of

the SSD density distributions predicted by the MCV2 model varies as a function of film thickness. As the
effective film thickness, H / ¢ . » 18 decreased from 50 to 35 the SSD density distribution transitions from a

parabolic to a blunted shape, and the profile for the thinnest film is bimodal with off-centered twin peaks
separated by a dimpled center region that is similar to but not as pronounced as that observed for the MCV1
model. The SSD density distributions obtained using the MCV3 model are parabolic in shape and do not
strongly depend on the film thickness as shown Figure 5.12(d). A comparison of the SSD and GND
density distributions for a given film thickness reveals that the maximum GND densities are 1-2 orders of
magnitude higher than the SSD densities for all constitutive models, and it is also seen that the peak GND
densities for the SC and MCV1 models are approximately an order of magnitude higher than those obtained
from the MCV2 and MCV3 models.

The GND density distributions predicted by all models except for MCV 1 display the same general
trend: the maximum values occur at the boundary due microhard boundary condition, and then transition to
zero GND density at the central region of the film. The nature of this transition is model dependent. In the
case of the SC model (see Figure 5.13(a)), there is a steep gradient in GND density in the near boundary
region (< 0.1 H ) which transitions to a zone characterized by milder GND density gradients that connects
the boundary layer to the GND density-free zone at the midsection of the film. On the other hand, the
GND density profiles for the MCV1 (see Figure 5.13(b)) model exhibit a boundary layer region also
characterized by strong GND density gradients, but then maintain a nearly constant, albeit oscillatory, value
of GND density between the boundary layer and midsection of the film. As discussed with regard to the
earlier results, this is due to the lack of plastic curvature hardening which leads to these abrupt transitions
and oscillatory behavior. The GND density profiles for the MCV2 (Figure 5.13(c)) and MCV3 (Figure
5.13(d)) models are similar in morphology to those of the SC model. The profiles for the MCV2 model are
characterized by stronger transitional gradients between the boundary layer and GND density-free zone and
slightly lower peak GND densities as compared to those for the MCV1 model which feature more gradual

gradients and have parabolic shape.
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Figure 5.11: Shear strain distributions at I' = 0.03 predicted by the (a) single and multicriterion (b)
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L, /¢, = 5 for different film thicknesses.
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To conclude this section, the dependence of the mechanical response on crystal orientation is
investigated using the SC model and the same material parameters as in the previous study. In related
works that give solutions to the constrained shear problem [14, 18, 23, 90, 160, 162], the orientation
dependence of the mechanical response is largely neglected. Typically, attention is focused solely on the
60° orientation because this is the configuration for which discrete dislocation dynamics results are readily
available. These simulations are intended to demonstrate that: (i) for a given film thickness the stress-
strain curves for different crystal orientations have different characteristic features and (ii) the magnitude of
the size-dependent behavior is a function of the crystal orientation.

The shear stress-strain curves for a 400 nm thick film are shown below in Figure 5.14 for five

different slip system orientations (see Figure 5.1) spanning the range from symmetrically aligned about the
z, -axis (¥ =-30°) to symmetrically aligned about the z,-axis (¥} = 60°), and the corresponding shear

strain, SSD and GND density distributions are given in Figure 5.15. In addition to the variations in initial
yield strength which are due to having more favorably aligned slip systems with higher Schmid factors for
certain orientations, it is seen that the shapes of the stress-strain curves also vary with orientation. For
example, for ¢ = -30° and 15° the elastic-plastic transition is abrupt indicating that there is not a large
component of gradient-induced kinematic hardening for these orientations. This is further confirmed
through inspection of the GND density distributions for these orientations shown in Figure 5.15(c) which
are much smaller in magnitude than for the 37.5° and 60° orientations. For these orientations, a strong
nonlinearity is observed after initial yield due to gradient-induced back stresses. A somewhat unexpected
result is observed for the ¥} = -7.5° orientation, where the stress-strain curve shows some mild nonlinearity
just after initial yield, yet the GND density is negligible and this is out of character with what would be
anticipated in light of such behavior. At first, it was unclear as to what caused this transitional region since
the current mechanistic understanding of the model could not be used to explain the relationship between
the distributions of the local deformation fields and the stress-strain response for this orientation.
Recognizing that the shear strain profile is distinctly different for this orientation as compared to the others,
there was a motivation to look more in-depth at the deformation fields which revealed that for this
orientation the film is deforming predominantly via single slip. This explains the observed stress-strain

behavior as single slip is a type of constrained deformation mode which leads to an apparent strengthening
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effect due to the incompatibility of the slip system orientation with respect to the direction of the applied

displacement.
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Figure 5.14: Average shear stress-strain responses predicted by the SC model for different crystal
orientations for a 400 nm thick film.

To demonstrate that the magnitude of the mechanical size effect is a function of crystal
orientation, the stress-strain curves for three different film thicknesses with non-negligible material length
scales have been plotted in Figure 5.16 for the five previously considered orientations. It is clear from the
figure that orientations ¥ = 15°, 37.5°, and 60° have more pronounced size effects than the other
orientations. This is not unexpected since, as shown in Figure 5.15(c), there are higher GND densities for
these orientations for a given film thickness. The fact that the mechanical size effect is dependent on the
crystal orientation is not unexpected since the strength of the gradients in the deformation fields obviously
varies with crystal orientation. This limited set of simulations investigating the interrelationship between
crystal orientation and gradient-dependent deformation is not intended to explore the full range of

ramifications for all of the constitutive models; rather, it is intended to set the stage for subsequent
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discussions that arise later in the work regarding the orientation dependence of certain inelastic constitutive

parameters related to the defect substructure evolution and by proxy the mechanical response.
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Figure 5.15: (a) Shear strain (b) SSD density and (¢) GND density distributions for a 400 nm thick
film at I" = 0.03 for various crystal orientations.
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5.3  Comparison to Discrete Dislocation Dynamics Simulations

The remainder of this chapter presents the solutions to three initial-boundary value problems that
have been obtained using the micropolar single crystal plasticity models and discrete dislocation dynamics.
The three initial boundary value problems are: (i) the previously examined constrained shearing of a thin
layer, (ii) thin films subjected to pure bending, and (iii) simple shearing of a metal matrix composite. The
discrete dislocation simulation results have been taken from the literature and are based on the Van der
Giessen and Needleman [57] model, as reviewed in Chapter 2. The pertinent references for the discrete

dislocation results are given in the appropriate subsections.

5.3.1 Simple Shear of Constrained Thin Films
The geometry and boundary conditions for the constrained shear initial-boundary value problem

have been shown in Figure 5.1 and outlined in Section 5.2 and are not repeated here. A mesh density of
200 uniformly sized elements have been chosen for the discretization of the strip in the x, -direction. This

density has been chosen as a balance between an effective resolution of the deformation fields and the
computational cost, as a large number of simulations have been run to calibrate and tune the model to the
discrete dislocation results. As has been shown in Section 4.3.3, the mesh required to obtain a converged
solution in terms of local extrema in field variables can be computationally prohibitive for certain boundary
value problems. The discrete dislocation results shown in the following figures are from the work of Shu et
al. [160] and have been extracted using the DataThief III software [164]. The micropolar models are
calibrated to the discrete dislocation simulations for a 1 pum thick film since this is the only height for
which all of the relevant deformation fields are available. For this film thickness, the macroscopic stress-
strain response, shear strain profiles at different levels of applied strain, and the GND density profiles are
known, whereas only the stress-strain response is given for other film thicknesses. It is noted that as
demonstrated in Section 5.2 and also in the subsequent results, knowledge of only the stress-strain behavior
is insufficient for obtaining an unambiguous calibration of the micropolar models. Nevertheless, the

material parameters determined from best-fits to the discrete dislocation data for H = 1 um will be used to
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simulate the mechanical response of films of varying thickness to assess scale-dependence of the flow
stress and strain-hardening rate.

The discrete dislocation simulations are carried out for a material that is initially dislocation-free
and contains a random spatial distribution of dislocation sources which have varying dislocation source

strengths. The dislocation source strengths are assumed to have a Gaussian distribution with a mean
nucleation strength, 7, equal to 50 MPa with a standard deviation of 10 MPa. For a given source, the

strength is determined by randomly sampling this distribution and as a result the initial yield strengths
observed in the discrete dislocation simulations are going to have some statistical variance related to the
number and position of the weaker sources. In the related study of Yefimov and Van der Giessen [162] as
much as 20% variation in the initial yield strengths have been observed for different realizations of source
distributions for a fixed film thickness. The fact that the source strengths are statistically distributed also
leads to the serrated nature of the stress-strain response which reflects the load drops that occur when
different sources are activated. The dislocation distribution that emerges in the discrete dislocation
simulations is characterized by intense boundary layers of like-signed dislocations that pile up at the rigid
boundaries as shown in Figure 5.17. The central region of the film is relatively free of dislocations and the
top and bottom boundary layers are densely populated with negatively and positively signed dislocations,
respectively. It is often argued that this type of slip constraint is similar to the situation that arises at grain
boundaries in polycrystals. Shu et al. [160] have reported that the boundary layers are roughly 0.2 H thick
and that they increase in size with deformation. The boundary layer thickening corresponds with the

lengthening of the dislocation pile-ups emanating from the impenetrable boundaries.
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Figure 5.17: Dislocation distribution at I' = 0.015 for a 1 pm thick film from a discrete dislocation
dynamics simulation [162]. Positive dislocations are denoted by “+” and negative ones by “-*.

The procedural logic used to fit the micropolar models to the discrete dislocation simulation
results is now briefly described. The initial yield point was chosen, as in Shu et al. [160], to coincide with
the back-extrapolated flow stress that was determined from a linear best fit of the post-yield stress-strain

curve of the discrete dislocation data. Given a fixed initial yield point, approximate upper bounds can be
established for ¢, and K by considering in succession material strengthening due solely to linear gradient-
induced kinematic hardening and linear slip threshold hardening. For example, given a target stress-strain
curve the value the maximum value of £, can be determined by assuming that all of the material hardening

is due to the gradient-induced back stresses, whereas the maximum value of K is determined by assuming
that all of the material hardening is due to isotropic slip threshold hardening. In reality the material
strengthening for the constrained shear initial-boundary value problem will have both isotropic and
kinematic hardening components. As discussed in Section 5.2, either the unloading behavior or the shape
of the strain distributions can be used to determine the relative proportions of each hardening mode. Since
unloading data is unavailable, the strain-profiles are achieve this goal by recalling that blunted profiles are
associated with more prevalent slip threshold hardening whereas parabolic profiles indicate the gradient-

induced kinematic hardening is more dominant. Finally, the plastic length scale is determined by fitting the
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GND density distributions. It has previously been demonstrated that the ratio of the plastic to elastic length

scales influences the nonlinear stress strain behavior, but it also dictates the maximum values of the GND

density fields. For a fixed value of L, / £, , the peak GND density at the rigid boundary will remain

approximately the same as £, is varied.

The calibrated material parameters are listed in Table 5.3 and have been specified in accordance
with the discrete dislocation simulations performed by Shu et al. [160]. In accordance with this previous

work and also the related work of Bittencourt et al. [23] only linear slip threshold hardening has been

considered (y, =0), and the interaction matrices only account for self-hardening, i.e.,
Y = hfﬂ = a®¥ = §° . The initial flow strength is specified in terms of a reference slip threshold

stress, 7,, rather than an initial SSD density, ¢g,, because the material is assumed to be initially

dislocation free in the discrete dislocation simulations. However, to avoid null SSD density evolution a
negligibly small but nonzero (10° um™) value of initial SSD density has been specified for each slip
system. The curvature viscoplastic flow parameters for the multicriterion models, i.e., the reference
curvature rate, strength coefficient, threshold stress, drag stress, and inverse rate sensitivity exponent are
taken to be equal to their plastic slip counterparts. For each constitutive model considered, the results of
prospective best-fits are presented for multiple values of the elastic and plastic length scales to demonstrate
how the results are affected by slight changes in the material length scale parameters in the vicinity of the

optimum choice.
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Table 5.3: Fixed material parameters for the constrained shear simulations for an elastic-
viscoplastic single crystal.

Parameter Symbol  Magnitude  Unit
Shear modulus H 26.3 GPa
Poisson’s ratio v 0.33 -
Coupling parameter N, 0.95 -
Reference slip threshold stress T, 12.78 MPa
Slip threshold stress strength coefficient G 0.5 -
Burgers vector magnitude b 0.25 nm
Dislocation interaction coefficients hob §o8 -
Initial SSD density 050 10 um?
Dislocation immobilization coefficients a8 58 -
Dislocation segment length constant K 20 -
Dislocation capture radius Y, 0 nm
Reference slip rate Yo 107 s
Slip drag stress g 5 MPa
Inverse rate sensitivity exponent for slip m 20 -
Reference curvature threshold stress T o 12.78 MPa
Curvature threshold strength coefficient c; 0.5 -
Dislocation interaction coefficients hiﬂ 5§98 -
Reference rotational rate @0 107 s
Curvature drag stress 9, 5 MPa
Inverse rate sensitivity exponent for curvature n, 20 -

Single Criterion Model (SC)

The stress-strain curves for four different values of the elastic length scale ranging from 5-20 nm
(colored lines) are plotted against the discrete dislocation stress-strain curve in Figure 5.18, and judging
solely on this response variable it could be argued that each curve represents a good approximation to the
discrete dislocation data. To further discern the quality of the fits, the local shear strain distributions for

each parameter set are given in Figure 5.19 for several different levels of applied strain. These distributions
indicate that for ¢, =5 nm that there is too much slip threshold hardening, whereas for ¢, =20 nm the
gradient-induced kinematic hardening is slightly over pronounced. The shear strain distributions for

£, =10 nm and 15 nm both give quality fits to the discrete dislocation data, with the distributions for the
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former displaying some minor blunting indicating that slip threshold hardening is still making a significant

contribution to the total strengthening behavior.
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Figure 5.18: Average stress-strain response for the calibrated single criterion model for different
elastic length scales with Lp / £, ~4.5 plotted against the discrete dislocation (DD) results [160].

H = 1pm.

The signed GND density distributions for each set of simulations are shown in Figure 5.20 and it

is noted that the plastic to elastic length scale ratio determined to provide the best correlation with the

discrete dislocation data is L, /t, ~4.5. In Figure 5.20(a), the micropolar results are plotted against the

discrete dislocation results at I' =0.0068, and in Figure 5.20(b) they are plotted against the statistical

dislocation model of Limkumnerd and Van der Giessen [90] at I' =0.0218. The signed GND density
distributions for both ¢, =10 nm and 15 nm agree reasonably well with both the discrete dislocation and

statistical dislocation model results. The statistical dislocation model of Limkumnerd and Van der Giessen
[90] is a type of non-work-conjugate higher-order theory discussed in Section 2.3.4 that couples the
standard crystal plasticity mechanical boundary value problem with the dislocation transport problem. It

may seem odd that the micropolar model is being compared to another type of nonlocal continuum model
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as part of a model parameter validation; however, these types of statistical crystal plasticity models are very
similar to discrete dislocation dynamics models in that they explicitly model the transport and annihilation
of dislocations, and it has been demonstrated that they are able to capture the dislocation substructure
evolution exceptionally well for a wide-range of initial-boundary value problems [74, 90, 162, 165-168].
Because of this and due to the limited amount of discrete dislocation dynamics data available, it is
beneficial and justified to use this additional data as a model cross-check. It is emphasized that the
micropolar models are fit to the discrete dislocations simulations and only compared to the statistical
crystal plasticity model. The SSD and total dislocation density distributions are plotted for the single
criterion model in Figure 5.21(a) and (b), respectively, and it is shown that the SSDs are negligible as
compared to the GNDs with the maximum SSD density ranging from approximately 5-9 um™ for the
different values of the elastic length scale, whereas the maximum GND density is on the order of

1000 um™.
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Figure 5.19: Shear strain distributions at I' = 0.0068, 0.0118, 0.0168, and 0.0218 for the calibrated
single criterion model (MP) with (a) {, =5 nm (b) /, =10 nm (¢) ¢/, =15 nm and (d) ¢/, =20 nm

with L, / £, ~4.5 plotted versus discrete dislocation dynamics results [160]. 7 =1 pm.
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Figure 5.20: Signed GND density distributions for the calibrated single criterion model for different
elastic length scales with Lp /£, ~4.5 (a) at I' =0.0168 as compared to the discrete dislocation

results [160] and (b) at I' =0.0218 as compared to the statistical dislocation model of Limkumnerd
and Van der Giessen [90]. H =1 pm.
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Figure 5.21: (a) SSD and (b) total dislocation density distributions at I' = 0.0168 for the calibrated
single criterion model for different elastic length scales with L, /l, ~45. H=1pm.
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Multicriterion Model Version 1 (MCV1)

The stress-strain curves for various sets of length scale parameters are given in Figure 5.22 for the
MCV1 model. The deformation responses for three different elastic length scales, £, =5, 10, and 15 nm,

have been simulated and none of the simulations are able to adequately capture the relevant aspects of all

deformation fields. Just considering the stress-strain response and the shear strain distributions shown in
Figure 5.22 and Figure 5.23, respectively, it seems that the simulations performed with £, =5 nm provide

the best correlation with the discrete dislocation data; however, the signed GND density distributions
shown for this set of material parameters shown in Figure 5.24(a) are completely at odds with the discrete
dislocation simulation results. In fact, there is at least an order of magnitude difference between the signed
GND density distributions predicted by the micropolar model for all sets of material constants considered
and the discrete dislocation results. For this reason, the discrete dislocation results have not been included

in the GND density plots shown in Figure 5.24(a) as they totally obscure the results of the micropolar

simulations. In contrast to the last set of simulations, different values of L, / ¢, have been employed for

each elastic length scale, and that as anticipated the peak magnitude of the GND densities at the boundaries

varies from one set of simulations to another with smaller values of Lp / £, being associated with larger

magnitudes. One might be inclined to think that L, / €, should be further decreased to bring the

micropolar model results into better agreement with the discrete dislocation results; however, doing so
would lead to a significant increase in strain hardening similar to what is seen in Figure 5.10(b), thereby
introducing disagreement between the micropolar and discrete dislocation stress-strain responses. For the
sake of completeness, the SSD and total dislocation density distributions are given in Figure 5.24(b) and
(c), respectively. In addition to the disagreement between the MCV 1 and discrete dislocation models with
respect to the magnitude of the GND and total dislocation density distributions, the general shapes of the

distributions are at odds with discrete dislocation results as well (see Figure 5.20(a)).
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Figure 5.22: Average stress-strain response for the calibrated multicriterion model (version 1) for
different elastic and plastic length scales plotted against the discrete dislocation (DD) results [160].
H =1 pm.

The inability to establish a material parameter set that captures the essential features of all relevant
deformation fields indicates that the MCV1 model is inadequate. This does not come as a surprise as
concerns over the model’s stability and fidelity with respect to physical reality have previously been raised
in the parametric study performed in Section 5.2. The recognition of these limitations is important since
this type of model has been used rather extensively to simulate mechanical size effects [34, 37, 40, 41,
128]. Such a model has also been advocated by the present authors [169], and in fact these revelations

provided the impetus for pursuing multicriterion models that incorporate curvature threshold hardening.
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Figure 5.23: Shear strain distributions at I" = 0.0068, 0.0118, 0.0168, and 0.0218 for the calibrated

multicriterion model (version 1) with (a) /, =5 nm (b) ¢/, =10 nm and (¢) ¢/, =15 nm plotted

versus discrete dislocation dynamics results [160]. H =1 um.
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Figure 5.24: (a) Signed GND (b) SSD and (c) total dislocation densities at I' =0.0168 for the
calibrated multicriterion model (version 1) for different elastic and plastic length scales. H =1 um.

Multicriterion Model Version 2 (MCV2)

The stress-strain curves and local shear strain distributions from simulations using the MCV2

model are plotted against the discrete dislocation simulation results in Figure 5.25 and Figure 5.26,
respectively, for two sets of material length scale parameters. Two different values of L, / €, have been
considered; L, / ¢, =1for {, =Snmand L, / £, =4 for £, =15 nm. While the stress-strain curves

obtained from the MCV2 model compare quite well with the discrete dislocation result, the shear strain
profiles do not. During earlier stages of the deformation (I' = 0.0068 and 0.0118), there is good agreement

between the two simulation results; however, as the deformation progresses and the effects of slip threshold
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hardening due to GNDs becomes more pronounced, the shear profiles predicted by the MCV2 model began

to narrow and grow in intensity more rapidly that in the discrete dislocation simulation. This behavior is
more pronounced for the simulation with £, =5 nm since L, / £, =1 since, as previously discussed, a

lower value of this ratio leads to an increase in the magnitude of the GND density field. This fact is
verified in Figure 5.27(a) which shows the signed GND density distributions for both simulations, and the
maximum GND density when Lp / £, =11is approximately 50 um™ and 10 pm™ when Lp /L, =4

As in the case of the MCV1 model, the MCV2 model also underpredicts the magnitude of the

GND density field by an order of magnitude (again see Figure 5.20(a)). In order to get a GND density field

whose magnitude is within the range of that predicted by the discrete dislocation simulations, a ratio

Lp / £, <1 must be used. However, when a plastic to elastic length scale ratio of less than unity is

employed in conjunction with the MCV2 model, there is an artificially pronounced increase in the strain
hardening response that is similar to that displayed by the MCV1 model in Figure 5.10(b). Furthermore, it

has already been shown in Figure 5.26(a) that using a plastic to elastic length scale ratio of one

(Lp /t, =1) already leads to poor agreement between the micropolar and discrete dislocation strain

profiles due to the GND contribution to the slip threshold stress. Therefore, decreasing Lp / £, to increase

the magnitude of the GND density field will have the adverse effect of introducing significant error into the
correlation between the micropolar and discrete dislocation stress-strain curves and shear strain
distributions. As before with the MCV1 model, this implies that the MCV2 model cannot capture all of the

relevant trends in the deformation fields for a single set of material parameters and is therefore inadequate.
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Figure 5.25: Average stress-strain response for the calibrated multicriterion model (version 2) for
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Figure 5.26: Shear strain distributions at I' = 0.0068, 0.0118, 0.0168, and 0.0218 for the calibrated
multicriterion model (version 2) with (a) /, =5 nm and (b) /, =15 nm plotted versus discrete

dislocation dynamics results [160]. 7 =1 pm.
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Figure 5.27: (a) Signed GND (b) SSD and (c) total dislocation densities at I" = 0.0168 for the
calibrated multicriterion model (version 2) for different elastic and plastic length scales.
H=1pm.

Multicriterion Model Version 3 (MCV3)

The stress-strain curves for the MCV3 model are plotted against the discrete dislocation results in

Figure 5.28 for two different sets of material length scale parameters and are shown to compare favorably.

The distinction between the two results is rather obvious in that for ¢, =20 nm, the stress-strain curve is
rather noticeably nonlinear due to the smaller value of L, / ¢, that has been used, leading to a reduction of

the gradient-induced back stress, whereas for ¢, =10 nm the response is only slightly nonlinear. Figure

5.29 shows the local shear strain distributions for each simulation and the results again compare favorably
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with the discrete dislocation simulations and are nearly indistinguishable from one another. Turning
attention now to the signed GND density plots shown in Figure 5.30(a) against the discrete dislocation
result at I' =0.0068 and in Figure 5.30(b) against the statistical dislocation crystal plasticity model results
of Limkumnerd and Van der Giessen [90] at ' =0.0218, it is shown that the MCV3 model is in good
qualitative and quantitative agreement with each result for both sets of material parameters. However, the

signed GND density predicted by the MCV3 model with £, =20 nm more closely coincides with both the

discrete and statistical dislocation models. The SSD and total dislocation density distributions are given in

Figure 5.31(a) and (b), respectively, for the MCV3 model. The maximum SSD density at the center of the

film for the MCV3 model with £, =10 nm is 6.8 pum™ as compared to 3.8 pm™ when £ . =20 nm, and in

both cases the SSD densities are negligible as compared to the GND densities as evidenced by the total

dislocation density distributions shown in Figure 5.31(b).
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Figure 5.28: Average stress-strain response for the calibrated multicriterion model (version 3) for
different elastic and plastic length scales plotted against the discrete dislocation results [160].
H =1pm.
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Figure 5.29: Shear strain distributions at I" = 0.0068, 0.0118, 0.0168, and 0.0218 for the calibrated
multicriterion model (version 3) with (a) ¢/, =20 nm and (b) /, =10 nm plotted versus discrete

dislocation dynamics results [160]. H =1 um.

1.0 T T T T 1.0
0.8 1 0.8
0.6 1 0.6
o =i
~ < ~
o4l 1 "ooal
—— DD — L & VdG
0.2 f—— {,=20nm; L =10 nm 4 0.2 f—— ¢, =20nm ;L =10 nm
(,=10mm:L="75nm —— {,=10nm ;L =75nm
0.0 . . . N 0.0 . . .
-1500 -1000 -500 0 500 1000 1500 -3000 -2000 -1000 0 1000 2000 3000
-2 -2
0g,1 (pm™) Oq,1 (m™)
(a) (b)

Figure 5.30: Signed GND density distributions for the calibrated multicriterion model (version 3) for
different elastic and plastic length scales (a) at I' =0.0168 as compared to the discrete dislocation
results [160] and (b) at I' =0.0218 as compared to the statistical dislocation model of Limkumnerd
and Van der Giessen [90]. H =1 pm.
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Figure 5.31: (a) SSD and (b) total dislocation densities at I" = 0.0168 for the calibrated multicriterion
model (version 3) for different elastic and plastic length scales. H =1 pm.

In contrast to the prior two versions of the multicriterion model, version 3 has demonstrated the
ability to accurately and simultaneously reproduce the stress-strain response, the shear strain distribution,
and the GND density distribution from the discrete dislocation simulations. Accordingly, the MCV3 model
will be exclusively employed when the multicriterion model is applied in future segments of this work. To
assess the models’ predictive capabilities, a series of simulations have been performed using the optimum
free fitting parameters for the SC and MCV3 models, which are listed in Table 5.4, for various film
thicknesses and the resulting stress-strain responses are compared to the discrete dislocation results as

shown in Figure 5.32. The initial slip threshold has been kept the same for H =500 nm
(r, = 12.78 MPa), but has been modified for H =2 um to 7, =9.5 MPa to capture the statistical
variation in the initial yield strength observed in the discrete dislocation simulation. Both the SC and
MCV3 model results are in fairly good agreement with the discrete dislocation simulations, although there

is some variation in the strain hardening response observed for the two larger film thicknesses where the

single criterion model predicts slightly higher hardening rates.
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Table 5.4: Optimum single criterion (SC) and multicriterion (MCV3) free model parameters for the
constrained shear simulations for an elastic-viscoplastic single crystal as determined by fitting to
discrete dislocation results for 7 =1 pum.
Parameter Symbol  Magnitude  Unit
SC Model
Elastic length scale L, 10 nm
Plastic length scale L, 47 nm
MCV3 Model
Elastic length scale l, 20 nm
Plastic length scale L, 10 nm
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Figure 5.32: Average stress-strain response for the calibrated single and multicriteiron (version 3)
models using the optimum values of the free fitting parameters for different film thicknesses plotted
against the discrete dislocation results [160] (a) # =500 nm (b) H =1 um and (¢) H =2 pm.
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The SSD and GND densities are plotted for both models as a function of normalized position in
Figure 5.33 at I' =0.03 for all three film thicknesses to demonstrate the size-dependence of the relative
SSD and GND contributions. Discrete dislocation results are not available for # = 500 nm and 2 pm.
These plots show that GND fraction of the total dislocation density dominates regardless of film thickness,
as the peak GND density values are approximately two orders of magnitude larger than the peak SSD
densities. However, as expected, as the film thickness is increased the SSD density profiles bcome more
blunted and the boundary layer width decreases. A comparison of Figure 5.33(a) to Figure 5.33(c), shows
that this behavior is more pronounced for the SC model as compared to the MCV3 model since the
maximum difference in peak SSD density is approximately 9 pm™ for the SC model and 2.5 pm™ for the
MCV3 model. The GND density profiles for the various film thicknesses, as shown in Figure 5.33(b) and
(d) are quite similar for both models in terms of peak magnitude at the boundaries and also in terms of
shape and boundary layer width, especially for the 1 pm and 2 um thick films. However, the change in the
GND density as a function of normalized position for the 500 nm thick film is much more rapid for the SC
model as compared to the MCV3 model; a fact that is underscored by the development of a boundary layer
of the entire film thickness for the SC model, whereas a finite boundary layer is observed for the MCV3

model.
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Figure 5.33: (a) & (c) SSD density and (b) & (d) GND densities at I' = 0.03 for the calibrated single
criterion (top) and multicriterion (MCV3) (bottom) models using the optimum free fitting
parameters.

5.3.2  Pure Bending of Thin Films

This section presents the calibration of the micropolar models to discrete dislocation dynamics
simulations of unpassivated single crystal thin films subjected to pure bending. Strain gradients naturally
arise in bending modes of deformation and the generation of polar dislocation densities is required to
accommodate the imposed deformation in plastically bent crystals. For this reason, pure bending is a
popular initial-boundary value problem used for experimentally measuring [4, 170] and studying via

numeral simulation [4, 102, 162, 168, 171-182] plasticity size effects. In the present work, attention is

focused on the discrete dislocation simulations of bending performed by Yefimov et al. [168] and Yefimov
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and Van der Giessen [162]. These studies examine both single and double slip configurations. The
advantage of studying the single slip configuration is that it enables the constitutive models to be evaluated
when there are no slip system interactions. Results are presented for the single and multicriterion (MCV3)
models for the single slip configuration, and for the single criterion model for the double slip configuration.
Naturally, the single slip configuration is examined first.

A 2-D thin film of width, W, and thickness, H, is subjected to pure bending in a state of plane
strain as sketched in Figure 5.34. The z, — z, plane is taken as the bending plane and a coordinate system
is attached to the midpoint of the film. The deformation is defined through the edge rotation angle, © , and

is prescribed through a linear variation of the z, displacement component as a function of distance from

the neutral axis as

ul(i%,wwt) = +0(t)z, (5.4)

A constant macroscopic rotation rate, 0 =10"s"is imposed until the final rotation angle is achieved, and
the top and bottom surfaces of the beam are prescribed to be traction-free. As shown in Figure 5.34, a
single slip system is oriented at an angle 9 with respect to the z, -axis, and slip is constrained to occur
within are interior to the angled black lines. This restriction has been imposed in the discrete dislocation
simulations in order to avoid the complication of having dislocations exit the crystal through the lateral
faces where the displacement boundary conditions are prescribed. For the single slip configuration, two
different film thicknesses are considered, H = 2 and 4 um, and the films are taken to have the same width-

to-thickness ratio, W / H = 3. Slip system orientations of 30° and 60° are studied and will be referred to

vy, and U, in the following. The average macroscopic response is quantified by the bending moment, M

, work-conjugate to © which is given by

H/2
M = f,H/gall(i%"T?)x?de (5.5)

A thickness-independent measure of the macroscopic response is given by the normalized bending

moment, M / M ., with the reference bending moment, M vef » defined as

ref 2
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where 7, =50 MPa is the mean critical nucleation stress used in the discrete dislocation simulations.

The reference moment is that which would induce a linear stress distribution over the height of the beam

equal to 7, =z, / (H /2). Uniform finite element meshes of bilinear quadrilateral elements are used in

each simulation with mesh densities of 66 x 38 for v, and 155 x 30 for ¥,.

A
v

Figure 5.34: Schematic of the geometry and boundary conditions for the single slip bending
simulations as used in Yefimov et al. [168].

The set of fixed material parameters is listed in Table 5.5 and have been specified in accordance
with the discrete dislocation simulations and prior discussions. The initial material state in the discrete
dislocation simulations is assumed to be free of obstacles and dislocations, and as a result all of the
dislocations stored in the material are geometrically necessary. Dislocations of both signs are nucleated
from the distributed point sources, but those that are not required to accommodate the imposed deformation
exit the crystal through the free surfaces. This occurs because there are no point obstacles or dislocations
lying on intersecting slip planes to otherwise impede their flow. The resulting dislocation configurations at
© =0.015 from the discrete simulations for the two slip system orientations are shown in Figure 5.35.

Since all of the dislocations in the single slip configuration are geometrically necessary, the constants
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related to the generation of SSDs are taken to be zero. In the present context, the slip system threshold
stress is defined solely by 7, which is related to the source strength in the discrete dislocation simulations,

and should not necessarily be treated as an absolute material constant due to the statistical variations in the
source strength and placement used in the discrete dislocation simulations. The initial yield point in the
discrete simulations will significantly depend on the availability of weak sources near the top and bottom
surfaces of the film where the stresses are higher. This indicates that the stochastic component of the initial

yield scale-dependence in the discrete simulations may be even more pronounced in bending than for the

constrained shear problem. The free fitting parameters are {7, , L, } for the single criterion model and

{r,7.0,9,,¢,,L, } for the multicriterion model, and are given along with subsequent discussion of results.

=
IIIIIIIIIIIIIIIIIII

@ -6

0

~
=>
~
&

Figure 5.35: Dislocation distributions at © =0.015 for the 4 pm thick films for (a) ¥ = 30° and (b)
¥ = 60° as obtained from the discrete dislocation simulations [168].
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Table 5.5: Fixed material parameters used in the single slip pure bending simulations for an elastic-
viscoplastic single crystal.

Parameter Symbol  Magnitude  Unit
Shear modulus H 26.3 GPa
Poisson’s ratio v 0.33 -
Coupling parameter N, 0.95 -
Slip threshold stress strength coefficient e N/A -
Burgers vector magnitude b 0.25 nm
Dislocation interaction coefficients hob N/A -
Initial SSD density 990 N/A pum’
Dislocation immobilization coefficients a®? N/A -
Dislocation segment length constant K N/A -
Dislocation capture radius Y, N/A nm
Reference slip rate Yo 107 s
Slip drag stress g 5 MPa
Inverse rate sensitivity exponent for slip m 20 -
Curvature threshold strength coefficient c; 0.5 -
Dislocation interaction coefficients hj_l 1 -
Reference rotational rate @0 102 s!
Inverse rate sensitivity exponent for curvature n, 20 -

Single Criterion Model (SC)

The calibrated normalized moment-rotation plots for both slip system orientations and thicknesses
are plotted in Figure 5.36 for the SC model, and they are in reasonably good agreement with the discrete
dislocation results with respect to both the orientation and scale-dependence. The calibrated values of the
free fitting parameters for this set of results are given in Table 5.6, and it is noted that the same values of

reference slip threshold stress and elastic length scale have been used for both orientations. Except for the

2 pm thick film for 9, the SC model results are in good quantitative agreement with the initial yield

strengths predicted by the discrete dislocation model. According to the discrete dislocation model, the

yield strength for the 2 um thick film for 1, is actually lower than that of the 4 pm film, and this is due to

the stochastic variation in the dislocation source strengths. The inherent differences between the discrete

and nonlocal continuum formulations forces one to calibrate the continuum model to either the initial yield
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or a best-fit of the total response as both aspects of the deformation cannot be simultaneously captured.

The results in Figure 5.36(a) conform to the former strategy instead of the latter.

Table 5.6: Calibrated SC free model parameters used in the single slip pure bending simulations for
an elastic-viscoplastic single crystal.

Parameter Symbol  Magnitude  Unit
Reference slip threshold stress T, 10 MPa
Elastic length scale . 125 nm
Plastic length scale (9 = 30°) L, 562 nm
Plastic length scale (¢ = 60°) L, 250 nm
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Figure 5.36: Normalized moment-rotation response for the calibrated single criterion model (MP) for
both film thicknesses plotted against the discrete dislocation dynamics results [168] for (a) ¥ = 30°
and (b) ¥ = 60°.

The discrete simulations display an approximately linear hardening rate that increases with

decreasing film thickness, and the micropolar model shows similar trends although the rate is somewhat

underestimated for the 2 um thick film with J;,. There is a much higher hardening rate regardless of the

specimen size for v, as compared to U, as shown in Figure 5.36(c); this is not a by-product of the

~ 191 ~



constitutive model, but rather reflective of the way the boundary value problem is constructed with distinct

elastic and plastic zones. In these simulations, the films are composite elastic-plastic materials and the
plastic zone size is much smaller for ¥,,. Therefore, the outer elastic regions contribute significantly to the

substantially higher apparent hardening rates due to the increased effective film stiffness for this
orientation. In fact, a traditional (local) model of crystal plasticity with an elastic-perfectly plastic slip
system level response would yield an apparent hardening rate comparable to, albeit lower than that shown
in Figure 5.36(a). Clearly, there is also a contribution to the differences in the apparent hardening rates for
the two orientations that arises due to the relative misalignment of the slip direction and the direction of the

imposed deformation, i.e., the z, direction. This portion is that attributed to the orientation dependent

GND distributions that develop. To more clearly sort out the GND component of hardening for the
different orientations, a set of simulations should be performed in which the total area fractions of the
elastic and plastic zones are equal.

The cumulative plastic slip distributions are shown for the SC model in Figure 5.37 and Figure
5.38 for v, and ¥, respectively, at © =0.015. In both cases the maximum values of cumulative slip
occur at the free surface, but distinct differences in the overall slip morphologies are readily apparent. For

1y, the region of high intensity slip is highly concentrated and extends from the free surface in a linear

fashion and parallel to the elastic-plastic interface. In contrast, the crystal with 9, is characterized by
smooth semi-circular lobes of high intensity slip that are more evenly distributed along the free surfaces.

Because slip is more evenly distributed in the crystal with ¥, , the maximum values of cumulative slop are

lower for this orientation as compared to v,,. For both orientations there are only minor, almost

unperceivable, changes in the field contours with film thickness. The localized, high intensity contour

regions are slightly more pronounced for the thicker films in both cases with maximum values of

cumulative slip equal to 0.037 and 0.035 for the 4 pm and 2 pm thick films, respectively, for ¥,, and equal

to 0.025 and 0.024 for the 4 pm and 2 pm thick films, respectively, for .
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Figure 5.37: Contours of cumulative plastic slip for the calibrated single criterion model at
© =0.015for ¥ =30°(a) H =2 um and (b) H =4 um.
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Figure 5.38: Contours of cumulative plastic slip for the calibrated single criterion model at

© =0.015 for ¥ =60° (a) H =2 um and (b) H =4 pm.
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The dislocation configurations predicted by the discrete dislocation simulations consist of a few
populated slip planes in which large numbers of like-signed dislocations are arranged in long pile-up
configurations as shown in Figure 5.35. As previously discussed, dislocations of both signs are emitted

from the sources, but those not required for compatibility exit through the free surfaces. Therefore, the
total dislocation density coincides with the GND density (o, = 0); an observation that is consistent with
the predictions of the statistical dislocation crystal plasticity model of Yefimov et al. [168] (henceforth
YVG). The dislocation density contour plot for both film thicknesses are shown in Figure 5.39 for J,, at

an © =0.015. The 2 pm thick film has a maximum local dislocation density of 39.8 um™ and the 4 pm
thick film has a maximum value of 22.6 um™, and both films exhibit clear dislocation-free zones along the
neutral axis. The thickness of the dislocation-free region is approximately 3-4 times larger for the 4 pm
thick film. It is also noted that the highly slipped regions for this crystal orientation, as shown in Figure
5.37, overlap with the regions of high dislocation density as shown in Figure 5.39 even though there is no
slip-induced SSD generation for the single slip configuration.

Figure 5.40 shows the contour plots of the total dislocation density distribution at © = 0.015 for
the 4 um thick film with ,, as predicted by the model of YVG and the SC model, and good qualitative

agreement is found with respect to the morphology of the distribution. The maximum local dislocation
density predicted by YVG is approximately 68 pm™, which is three times larger than the 23 pm™ predicted
by the SC model. Although the peak local densities predicted by the micropolar model are substantially
lower, it is demonstrated subsequently that the evolution of the total dislocation density computed over the
entire film is captured quite well by the SC model as compared to the discrete dislocation results. These
two observations imply that the dislocation distribution is more homogeneously distributed for the
micropolar material; a fact that is underscored in the uncropped dislocation density plot in given in Figure
5.40(c). In addition to the heavily dislocated triangular-shaped lobes located on either side of the neutral
axis, there are also mild dislocation distributions spread throughout the rest of plastic zone which are not
present in the results of the YVG model. Figure 5.40 also shows that the YVG model develops distinct
dislocation-free regions near the free surfaces, whereas the micropolar model does not. In fact, the

micropolar model yields a rather high dislocation density at the free surfaces near the elastic-plastic
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interfaces which are generated because of the strong rotational gradients that arise due to the compliance
mismatch. The dislocation-free zones are seen in both the discrete dislocation and YVG nonlocal
continuum models for this orientation, and are evidently a manifestation of an image force effect that
naturally emerges in these theories. In fact, the lack of the image force effect in the micropolar model
could potentially explain the lower dislocation density values that are observed. The image forces
conceivably would force the dislocations contained in the outer layers of the foils towards the center of the
film thereby increasing the maximum local density in the triangular lobe regions. Additionally, the image
forces would serve to decrease the thickness of the dislocation-free zone predicted by the micropolar model
which is seen to be 4-5 times thicker than that predicted by the YVG model. It is possible that such an
image force effect might be achievable within the micropolar framework through an appropriately specified
couple traction along the free surfaces; however, it is not apparent at this time as to how this would be

accomplished.
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Figure 5.39: Contours of total dislocation density for the calibrated single criterion model at
© =0.015 for ¥ =30° (a) H =2 um and (b) H =4 pm. Dislocation density is reported in units of

p,m'z.
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Figure 5.40: Contours of total dislocation density for ¥ =30° at © = 0.015 for the 4 um thick film
according to the (a) statistical dislocation dynamics model (YVG) [168] and (b) and (c) for the
calibrated single criterion model (MP). Dislocation density is reported in units of

p,m'z.

The total dislocation density contour plots for the ¥, films at © =0.015 are given for the SC
model in Figure 5.41. The morphology of the dislocation density distribution for this crystal orientation is
much different than that observed for the ¥J,, films, and can be characterized as ellipsoidal-shaped lobes

that originate at the free surface corner of the elastic-plastic interface and extend (major axis of the
ellipsoid) towards the neutral axis in the direction perpendicular to the elastic-plastic interface. The

maximum dislocation density at this applied level of deformation is 160.3 um™ and 98.3 um™ for the 2 pm
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and 4 um thick films, respectively, and occurs at the free surface. This is in contrast to the films with

where the maximum value of the dislocation density occurs in the center of the subsurface high intensity
zone (see Figure 5.40(c)). It is also seen in Figure 5.41(a) that there is no dislocation-free zone adjacent to

the neutral axis for the 2 um thick film. Whereas the cumulative slip and dislocation density contours were
quite similar in shape and hot-spot distribution for the 1, films, the same cannot be said for the 1, films

whose corresponding distributions are markedly dissimilar as seen by comparing Figure 5.38 and Figure

5.41.
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Figure 5.41: Contours of total dislocation density for the calibrated single criterion model at

© =0.015 for ¥ =60° (a) H =2 um and (b) H =4 um. Dislocation density is reported in units of
2
pm™.

(b)

For comparison purposes, the dislocation density contours for the ¥, films are now plotted along
with those obtained from the YVG model at © =0.01 as shown in Figure 5.42. As in the simulations with
vy, the peak local values of the distribution predicted by the micropolar model are slightly lower than

those obtained by the YVG model. The maximum values of dislocation density predicted by the
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micropolar model are 50 um™” and 74 pm™, respectively, for the 4 um and 2 pm thick films. The maximum
local values of obtained by the YVG model are approximately 100 pm™ for both film thicknesses, but for
the 2 pum thick film there are several more hot spots located throughout the plastic zone as compared to the
thicker film. Both models predict a broadening of the dislocation distribution (along the minor axis of the
ellipsoid) and a reduction in the thickness of the dislocation-free zone with a decrease in the film thickness.
The fields from the YVG model display a certain amount of discreteness as evidenced by the slip bands of

alternating intensity, whereas the micropolar model gives much smoother dislocation fields. Unlike the
situation for the films with J,, there does not appear to be a clearly defined dislocation-free region near

the free surfaces predicted by the YVG model; however, the micropolar model still shows higher
dislocation density contour levels along the free surface in comparison. Again, this is believed to be due to
the lack of image force effects that are present in the YVG model, and according to the previous argument
explains the discrepancies between the maximum local values of dislocation density obtained from the two

models.
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Figure 5.42: Contours of total dislocation density for J = 60° at © =0.01 according to the statistical
dislocation dynamics model (YVG) [168] for the (a) 4 um and (¢) 2 pm thick films and for the
calibrated single criterion model (MP) for the (b) 4 pm and (d) 2pm thick films. Dislocation density
is reported in units of pm™.

It has been demonstrated in Figure 5.40 and Figure 5.42, that the SC micropolar model generally
underestimates the peak local values of dislocation density calculated using the YVG model by about a
factor of 2-3. However, as shown in Figure 5.43, the micropolar model accurately captures the evolution of

the total (computed over the entire volume) dislocation density as function of the imposed deformation.
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The evolution of the total dislocation density is plotted for the 4 um thick film for both crystal orientations

as a function the rotation angle in Figure 5.439(a) and as a function of the macroscopic plastic curvature,

KP?, in Figure 5.43(b). As shown by Nye [70] and Ashby [11] the theoretical GND density required for
accommodating an imposed bending angle, ©, can be calculated from knowledge of the average

macroscopic plastic curvature which is defined as [172]

KP == _ = (5.7)

where the plane strain bending stiffness is ET = pH?® / 6(1 — v). The theoretical GND density is then

defined as

O¢ = 75— (5.8)

where b, = bcosd is the magnitude of the z, -component of the Burgers vector. The macroscopic plastic

curvatures in Figure 5.43(b) have been calculated via Eq. (5.7) and the dislocation densities have been
computed by volume averaging the centroidal element values over the FE mesh. It is seen in Figure
5.43(b) that in agreement with Eq. (5.8), the dislocation density increases in an approximately linear
fashion with respect to the plastic curvature for both sets of simulations. Also, as expected from Eq. (5.8),
the dislocation density at a given level of plastic curvature is higher for the , film. Since the component
of the Burgers vector along the axis of deformation is smaller for this orientation, more dislocations are
needed to accommodate the deformation. Different ratios of L / £ have been used for each orientation
to achieve good agreement with the discrete dislocation results shown in Figure 5.43. Recall that this ratio
is directly related to the total dislocation density in the film with smaller values being associated with larger
total densities. Changing either the elastic or plastic length scale while keeping their ratio fixed does not

alter the total dislocation density of the film; therefore, using a fixed ratio for both orientations would lead

to a disagreement between the micropolar and discrete dislocation results for one of the crystal orientations.
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Figure 5.43: Evolution of the total dislocation density versus (a) imposed rotation angle (DD data are
not available for ¥ =60°) and (b) macroscopic plastic curvature predicted by the calibrated single
criterion (MP) and discrete dislocation (DD) [168] models for the 4 pm thick film.

Multicriterion Version 3 (MCV3)

The results of the calibrated multicriterion model (MCV3) are briefly presented prior to moving on
to the study of the double slip configuration. An abbreviated discussion is warranted because there are only
minor differences between the results of the SC and MCV3 micropolar models, and attention is focused on
highlighting these differences as well as demonstrating their agreement with the discrete dislocation results.
The adjustable model parameters for the MCV3 model are given in Table 5.7, and all of the parameters
except for the plastic lengths scale are the same for both orientations. The initial curvature threshold and

drag stresses have been chosen such that plastic curvature activates simultaneously with slip for the 4 pum
thick film with 1, , and such that the ratio of threshold stress to drag stress for slip and curvature are equal,
ie, r,/g=r,/9, . Figure 544 shows the normalized moment-rotation responses for the MCV3
model plotted against the discrete dislocation results and good agreement is demonstrated. The results are
nearly identical to those of the SC model, but there is a higher hardening rate for the 9, films for the

MCV3 model.
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Table 5.7: Calibrated MCV3 free model parameters used in the single slip pure bending simulations
for an elastic-viscoplastic single crystal.

Parameter Symbol  Magnitude  Unit
Reference slip threshold stress 7, 10 MPa
Elastic length scale e, 125 nm
Reference curvature threshold stress TLo 1.4 MPa
Curvature drag stress 9, 0.7 MPa
Plastic length scale (9 = 30°) L, 150 nm
Plastic length scale (¢ = 60°) L, 70 nm
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Figure 5.44: Normalized moment-rotation response for the calibrated mulit-criterion (MP) model
for both film thicknesses plotted against the discrete dislocation dynamics results [168] for (a)
¥ =30° and (b) ¥ = 60°.

The cumulative slip fields for the MCV3 model are not shown as they are identical to those for the

SC model shown in Figure 5.37 and Figure 5.38. Figure 5.45 gives the total dislocation density contour
plots for the MCV3 model for the ¥;, films at © =0.015, and are to be compared with the analogous

contour plots for the SC model that are given in Figure 5.39. The dislocation density contours for the
MCV3 model for both film thicknesses are contiguous across the neutral axis and therefore do not exhibit a
dislocation-free zone at this level of deformation. Although the maximum local values of dislocation

density are similar to that predicted by the SC model, 41 um™ and 28.3 um™ for the 2 and 4 pum thick films,
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respectively, the contour hot spots have delocalized from a narrow band along the elastic-plastic interface
and have begun to merge as demonstrated in Figure 5.45(a) for the 2 um thick film. In contrast to the SC
model, the maximum dislocation density values for the MCV3 model occur at the intersection of the
elastic-plastic interface with the free surface. As compared to the dislocation density contour plot from the

YVG model for the ¥,, film that is shown in Figure 5.40(a), the SC model is seen to be in better

agreement with this result.
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Figure 5.45: Contours of total dislocation density for the calibrated multicriterion model at

© =0.015 for ¥ =30° (a) H =2 um and (b) H =4 um. Dislocation density is reported in units of
2
pm™.

In Figure 5.46, the dislocation density contours for the ¥, films at © =0.01 are shown for both

the YVG and MCV3 models and they are seen to be in good agreement. The maximum dislocation
densities, which occur at the intersection of the elastic-plastic interface with the free surface, are larger than

those predicted by the SC model and are 95.8 um™ for the 2 um thick film and 59.1 pum™ for the 4 um thick

film. As was the case for the ¥, films, there is a negligible or non-existent dislocation-free zone adjacent
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to the neutral axis for the MCV3 model, and as shown in Figure 5.46 is in good agreement with the result

from the YVG model.
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Figure 5.46: Contours of total dislocation density for ¥ =60° at © = 0.01 according to the
statistical dislocation dynamics model (YVG) [168] for the (a) 4 pm and (c) 2 um thick films and for
the calibrated multicriterion (MP) model for the (b) 4 um and (d) 2um thick films. Dislocation
density is reported in units of pm.
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Finally, the evolution of the total film dislocation density calculated by both the discrete
dislocation and MCV3 models is plotted as function of the imposed rotation and macroscopic plastic
curvature for the 4 um thick film as shown in Figure 5.47. The results from the MCV3 model are in good
agreement with those available from the discrete dislocation simulations. It has been demonstrated that
both the SC and MCV3 micropolar models are able to accurately reproduce the general deformation
behavior, in terms of both the macroscopic response and the dislocation evolution density evolution. While
there are subtle differences between the deformation fields predicted by the two micropolar models, there
does not seem to be a distinct advantage of one versus the other than the fact that the single criterion model
requires fewer model parameters and is therefore easier to calibrate. That being said, a scenario could arise
such that the increased flexibility of the multicriterion is necessary and/or desirable. This type of situation
has not been encountered this research and the single criterion model will be exclusively employed for the

remainder of this work unless otherwise noted.
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Figure 5.47: Evolution of the total dislocation density versus (a) imposed rotation angle (DD data is
not available for ¢ =60°) and (b) macroscopic plastic curvature predicted by the calibrated
multicriterion (MP) and discrete dislocation (DD) [168] models for the 4 pum thick film.

Attention is now turned to the double slip configuration shown in Figure 5.48 As in the single slip

case, two orientations are considered, 1, and vy, where the orientation angle is defined as before as the
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angle between the 1, -axis and the slip direction for slip system 1. For each orientation, the second slip
system is symmetrically aligned with respect to the z,-axis, and the angle between the z, -direction and

the slip direction for the second system is 150° for ¥J,, and 120° for ;. The films have been partitioned

into distinct elastic and plastic zones as before and in analogy to the discrete dislocation and statistical
dislocation crystal plasticity simulations performed by Yefimov and Van der Giessen [162] (henceforth
YV). The elastic zones are the triangular regions located at the top, bottom, left, and right ends of the film
as shown in Figure 5.48, and each slip system is active in the diagonal strip of material parallel to the slip
direction as also indicated in the Figure. For slip system 1, this diagonal strip extends from the lower left
hand corner to the upper right hand corner of the film, and for slip system 2 the diagonal strip extends from
the upper left hand corner to the bottom right hand corner. The plastic zone can be divided into five
regions: four single slip regions (two for each slip system) that are the outermost regions of the diagonal
strips and a double slip region located at the intersection of the two diagonal strips which is indicated by the
blue dotted lines in Figure 5.48. The boundary conditions, analysis methods, and FE meshes are the same
as for the single slip configuration. Two different film thicknesses are simulated, H =4 pm and 8 pum,

with the ratio W / H = 3 fixed.
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Figure 5.48: Schematic of the geometry and slip system configuration for the double slip bending
simulations as used in Yefimov and Van der Giessen [162].
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Distinct from the simulations performed for the single slip configuration and because of the
potential for slip system interaction in the double slip configuration, slip system hardening due to SSD
evolution cannot be ignored. The interaction of dislocations on intersecting slip planes is clearly evident in
the dislocation distributions obtained from discrete simulations and shown for both orientations in Figure
5.49. This presents an additional complexity as compared to the single slip configuration as the material

parameters governing the SSD generation, annihilation, and contribution to slip threshold hardening must

be determined in addition to the usual free parameters for the single criterion model, i.e., {7,,£,,L, }. The

additional material parameters that must specified are: c, , he? 050 e K, and Yy, . Most of these

material parameters are known and/or can be specified with confidence based on typical values used in the
literature. Accordingly, the dislocation segment length constant, K , is taken to be the only additional
fitting parameter. The fixed material parameters for the double slip configuration micropolar simulations
are listed in Table 5.8, and the calibrated free parameters are given with along with the discussion of

results. The dislocation interaction and immobilization coefficients are assumed to be isotropic, i.e.,

R’ = a®® =1. All simulation results for the double slip configuration have been obtained with the

single criterion model.
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Figure 5.49: Dislocation distributions at © =0.015 for the 4 um thick films for (a) ¥ =30° and (b)
1 = 60° as obtained from the discrete dislocation simulations [162].

Table 5.8: Fixed SC model parameters used in the double slip pure bending simulations for an
elastic-viscoplastic single crystal.

Parameter Symbol  Magnitude  Unit
Shear modulus H 26.3 GPa
Poisson’s ratio v 0.33 -
Coupling parameter N, 0.95 -
Threshold stress strength coefficient ¢ 0.5 -
Burgers vector magnitude b 0.25 nm
Dislocation interaction coefficients heB 1.0 -
Initial SSD density 0 10 pm”
Dislocation immobilization coefficients a®f 1.0 -
Dislocation capture radius Y, 1.5 nm
Reference slip rate Yo 107 s
Drag stress g 5 MPa
Inverse rate sensitivity exponent m 20 -

The calibrated normalized moment-rotation responses for both film thicknesses and both
orientations are shown in Figure 5.50 for the micropolar and discrete dislocation models. The calibrated

free fitting parameters are listed in Table 5.9, and in contrast to the single slip bending simulations different
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elastic length scales have been specified for each orientation. Different dislocation segment length
constants, i.e., those that govern SSD production, have been used for each orientation as well. It is noted
that the micropolar model has been fitted to the average post-yield behavior instead of the initial yield

point. The response in terms of both the initial yield point and hardening rate is similar for both
orientations unlike the single slip configuration, where the hardening rate was much higher for the
films due to larger effective film thickness resulting from the dominant influence of the elastic regions.
The scale-dependence of the macroscopic behavior is more pronounced for the 9, films as demonstrated

in Figure 5.50(b).

Table 5.9: Calibrated SC free model parameters used in the double slip pure bending simulations for
an elastic-viscoplastic single crystal.

Parameter Symbol Magnitude  Unit
Reference slip threshold stress T, 10 MPa
Elastic length scale (19 = 30°) e, 300 nm
Elastic length scale (19 = 60°) e, 600
Dislocation segment length constant (¢ = 30°) K 160
Dislocation segment length constant (¢ = 60°) K 26
Plastic length scale (9 = 30°) L, 750 nm
Plastic length scale (9 = 60°) L, 700 nm
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Figure 5.50: Normalized moment-rotation response for the calibrated single criterion model (MP) for
both film thicknesses plotted against the discrete dislocation dynamics (DD) results [162] for (a)

¥ =30° and (b) ¥ = 60°.

Contours of the SSD density fields for the ¥, films are given in Figure 5.51 as obtained from the

micropolar model at ©® =0.02. The contours show maximums in the SSD density located along the free
surfaces in the outer quadrants where single slip is taking place, and the majority of the SSD density is seen
to be stored in these quadrants as opposed to the central region of the film where slip system interaction
should be the strongest. There is almost negligible scale-dependence of the SSD density distribution with
the only noticeable difference being the slight increase in intensity of the circular nodules located at the top

and bottom corners of the diamond-shaped double slip region for the 4 um thick film. The maximum SSD

densities are 0.069 pm™ and 0.066 um™ for the 4 um and 8 um thick films, respectively.
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Figure 5.51: Contours of SSD density for the calibrated single criterion model at © =0.02 for
¥ =30°(a) H =4 pm and (b) H = 8 pm. Dislocation density is reported in units of pm'z.

Figure 5.52 shows the total dislocation density contour plots for the ¥,, films at © =0.02, and it

is revealed that the magnitude of the total dislocation density field is approximately three orders of
magnitude larger than that of the SSD density field indicating that the total density field is predominantly
geometrically necessary. The peaks in total density occur at the free surfaces near the centrally located
elastic-plastic interfaces for both film thicknesses, and the maximum values are 57.7 pum™ and 32.3 um™ for
the 4 um and 8 pum thick films, respectively. In the case of the 8 mm thick film, there is dislocation-limited
region (not dislocation-free) adjacent to the neutral axis in between the regions of higher dislocation
density, whereas the high intensity regions have merged and become interconnected for the 4 um thick
film. Recall that the dislocation density fields that develop for the single slip configuration, as shown in
Figure 5.39, have maximum dislocation density values in the subsurface region and high intensity zones of
dislocation density that grow parallel to and alongside the elastic-plastic interface. On the other hand, the
maximum dislocation density values for the double slip configuration occur at the free surfaces, as shown
in Figure 5.52(a), and there are bands of dislocations of slightly lower intensity that grow inward and nearly

perpendicular to the slip direction for any given quadrant.
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Figure 5.52: Contours of total dislocation density for the calibrated single criterion model at

© =0.02 for Y =30° (a) H =4 pm and (b) H =8 pm. Dislocation density is reported in units of
2
pm™.
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In Figure 5.53 the total and GND density fields on slip system 1 are plotted for both the
micropolar and YV models at ©® =0.015 for the 4 um thick film. Once again, the micropolar model
underestimates the maximum local values of both the total and GND density, and recall that this is believed
to be due to the lack of an image force effect in the micropolar framework. As in the single slip
configuration, there are significant dislocation-free regions near the free surfaces in the results of YV as
shown in Figure 5.53(a) and (c), but the micropolar model, as most clearly shown in Figure 5.53(b) yields a
more uniform distribution of the dislocation density from the bottom to the top of the film. Although it is
hard to see from the figure, since the micropolar results have been plotted on the same contour scale as the
YV results, the morphologies of the total dislocation density distributions are in good agreement as can be
inferred from comparing the uncropped total dislocation density contour plot given in Figure 5.52(a) to that
given for the YV model in Figure 5.53(a). The general shape of the GND density distribution and the
location of hot spots for the micropolar model are also found to be in general agreement with that shown in
Figure 5.53(c). The most notable difference between the dislocation density fields (both total and GND)

predicted by both models is that the micropolar model does not capture the appropriate relative intensity of
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the dislocation density bands parallel to the slip direction and located in the central, double slip zone. This
would be rectified through the image force effect which would serve to concentrate the dislocation density

fields in more central regions of the film.
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Figure 5.53: Contours of dislocation density on slip system 1 at © =0.015 for the 4 um thick film:
(a) total dislocation density for the statistical dislocation dynamics model (YV) [162] (b) total
dislocation density for the calibrated single criterion model (MP) (c) GND density for the statistical
dislocation dynamics model and (d) GND dislocation density for the calibrated single criterion
model.
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The micropolar model SSD density fields are plotted for the o, films at © =0.02 in Figure 5.54.

The maximum values of the SSD density, which occur at the free surfaces and are relatively size-
independent, are 2.38 um™ and 2.28 um™ for the 4 um and 8 pm thick films, respectively. While the
maximum SSD density values do not vary much with changes in film thickness, Figure 5.54 shows that the
localized corner regions of high density in the 8 um thick film transition into a more uniformly distributed

high intensity band spreading across the top and bottom surfaces of the 4 um thick film. In contrast to the

films with o, there are large, pronounced SSD density-free zones located at the center of the o, films.

It is also noted that the magnitude of the SSD density field is larger for the ¥, oriented crystals, but this is

expected since a smaller value of K (more SSD generation) has been used for this orientation.
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Figure 5.54: Contours of SSD density for the calibrated single criterion model at © =0.02 for
¥ =60°(a) H =4 pm and (b) H = 8 pm. Dislocation density is reported in units of pm'z.
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The total dislocation density fields for the ¥, oriented films are plotted for the micropolar model

at © =0.02 in Figure 5.55, and for the YV and micropolar models © =0.015 in Figure 5.56. As
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evidenced by the magnitude of the total dislocation density, it is again concluded that the overwhelming
majority of the density field is geometrically necessary. The maximum total dislocation density values
occur at the free surfaces for both film thicknesses and are given as 53.9 pm™ and 22.9 um™ for the 4 pm

and 8 um thick films, respectively. The geometrical configuration of the elastic and plastic phases for the

U, oriented crystal is such that there is no centrally located elastic zone. Therefore, as shown in Figure

5.54 and Figure 5.55, the dislocation density fields are continuous and smooth, whereas for the o,

orientation the dislocation density contours have a checkered type of pattern. As shown in Figure 5.54,
there is a narrow dislocation-free zone adjacent to the neutral axis for the 8 um thick film; however, no

such region exists for the 4 um thick film. Figure 5.56 demonstrates that the total dislocation density field
predicted by the micropolar model for the 1, oriented crystal is good general agreement with the YV

model for the 4 um thick film, although the by now usual discrepancies between the two models results are
present. Namely, there is no image force effect and associated dislocation stand-off distance near the free
surfaces in the micropolar model, and therefore the maximum local values of dislocation density are
underestimated. Additionally, the YV model results show a slight decrease in the intensity of the
dislocation density along the neutral axis of the film as seen in Figure 5.56(a) that is not present in the

micropolar model results.
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Figure 5.55: Contours of total dislocation density for the calibrated single criterion model at
© =0.02 for Y =60° (a) H =4 pm and (b) H =8 pm. Dislocation density is reported in units of
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Figure 5.56: Contours of total dislocation density on both slip systems at © =0.015 for the 4 um
thick film for (a) the statistical dislocation dynamics model (YV) [162] and (b) calibrated single
criterion model (MP).
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The evolution of the total film dislocation density is plotted for both film orientations and
thicknesses versus the macroscopic plastic curvature in Figure 5.57(a) and (b), respectively, and the total
versus the applied rotation for the 4 pm thick film in Figure 5.57(c). In general, the micropolar results
compare favorably to the discrete dislocation results, but slightly underestimate the total dislocation

densities. The micropolar model is able to capture the change in slope of the dislocation density-plastic

curvature plot with the change in thickness for the 1, oriented films (see Figure 5.57(a)), but not for the
g, oriented films (see Figure 5.57(b)). The dislocation density-plastic curvature plots obtained from the

micropolar model for the ¥, oriented films overlap, whereas the discrete dislocation curve for the 8 pm

thick film shows an increase in slope with increasing macroscopic plastic curvature, while the slope for the
4 um remains essentially constant. It is unclear as to why the micropolar model does not predict a similar
trend for this orientation. The evolution of the total film dislocation density as a function of the applied
rotation angle for the 4 pm thick film according to the micropolar model and discrete dislocation model is
given in Figure 5.57(c), and the micropolar model demonstrates excellent agreement with discrete

dislocation result for the 1930 oriented film. No discrete dislocation data are available for the 1960 oriented

film.
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Figure 5.57: Evolution of the total film dislocation density versus macroscopic plastic curvature as
predicted by the calibrated single criterion (MP) and discrete dislocation (DD) [162] models (a) ¥ =
30° and (b) ¥ = 60° and (c) versus the imposed rotation angle (DD data are not available for ¥ =
60°). H =4 pm.

5.3.3  Simple Shear of a Metal Matrix Composite
This section presents a comparison of the micropolar model to discrete dislocation simulations of
particle strengthening in metal matrix composites. An idealized material system is considered as shown in

Figure 5.58, and consists of an elastic-plastic matrix phase (white) with a single slip system parallel to the

x, -direction that is reinforced by a periodic distribution of elastic particles (gray). Due to the periodicity

of the microstructure, a unit cell of dimensions 2W x 2H (W = H V3 ) is modeled and the particles have
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dimensions of 2W, x2H,. Two distinct particle morphologies with different aspect ratios but the same

area fraction, Af =0.2, are studied:

L Square particles where W, =H, =0416H .

1L Rectangular particles where H, =2W, =0.583 H

The key distinction between the two morphologies is that there is an unobstructed vein of matrix material
that extends from one side of the unit cell to the other for Material I, whereas no such clear path exists for
Material II (as demonstrated in Figure 5.58). Therefore, any differences in material strengthening that are
observed for the two materials are due to heterogeneous deformation (phase morphology) and not phase

volume fraction effects. In the analysis, the unit cells are subjected to simple shear through horizontal
displacements applied to top and bottom surfaces and periodic conditions are enforced in the z, -direction.

This initial-boundary value problem was initially posed and analyzed via discrete dislocation dynamics by
Cleveringa et al. [183, 184]. Subsequent works devoted to the comparison of various nonlocal crystal
plasticity solutions to the discrete dislocation results have been carried out by Bassani et al.[185],
Bittencourt et al. [23], and Yefimov et al. [74]. Related numerical studies of sub-micron scale crystal
plasticity and mechanical size-effects for two-phase elastic-plastic composites have been carried out by
Shenoy et al. [186], Needleman and Van der Giessen [187], Forest and Sedlacek [39], Schwarz et al. [188],
Yassar et al. [189], and Taupin et al. [190]. The current analysis is carried out in accord with and to be

compared to the discrete dislocation simulations of Yefimov et al. [74].
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Figure 5.58: Schematic of the geometry and slip system configuration for the metal matrix
composition initial-boundary value problem as outlined in Yefimov et al. [74].

The 2-D unit cell is deformed in plane strain simple shear which is prescribed through

displacements applied in the =, -direction to the top and bottom surfaces. The unit cell is subjected to

macroscopic shear strain of I' = 0.01 which is applied at a rate of I' = 10~ s™' and then unloaded back to
zero strain. The top and bottom surfaces are restrained against vertical displacements and periodic

conditions are applied on the lateral faces. The boundary conditions are stated as

u (o, £H,t) = £T()H , uy(z;,£H,t) =0 (5.9
u (=W, 2y,t) = (W, zy,1) ,  uy(—W,2y,t) = uy(W,2,,1)

(5.10)
(E(—W, Ty,t) = (E(W, Ty, t)

Baseline simulations are performed for Materials I and II with a unit cell half-height of H = C' =40005b ,

and additional simulations are performed for Material Il with H =0.5C and H =2C to study the size-
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dependence of the mechanical response. Results from simulations of Material I for different unit cell sizes
are not shown because they do not elicit scale dependence due to the geometrical configuration of the
particles. The FE mesh consists of 106 X 61 bilinear quadrilateral elements, and all simulations have been
performed with the single criterion micropolar model. The material parameters used in the simulations are
given in Table 5.10, and are representative of silicon carbide particles embedded in an aluminum matrix

[184].

Table 5.10: Material parameters used in the metal matrix composite simulations for an elastic-
viscoplastic single crystal matrix phase.

Parameter Symbol  Magnitude  Unit
Shear modulus H 26.3 GPa
Poisson’s ratio v 0.33 -
Coupling parameter N, 0.95 -
Elastic length scale L, 125 nm
Plastic length scale L, 125 nm
Threshold stress 7, 21 MPa
Threshold stress strength coefficients ¢ N/A -
Burgers vector magnitude b 0.25 nm
Dislocation interaction coefficients hos N/A -
Initial SSD density 0 N/A um
Dislocation immobilization coefficients a8 N/A -
Dislocation segment length constant K N/A
Dislocation capture radius Y, N/A nm
Reference slip rate Yo 107 s
Drag stress g 5 MPa
Inverse rate sensitivity exponent m 20 -

The discrete dislocation simulations of Yefimov et al. [74] have been carried out for a matrix
material that is initially free of dislocations and point obstacles. Therefore, the yield strength is governed
by the dislocation source characteristics and material strengthening is due solely to dislocation-dislocation
and dislocation-particle interactions. The dislocation sources are randomly distributed with a uniform

source density and the source strengths are randomly chosen from a Gaussian distribution with mean and
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standard deviation of 50 MPa and 10 MPa, respectively. The average stress-strain responses predicted by
the discrete simulations are markedly different for the two morphologies. An essentially elastic-perfectly
plastic response is observed for Material I, whereas Material II displays an approximately linear hardening
rate. These differences in behavior are due to the fact that Material I contains an unblocked matrix channel.
Dislocations nucleated in this channel are highly mobile and able to traverse the entire unit cell, and as a
result only a small number of dislocations are needed to accommodate the imposed deformation. On the
other hand, mobile dislocations in Material II are obstructed and form pileups originating at the matrix-
particle interface, and these pileups generate strong back stresses which lead to the observed material
strengthening for this particle morphology. The validity of this analysis is confirmed upon inspection of
the dislocation distributions for the two particle morphologies shown in Figure 5.59 at an applied strain of
0.6% and also the unloading behavior as shown in Figure 5.60(c). Figure 5.59shows an extremely low
dislocation density for Material I, and a much higher density for Material II with many dislocations located
at the matrix-particle interfaces. The dislocation arrangement for Material II is characterized by tilt wall
type configurations on the lateral faces of the central particle which form to maintain compatibility between
the matrix and the inclusion as argued by Ashby [11], and also by extended pileups which are clearly seen
in the outermost quadrants of the unit cell. The unloading curves offer further evidence that material
strengthening is governed by the development of GND induced back stresses since a strong Bauschinger

effect is observed for Material II while unloading is essentially elastic for Material 1.
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Figure 5.59: Dislocation density distributions at I' = 0.006 from the discrete dislocation simulations
[74] for (a) Material I and (b) Material II.
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It is noted (see Table 5.10) that guided by the analysis of the discrete dislocation results that terms
associated with the SSD strengthening and evolution have been suppressed. Recall that the same
assumption has been made in the single slip configuration bending simulations presented in Section 5.3.2
because there, as in the current case, were no short-range obstacles to slip (point obstacles or intersecting
slip planes). The calibrated material parameters have been determined by fitting the micropolar model to

the discrete dislocation results with H = C'. Given that SSD density evolution is neglected, there are

three free fitting parameters: 7, ¢, and L,. The initial threshold stress, r,, is determined by fitting

stress-strain response for Material I, and the elastic and plastic length scales have been determined by
fitting to the hardening behavior and dislocation density evolution of Material II. The average shear stress-
strain responses from the micropolar and discrete dislocation simulations for Material I and II with
H = C are shown in Figure 5.60(a). The micropolar stress-strain curves are in good agreement with the
discrete dislocation results for both Materials I and II during forward loading; however, the Bauschinger
effect observed for Material II during unloading is significantly underestimated by the micropolar model.

Figure 5.60(b) shows the stress-strain curves for Material II for three different unit cell sizes as
obtained from the micropolar model using the calibrated set of material parameters. There micropolar
model results display a clear “smaller is stronger” trend with respect to the observed hardening slope, but in
contrast to the discrete simulations there is no difference in the initial yield strengths among the three
specimens considered. The strong variation in initial yield strength seen in the discrete simulations is
governed by the statistics of the dislocation sources, and cannot be captured in a continuum model that
treats all (matrix) material points as equally potent sources for initiating plastic flow. If the initial threshold
stress is treated as an additional fitting parameter for each unit cell size, reflecting the statistical variations
in the source strengths, then excellent agreement between the micropolar and discrete dislocation stress-
strain curves is obtained as shown in Figure 5.60(c). The modified threshold stresses used in these

simulations are 13 MPa and 30 MPa for H =2C and H =0.5C, respectively.
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Figure 5.60: Average stress-strain response for (a) both Material I and II with H = C' (b) Material
II for different specimen heights with fixed initial slip threshold (c) and Material II with variable slip

threshold.

The cumulative plastic slip distribution for Material [ with H = C' at I' =0.006 as predicted by

the micropolar model and the statistical dislocation dynamics model of Yefimov et al. [74] is shown in

Figure 5.61. Both models yield cumulative slip fields that are similar in morphology and magnitude, that

are characterized by the intense localization of plasticity in the unreinforced veins of matrix material. It is

noted that the localized zones of slip are symmetric for the micropolar model, whereas there is an obvious

asymmetry for the statistical dislocation dynamics model owing to the distribution of source strengths. The

maximum values of cumulative slip are 0.037 and 0.04 for the micropolar and YGV models, respectively.
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Figure 5.61: Contours of cumulative slip at I' =0.006 for Material I (a) calibrated single criterion
micropolar model (MP) and (b) statistical dislocation dynamics model (YGV) [74]. H = C'.

Contours of the total dislocation (GND) density fields are shown in Figure 5.62 for Material I at
I' =0.006 for the micropolar and YGV model, and it is seen that both models predict maximum local
values of dislocation density at the corners of the central particle. It is noted that the maximum value of
dislocation density is approximately 13 times higher for the YGV model as compared to the micropolar
model, and because of this difference in magnitude the results have been plotted on separate contour scales.
The exact nature of this discrepancy is unclear, but it could be related to the fact that there is no SSD
production in the micropolar model. Even though there is no SSD (or any) hardening for Material I, as
indicated in the discrete dislocation stress-strain curve shown in Figure 5.60(a), there will still be some
amount of statistically stored dislocations, e.g., dipolar configurations, within the matrix. This is an aspect
of the discrete simulations that the YGV model will inherently pickup, whereas the micropolar model will

not (due to the a priori zero SSD assumption). Dislocation-based continuum crystal plasticity formulations
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(either local or nonlocal) describe material strengthening through the evolution of the dislocation density,
and in the absence of material strengthening there is rarely a “need” to track the dislocation density
evolution. To remedy this discrepancy, a non-null evolution of SSDs could be specified while ignoring
their contribution to strengthening, but this is typically not done because this is in fact how the effect of
SSDs on material response is quantified. Continuum theories which treat the dislocation dynamics sub-
problem explicitly, such as the YGV model, do not suffer from these same limitations because of the way

the SSD and GND density evolution is naturally coupled through the dislocation conservation equations.

RHC
[Bug: 100%)

SO kbl

20 00 L0 -] B T
[m R RN O P e N S

(a)

(b)

Figure 5.62: Contours of dislocation density at I' =0.006 for Material I (a) calibrated single
criterion micropolar model (MP) and (b) statistical dislocation dynamics model (YGV) [74].
H=C.

~226 ~



The cumulative slip contours for Material II at I' =0.006 are shown in Figure 5.63 for the
micropolar and YGV models, and there is good agreement between the morphologies of the two
distributions. The morphologies are characterized by highly localized slip bands that form along the top
and bottom faces of the particles, but do not extend across the full width of the unit cell due the obstruction
provided by the particle overlap. It is significant that the cumulative slip distribution for the micropolar
model is qualitatively similar to that of the YGV model, as it has been pointed out [74] that the nonlocal
theories of Bassani et al. [185] and Bittencourt et al. [23] do not capture the appropriate trends. This is
demonstrated in Figure 5.64 which shows cumulative slip contours at I' =0.0096 for the Gurtin-type
model [23] for (a) a local crystal plasticity model and for (b) the nonlocal model with microclamped (zero
plastic strain) boundary conditions imposed at the matrix-particle interface. In addition to the localized slip
bands parallel to the direction of shearing, both the local and nonlocal theories display a significant amount
slip at the matrix-particle interface. The slip contours shown in Bassani et al. [185] display similar trends,
and these results are inconsistent with the discrete dislocation simulations which show almost no slip near
the vertical faces of the particles. It is also important to note that the model used in Bassani et al. [185] is a
low-order type of nonlocal theory, whereas the results presented in Bittencourt et al. [23] are for a Gurtin-
type work-conjugate higher-order theory. In other words, the limitations of these two models with respect
to capturing the cumulative slip distributions cannot solely be attributed one type of nonlocal formulation
versus the other. It was argued by Yefimov et al. [74] that this limitation is due to the fact that dislocation
nucleation is assumed to be instantancous and unlimited in these types of theories. However, the
micropolar model is able to capture the same cumulative slip morphology without explicitly treating
dislocation nucleation and its statistical variance, so there must be an alternative and/or supplemental
explanation for this behavior. Although the micropolar model is in good agreement with the YGV model
in terms of the overall cumulative slip distribution, it is pointed out that the intensity of slip bands is
noticeably higher for the micropolar model as seen in Figure 5.63(a). To facilitate comparison of the two
results the contour bar for the micropolar cumulative slip plot has been clipped such that any value greater
than 0.025 is shown as red. It seen that the overwhelming majority of plastic deformation is accommodated

by the slip bands for the micropolar model, whereas the slip is more evenly distributed for the YGV model.
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The maximum value of cumulative slip predicted by the micropolar model is 0.053 which is approximately

twice the value reported for the YGV model.
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Figure 5.63: Contours of cumulative slip at I' =0.006 for Material II (a) calibrated single criterion
micropolar model (MP) and (b) statistical dislocation dynamics model (YGV) [74]. H = C .
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Figure 5.64: Contours of cumulative slip at ' =0.0096 for Material II (a) local theory and (b)
Gurtin-type nonlocal theory with microclamped interfacial boundary conditions according to
Bittencourt et al. [23].

The total dislocation density contour plots for Material II at I' =0.006 are given in Figure 5.65
for both the micropolar and YGV models. In agreement with the discrete dislocation simulations, both
models show large numbers of dislocations along the vertical faces of the matrix-particle interface and very
few dislocations distributed throughout the matrix. These interfacial dislocations are geometrically
necessary and are generated to accommodate the rotational gradients that develop. In contrast to the
bending simulations where the micropolar models consistently underestimated the maximum local values
of dislocation density observed in YGV model results, the magnitude of the dislocation density fields are
much more congruent for this initial-boundary value problem. This is not unexpected since it has
previously been demonstrated for the constrained shear problem, i.e., another problem with microrigid
boundary conditions, that the micropolar model is capable of capturing the peak dislocation density
magnitude. One feature of the dislocation distribution that is seen in the discrete dislocation (see Figure
5.59(b)) and YGV model results, but not for the micropolar model is the dislocation pileups emanating
from the particles. The lack of this characteristic feature in the micropolar simulations can be related back
to the prior discussion of the dislocation configuration observed in Material I, where it was argued that the
disagreement between the micropolar and YGV models is related to a certain amount of dislocation density
that exists within the actively slipped regions that does not have a significant impact on the material
strengthening behavior. The situation is slightly different here since the previous arguments made in

reference to Material I revolved around an unaccounted for SSD density, whereas the “missing”
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dislocations in the current scenario are arranged in pileups and are by definition GNDs. These subtle but
important differences aside, the limiting feature and cause of the discrepancy between the micropolar and
YGV models for both Materials I and II is the same; namely, that the unaccounted for dislocation density in
the micropolar is due to the assumption that there is no dislocation generation (either SSDs or
phenomenological GNDs) associated with slip. This argument is supported by the observation, as in the
case for Material I, that these dislocation pileups are found to be collinear with the intensely sheared slip
bands as can be seen by comparing Figure 5.63(b) and Figure 5.65(b). As previously discussed, the YGV
model is able to pick up these features of the dislocation distribution that are observed in the discrete
dislocation simulations because it treats the dislocation dynamics sub-problem explicitly. As such, the
dislocation pileups at interfaces naturally emerge due to the direct treatment and impedance of dislocation

flux.
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Figure 5.65: Contours of total dislocation density at ' = 0.006 for Material II (a) calibrated single
criterion micropolar model (MP) and (b) statistical dislocation dynamics model (YGV) [74].
H=C.

The size-dependence of the dislocation distribution and evolution is demonstrated in Figure 5.66
and Figure 5.67, respectively. Figure 5.66 gives the total dislocation density contour plots for Material II at
I' =0.006 for the three different unit cell sizes. There is nothing particularly interesting about the
individual plots as they all have the same morphology, and as expected the magnitude of the dislocation
density increases with decreasing unit cell size. The maximum local dislocation density values predicted
by the micropolar model at this applied strain level are 417 pm?, 363.1 pm?, and 259.6 um? for
H=05C, H=C,and H=2C,respectively. The total dislocation density in the matrix is plotted as
a function of applied shear strain for both the micropolar and discrete dislocation models for the three unit
cell sizes in Figure 5.67. The micropolar model results are in good agreement with the discrete dislocation

simulations for the two largest unit cell sizes, but there is a rather modest discrepancy for the smallest unit
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cell size. It is noted that the material parameters have been determined by fitting to the discrete dislocation
results for the middle unit cell size, H = C', and then held fixed for the other simulations. Consequently,
the micropolar and discrete dislocation results for this unit cell size are the most closely aligned.
Interestingly, the micropolar model overestimates the total dislocation density for the largest unit cell size
and underestimates it for the smallest one. The lack of a consistent trend with respect to the variation of
dislocation density evolution as a function of unit cell size might indicate that different material length
scale parameters need to be used for each simulation. This would be in contrast to the pure bending
simulations where different material length scale parameters are required for different crystal orientations,
but not for different film thicknesses. The justification for using different material length scale parameters
for varying crystal orientations is rather straight-forward since the nature of the dislocation configuration
changes as a function of crystal orientation. However, it is unclear as to what the physical justification
would be for varying the material length scale parameters as function of specimen thickness since the
orientational nature of the dislocation distribution does not change. It is conceivable that some other non-
orientational aspect of the dislocation distribution necessitates such specimen size-dependent material
length scale parameters, but it is impossible to draw any definitive conclusions in this regard with the

limited amount of discrete dislocation simulation data that are available.
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Figure 5.66: Contours of total dislocation density for Material II at I' =0.006 for the calibrated
single criterion model (a) H =2C (b) H = C ,and (¢) H =0.5C.
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Figure 5.67: Evolution of total matrix dislocation density versus applied strain as predicted by the
calibrated single criterion model (MP) and discrete dislocation dynamics (DD) [74] for various unit
cell sizes.
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54  Summary

This chapter presents the results of single crystal simulations performed using the micropolar
crystal plasticity models developed in Chapter 3. The first part of the chapter was devoted to a parametric
study of the various models in order to gain an understanding as to how the non-classical material
parameters influence different aspects of the deformation behavior, and also to assess the variation in
model predictions for a common and well-understood initial-boundary value problem. The second part of
the chapter used the insight gained during the parametric study to then calibrate the micropolar model to
discrete dislocation dynamics simulations of three equivalent initial-boundary value problems.
Specifically, the initial-boundary value problems that have been studied are: (i) constrained shearing of thin
films, (ii) pure bending films, and (iii) simple shearing of a metal matrix composite. It has been
demonstrated that the micropolar models are in general agreement with the discrete dislocation simulations,
and are capable of reproducing many of the their characteristic features. Attention has also been called to
the limitations of the theory. Notable among these are the limitations of strength model versions 1 (MCV1)
and 2 (MCV2) proposed for the multicriterion theory. These strengthening descriptions have proven
incapable of capturing all relevant aspects of the discrete dislocation simulations simultaneously with a
single set of material parameters. As such, these models have been deemed physically invalid, and have

been discarded as viable material descriptions.
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CHAPTER 6

NUMERICAL SIMULATIONS: POLYCRYSTALS

6.1 Introduction

This chapter presents a study of polycrystalline deformation via numerical simulations employing
the micropolar single crystal plasticity constitutive models developed in Chapter 3. A primary motivation
for the development of single crystal plasticity constitutive models is the desire to compute mechanical
response of polycrystals as the aggregate behavior of an ensemble of single crystals, and this is a relatively
more daunting task for discrete dislocation models. Simulations of this kind allow the connection between
local microstructural arrangement and polycrystalline deformation behavior to be studied. Typical
quantities of interest in such analyses are the homogenized stress-strain response, the evolution of texture,
the development and distribution of microplasticity, shear localization, etc. There has been a recent interest
in applying nonlocal crystal plasticity models to study the scale-dependent behavior of polycrystals. In
particular, the scaling behavior of the flow stress with grain size is sought. It is well known that the flow
strength in polycrystals scales as a power of the inverse grain size with a scaling exponent typically

reported to be in the range 0.3 < n <1 [191] where n =0.5 corresponds to the classical Hall-Petch

exponent [1, 2]. While modeling the grain size dependence of yield strength and flow stress in
polycrystalline metals is often cited as a motivation for developing nonlocal crystal plasticity theories, there
are relatively few computational studies devoted to direct numerical simulation of explicitly rendered (i.e.,
non-homogenized) polycrystals using such theories [15, 34, 41, 104, 106, 111, 192-198]. The simulations
performed in the sequel are not exhaustive, and are only intended to demonstrate the general range and

nature of scale effects that can be achieved with the micropolar crystal plasticity models.
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6.2  Polycrystal Representation and FE Model

In the following, two different polycrystalline representations are considered. One representation,
which will be termed “traditional”, makes no distinction between the grain interior and grain boundary
regions and employs the micropolar crystal plasticity model up the grain boundaries, and the other treats
the polycrystal as being comprised of core (grain interior) and mantle (grain boundary) regions. The
former approach is typical of how polycrystals have traditionally been modeled with single crystal
plasticity, and the core-mantle representation is a more recent trend that has been used invoked as a means
of describing scale-dependent behavior. The rationale behind the core-mantle description is based on the
notion that there is a grain boundary affected zone where the material properties (i.e., slip behavior) will
differ from those in the interior of the grain. In core-mantle models based on local constitutive theories, the
grain boundaries, being sites of high GND density, are usually specified a constitutive character that is
stiffer (higher yield strength and strain hardening rates) than the grain interiors such that as the volume
fraction of GBs changes the material the material elicits a size dependent response due to the composite
nature of the material model. The core-mantle methodology is not often used in conjunction with nonlocal
constitutive theories as a natural scale-dependence and delineation between grain interiors and boundary
regions will emerge due to the concentration of strain gradients in the vicinity of GBs. This is precisely
what happens when the micropolar theory is used in a traditional polycrystalline model.

The core-mantle methodology is used here in a different context and is motivated by the desire to
draw an analogy between the micropolar and higher-order slip gradient-based polycrystal simulations. It
has previously been discussed with respect to the higher-order slip gradient-based crystal plasticity theories
that while they admit the specification of arbitrary interfacial boundary conditions in general, only two
types of conditions (microfree and microclamped) have been used in practice. The microfree condition is
used to model free surfaces and grain boundaries are almost exclusively modeled with the microrigid
condition [15, 197]. Several works have discussed various types of intermediate micro boundary
conditions from a theoretical perspective [78, 93, 114, 199], but very little has been done in this regard in
terms of applications and numerical simulations. The microrigid condition enforces a zero plastic

deformation constraint, thereby creating thin boundary layer (mantle) of essentially elastic material
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adjacent to the grain boundary. As an analog to this, a core-mantle model is developed where the grain
core’s constitutive response is described by micropolar crystal viscoplasticity and the mantle region is
described by micropolar elasticity. Similar studies of scale-dependent mechanical behavior have been
carried out at the single crystal level using micropolar and micromorphic crystal plasticity by Forest and
Sedlacek [39], Forest [38], and Cordero et al. [33] through the analysis of two-phase laminates. In their
works, a simplified unit cell with a single slip system oriented perpendicular to the phase interface is
analyzed. The core-mantle polycrystal simulations in this thesis represent a generalization and extension of
these earlier contributions.

In the following simulations, the mechanical response of a small statistical volume element (SVE)
containing 30 randomly oriented grains is investigated for remote uniaxial loading conditions. As shown in
Figure 6.1, the grains are modeled as regular hexagons and the grain boundary regions are specified to be
0.025d thick, where d 1is the grain diameter. The same FE discretization is used for both the traditional
and core-mantle representations of the polycrystal. A mapped mesh comprised of 72 (3x6 in each
quadrant) bilinear quadrilateral elements is used for the grain interiors and the grain boundary regions have
three elements through the thickness. Polycrystals with four different grain sizes are simulated,
d € {250, 500, 1000, 10000} nm, and three SVE instantiations with different orientation distributions are

studied for each grain size. Periodic displacement and rotation boundary conditions are applied in both the
7, - and ,-directions of the SVE and the remote tension applied through a displacement boundary

condition on control node D in the vertical direction as indicated in Figure 6.2 The periodic boundary
conditions have been implemented via linear multi-point constraints according to the developments in van

der Sluis et al. [200]. The boundary conditions are stated as

w(0.H,t) =0 , u,(0,H,t)=U(t)
u(0,0,¢) = 0 , 6.1)

uy(W,0,t) = 0

and the periodicity constraints are
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u(0,0 < z, < H,t) —u(0,0,¢) = u(W,0 < x, < H,t) —u(W,0,?)
u(0 < z; < W,0,t) —u(0,0,t) = u(0 < z;, < W,0,t) —u(0,H,t) , (6.2)

u(0, H,t) — u(0,0,¢) = u(W, H,t) — u(W,0,t)
for the displacements and

$(0,0 <z, < H,t)= ¢(W,0 <z, < H,t)
(6.3)
o0 <z, <W,0,t) = ¢(0 <z, <W,H,1)

for the rotations. In each simulation, the SVE is subjected to an average true strain of 0.05 that is applied at
a rate of 107 s where the SVE nominal uniaxial strain is defined as €99 = uy(0,H,t) / H. The single

criterion theory is used in all of the polycrystal simulations, and the material parameters used in the
simulations are given in Table 6.1. It has been demonstrated in Chapter 5 that the micropolar material
parameters required for reproducing the behavior of single crystal discrete dislocation dynamics
simulations are orientation and initial-boundary value problem dependent. Therefore, it is reasonable to
assume that the material parameters for each grain should be a function of its orientation and also the
orientation of its nearest neighbors since this will define the local boundary conditions for each grain. On
the other hand, there is no way to determine what the grain-by-grain material parameters should be a priori;
therefore, all of the grains are assumed to have identical material properties. In this regard, the following
studies are intended only to highlight general trends in the deformation behavior and not to corroborate
with experimental or finer scale simulation results as there is insufficient data available for this purpose. It
is to be understood that the list of material parameters given in Table 6.1 apply to the grain cores only. The
micropolar elastic material parameters used for the grain boundary regions in the core-mantle simulations is

covered in more detail during the discussion of those results.
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Schematic of geometry and periodic boundary
simulations.

conditions for the SVE polycrystal
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Table 6.1: Single crystal elastic-viscoplastic material parameters used in the polycrystalline
simulations.

Parameter Symbol  Magnitude  Unit
Shear modulus H 26.3 GPa
Poisson’s ratio v 0.33 -
Coupling parameter N, 0.95 -
Plastic-elastic length scale ratio L, /L, 4.5 -
Threshold stress Ty 12.8 MPa
Threshold stress strength coefficients o 0.5 -
Burgers vector magnitude b 0.25 nm
Dislocation interaction coefficients haB 1.0 -
Initial SSD density 90 10°° um
Dislocation immobilization coefficients a8 0.1 -
Dislocation segment length constant K 40

Dislocation capture radius Y, 1.5 nm
Reference slip rate Yo 107 s
Drag stress g 5 MPa
Inverse rate sensitivity exponent m 20 -

6.3 Results and Discussion

Three different sets of results are presented in the following discussion. Two values of the elastic

length scale parameter £, € {10, 250} nm are used in the simulations with the traditional polycrystalline

representation and a single elastic length scale, £, = 10 nm is considered for the core-mantle simulations.

In the following analysis, attention is focused on the macroscopic stress-strain behavior, the scaling of flow
stress with (inverse) grain size and the distributions of the lattice rotation, SSD, GND and cumulative slip

fields. The cumulative slip fields are defined for each slip system as

=

ey

4

dt (6.4)

The macroscopic uniaxial true stress-strain response is calculated from the previously given definition of

nominal SVE strain, i.e., e, = U(t) / H, and the SVE nominal stress which is defined in terms of the
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vertical component of the reaction force, er , at control node D as s,, = r2f (D) /W where unit

thickness has been assumed in the out-of-plane direction. The scaling of macroscopic flow stress as a

function of grain size is defined in terms of an extended Hall-Petch [1, 2, 201] relation, i.e.,
o(e) = a,(e) + kyp(e)d ™ (6.5)

where o is the macroscopic flow stress, o, is a constant reference flow stress, k;p is a proportionality

constant, d is the grain size, and n is the scaling exponent. The explicit dependence of the arguments on
the applied strain is included to underscore that the scaling behavior will be studied at multiple points in the
deformation history. The reference flow stress is defined as the corresponding macroscopic stress at
vanishing length scale effects, i.e., the flow stress that would be obtained from an identical simulation using
a classical (local) theory of crystal plasticity. In the following analysis, the reference stress-strain response
is taken to be that of a polycrystal with d / £, =1000. In order to keep the number of figures to a
minimum in the following presentation of results, the deformation field contour plots are given for a single
SVE instantiation (SVE2). While the local fields vary from one SVE to another, the general trends
observed for a single SVE will apply to the others as well. To facilitate discussion of certain aspects of the
deformation fields, a grain identification scheme is shown along with the grain orientations in Figure 6.3.

The grain orientation is depicted by a pair of intersecting red lines that are parallel to the slip directions.
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Figure 6.3: Grain numbering scheme (left) and slip system orientation (right) for the SVE2 model

polycrystal.

6.3.1 Traditional Polycrystal Representation

The macroscopic stress-strain curves from the simulations employing the traditional polycrystal

representation with £, = 250 nm are shown for each SVE and grain size in Figure 6.4, and it is clear that

there is a pronounced scale-dependence on the material response. Each set of stress-strain curves have

been plotted using the same scale along the stress axis, and a moderate amount of variability in the

magnitude and scope of the size effect is demonstrated for the different SVE instantiations. The trends in

the stress-strain behavior are quantitatively similar for SVE1 and SVE3, whereas the size effects for SVE2

are much smaller in comparison. The marked increase in flow stress with decreasing grain size for this

series of simulations is not surprising since a large value of the elastic length scale has been used

corresponding to effective grain sizes of d / ¢, € {1,2,4,400}. Recall that the elastic length scales

determined by calibrating the micropolar model to single crystal discrete dislocation simulations yielded

effective material thicknesses in the range 15< H / £, <100 where H is the critical dimension of the

single crystal. The magnitude of the flow stress size effect is quantified by determining the extended Hall-
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Petch parameters for three levels of applied strain e € {0.01,0.03,0.05}. The extended Hall-Petch
parameters are determined from a least-squares regression analysis of the average SVE response. The
results are shown in Figure 6.5 where the filled markers represent the mean SVE value and the error bars
indicate the maximum and minimum values among the three SVEs considered. The scaling exponents for
the three strain levels, as indicated in the figure, are n =0.20, 0.31, and 0.45. It is noted that the data

points for d =10 um have not been included in the fitting procedure since the scale effects have
significantly diminished for this effective grain size (d / £, =400) and the data is inconsistent with the

trend exhibited by the other grain sizes. The scaling exponent is an increasing function of strain and this
can be rationalized by the fact that lattice torsion-curvature (strain gradients) becomes more pronounced

with continued deformation.
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Figure 6.4: Macroscopic true uniaxial stress-strain curves for the traditional polycrystal model with
¢, =250 nm. (a) SVEL, (b) SVE2, and (c) SVE3.
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Figure 6.5: Scaling of macroscopic flow stress as a function of grain size for the traditional
polycrystal representation with ¢, = 250 nm.

Next, the change in GND density fields as a function of grain size is examined. It is anticipated
according to physical intuition that the peak magnitude and overall intensity of the GND density
distribution should increase with decreasing grain size as discussed in the works of Ashby [11] and Fleck et
al. [5], amongst others, and that they should be concentrated near the grain boundaries. Figure 6.6 shows
the GND density contour plots for SVE2 for each grain size on a fixed contour scale that has been clipped
such that values >4x 10® mm™ are colored red to assist visualization of the field variations. Counter to
expectations, the intensity of the GND density field is observed to increase with increasing grain size with
maximum local values of 1.55x 10%, 4.99x 10%, 1.59x 10°, and 2.90 x 10° mm™ for grain sizes of 250, 500,
1000, and 10,000 nm, respectively. This unexpected behavior mandates a more in-depth look at the
deformation fields in search of an explanation for this phenomenon, and it was found that the polycrystals
are exceedingly rotationally stiff due to the large effective grain sizes considered. In support of this

assertion, the lattice rotation fields for SVE2 are shown for each grain size in Figure 6.7. Each contour plot
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has been given along with its own unique legend in order to clearly illustrate to full range of the lattice
rotations for each grain size. Attention is drawn to the overall uniformity of the lattice rotation fields for

the three smallest grain sizes as compared to that of the largest. The range of the former is approximately
3°< ¢ < 5° whereas a much wider range of lattice rotations, -0.2° < ¢ < 7.5°, develop for the polycrystal

with d =10 um. The uniformity of the intergranular lattice rotation fields for the smaller grain sizes
means that the individual grains are constrained against deforming independently, and instead must act in a
cooperative manner, thereby leading to the pronounced strengthening evidenced in stress-strain curves
shown in Figure 6.4. Additionally, a more uniform lattice rotation field results in diminished lattice

curvature and, therefore, less GNDs. This explains the counterintuitive trend displayed in Figure 6.6.
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Figure 6.6: GND density distributions at ¢,, = 0.05 for the traditional polycrystal representation
(SVE2) with ¢, = 250 nm (a) d =250 nm (b) d =500 nm (¢) d =1 pm and (d) d =10 pm.
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Figure 6.7: Lattice rotation distributions at ¢,, = 0.05 for the traditional polycrystal representation
(SVE2) with ¢, = 250 nm (a) d =250 nm (b) d =500 nm (¢) d =1 um and (d) d =10 pm.

Although this anomalous behavior, i.e., GND density increasing with increasing grain size, was
not anticipated prior to performing the simulations, it is not totally unexpected. As previously discussed,

the three smallest effective grain sizes used in this study, i.e., d / ¢, =1, 2 and 4 are much smaller than

what was required to reproduce the results of the single crystal discrete dislocation simulations presented in
Chapter 5. However, since the initial-boundary value problems studied in the single crystal simulations
involved either microfree (bending) or microrigid (constrained shear and matrix-inclusion) boundary
conditions, it was expected that larger effective grain thicknesses would be admissible due to the
intermediate nature of the intergranular constraints in the traditional representation of the polycrystal
without causing unphysical behavior. In fact, additional simulations that are not shown here have been
performed for a much smaller model polycrystal in an effort to establish a lower bound for the effective
grain size above which this contradictory behavior is not observed. The lower bound was determined to be

d / ¢, ~ 5, and above this value the appropriate trend between the grain size and the intensity of the GND
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density field is maintained. In light of the physically questionable results obtained for the traditional
representation of the polycrystal with ¢, = 250 nm, further examination of the cumulative slip and SSD
density fields for this material description is not pursued. Instead, the analysis of the traditional polycrystal
representation is continued for a material description that employs a more realistic value of the elastic
length scale parameter.

The stress-strain curves for the traditional polycrystal with ¢ = 10 nm are shown in Figure 6.8
for each of the three SVEs, and it is noted the magnitude of the size effect on flow stress has significantly
diminished as compared to the previously considered material description. The maximum difference in the

macroscopic stress at ¢,, = 0.05 between the polycrystals with the largest and smallest grain sizes amongst
all SVEs is only 8 MPa for the material description with ¢, = 10 nm as compared to 65 MPa when

¢, = 250 nm. The flow stress scaling behavior is shown in Figure 6.9, and the scaling exponents have

been determined to be n =1.02, 1.09, and 1.12 for the three increasing levels of applied strain. These
results indicate that the flow stress scales approximately with the inverse grain size, and the flow exponent
increases with deformation although by a much smaller amount than the previously considered case where
a increase by factor of two was observed. Therefore, both the magnitude and evolution of the flow stress

scaling behavior is a function of effective grain thickness, d /¢, , for the traditional polycrystal

representation.
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Figure 6.8: Macroscopic true uniaxial stress-strain curves for the traditional polycrystal model with
¢, =10 nm. (a) SVEL, (b) SVE2, and (c) SVE3.
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Figure 6.9: Scaling of macroscopic flow stress as a function of grain size for the traditional
polycrystal representation with ¢ = 10 nm.

The cumulative slip field contour plots for both slip systems at ¢,, = 0.05 are shown for SVE2

with grain sizes of 250 nm and 10 um in Figure 6.10. Contour plots for the other two grain sizes have not
been included in the figure because they do not reveal any additional insight as to how the fields vary with
diminishing microstructural length scales. The contours have been cropped such that cumulative slip
values greater than 0.25 appear as red to assist the visualization of the local field variations. The maximum

local values of cumulative slip are relatively insensitive to changes in grain size, and are given as

4L =0.58 and 52

max max

=0.34 for d =250 nm and &' =0.59 and 7>

o o = 0.32 for d =10 pum.
Furthermore, there is no general tendency for the local slip fields to increase/decrease in intensity with
changes in grain size. Rather, it is seen that decreasing the grain size leads to an increase in the local

cumulative slip magnitudes in some grains and decreases in others. This is reflective of the orientation-

dependent gradient induced strengthening effects which tend to preferentially promote slip in grains with
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weaker size-dependent strengthening. Gaining an in-depth understanding of this type of scale-dependent
cooperative grain deformation could prove useful to those concerned with tailoring local microstructural
arrangements and grain orientation/misorienation to achieve maximum flow resistance near critical
component features. Lastly, attention is called to the fact that about half of the grains are deforming
primarily by single slip, and that a large fraction of the actively deforming grains have rather uniform
cumulative slip distributions as there are only a few grains that exhibit hot spots. It is also worth pointing

out that the few observed hot spots all emanate from the grain boundary regions.

+2.500e-01
+2,292e-01
+2.083e-01
+1.875e-01
+1.667e-01
+1.458e-01
+1.250e-01
+1.042e-01
+8.333e-02
+6,250e-02
+4,167e-02
+2.083e-02
+0.000e+00

(d)

Figure 6.10: Cumulative slip distributions at ¢, =0.05 for the traditional polycrystal
representation (SVE2) with ¢/ = 10 nm (a) d =250 nm slip system 1 (b) d =250 nm slip system 2
(¢) d =10 pm slip system 1 and (d) d =10 pm slip system 2.
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The SSD and GND density contour plots are for SVE2 at ¢,, = 0.05 are shown for all four grain

sizes in Figure 6.11 and Figure 6.12, respectively. The contour plots have been cropped such that values
above 1x 10° mm™ appear as red, and the maximum local values of SSD density are 2.58 x 10° mm™ (d =
250 nm), 2.40x 10* mm™ (d =500 nm), 1.86x 10° mm™ (d =1 pm), and 1.45x 10* mm? (d =10 um).
The SSD density fields essentially follow the same trends with respect to changes in grain size as the
cumulative slip fields, although there are some subtle differences due to the fact that the SSD density
evolution equation is defined as a function of the effective inelastic slip system deformation rate instead of
the magnitude of the slip rate. Most notably, there is a higher propensity for the SSD density to concentrate
in grain boundary regions with decreasing grain size. This is most readily apparent for the
250 nm and 500 nm grain sizes which are shown in Figure 6.11(a) and (b). While the intensity of the SSD
density fields is relatively scale insensitive, it is demonstrated in Figure 6.12 that the GND density fields
are substantially enhanced as the grain size is decreased. The GND density contours have been cropped
such that values greater than 9x 10° mm™ appear red in the Figure, and the maximum local values are
9.45% 10" mm™ (d =250 nm), 6.68x 10" mm™ (d =500 nm), 4.73 x 10" mm™ (d =1 um), and 7.31 x
10° mm™ (d =10 pm). Not only do the peak GND densities increase with decreasing grain size, but there
is also a notable increase in the GND density boundary layer width. This is most evident for the 250 nm
grain size where in a few instances the boundary layer has extended well into or entirely over the interior

region of the grain.
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Figure 6.11: SSD density distributions at ¢,, = 0.05 for the traditional polycrystal representation
(SVE2) with ¢, = 10 nm (a) d =250 nm (b) d =500 nm (¢) d =1 pm and (d) d =10 pm.
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Figure 6.12: GND density distributions at ¢,, = 0.05 for the traditional polycrystal representation
(SVE2) with ¢, = 10 nm (a) d =250 nm (b) d =500 nm (¢) d =1 pm and (d) d =10 pm.

6.3.2  Core-Mantle Polycrystal Representation

Recall that the core-mantle model developed in this work has been motivated by the periodic
single crystal two-phase laminate studies of Sedlacek and Forest [202], Forest and Sedlacek [39], Forest
[38], and Cordero et al. [33]. In their works, they have primarily considered a single crystal wedged
between two elastic adherends with a single slip system aligned perpendicular to the material interface.
The material system is then subjected to a macroscopic simple shear and the size-dependent mechanical
behavior is studied by varying the length of the single crystal phase. This initial-boundary value problem is
similar to the constrained shear problem that has been solved in Chapters 4 and 5; however, the distinction
here is that intermediate types of interfacial conditions can be explored instead of assuming a completely

microrigid interface. The compliance of the interface is determined by the mismatch in the non-traditional
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micropolar elastic constants, ¢  and, , between the core and mantle region. However, the simulations
performed in this section will only consider a mismatch of the micropolar coupling modulus, p, .

Physically, the coupling modulus mismatch between phases can be understood in terms of how easily the
couple stresses that arise at the interface can be mitigated. The couple stresses will remain concentrated at
the interface for equal values of the coupling modulus, but will be diffused through the elastic phase when
the mantle coupling modulus is lower than that of the core. It is noted that in addition to the geometrical
simplifications made in the two-phase laminate analysis discussed above; the constitutive description has
also been simplified as compared to the following polycrystal analysis. Those analyses considered a
micropolar material description with no plastic curvature and no slip threshold hardening. In other words,
all of the scale-dependent strengthening effects reported in those works are due to the linear form of
gradient induced kinematic hardening.
The material properties for the grain cores used in these simulations are given in Table 6.1, and

the elastic length scale is specified to be the same for both the grain and core phases as ¢, = 10 nm. This

value has been chosen so that the results of the current study can be compared to those obtained for the

traditional polycrystal representation presented in the previous section. The coupling modulus mismatch is
chosen to be ,uCC / ,ué” = 10" where the “C” and “M” superscripts refer to the core and mantle,

respectively. This coupling modulus mismatch value was chosen in an effort to keep the scale effects from
what we consider to be too extreme. The effect of the coupling modulus mismatch on the macroscopic

stress-strain response is demonstrated in Figure 6.13 for SVE1 with d =250 nm.
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Figure 6.13: Macroscopic true uniaxial stress-strain curves for the core-mantle polycrystal model
(SVE1) with d =250 nm and ¢ = 10 nm for various values of the coupling modulus mismatch.

The macroscopic uniaxial true stress-strain curves for the core-mantle polycrystal representation
are given for each SVE in Figure 6.14. As compared to the stress-strain responses obtained from the
analysis of the traditional polycrystal model, the core-mantle model results show very little variability
between the individual SVE responses and also exhibit a significantly higher hardening rate. In fact, the
core-mantle stress strain curves even have a hardening rate greater than that of the traditional model with
¢, =250 nm. Of course, this is due to the fact that the mantle is not allowed to plastically deform, and
this represents a much more rigid constraint, even with a relaxed couple modulus, than is present in the
traditional polycrystal simulations. The scaling behavior of the macroscopic flow stress is shown in Figure
6.15, and the scaling exponents for the three increasing strain levels are determined to be n = 0.79, 0.84,

and 0.96. These values are intermediate to those obtained in the analysis of the traditional polycrystal
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model with ¢, = 10 nm and 250 nm, yet in agreement with the previous analyses it is seen that the scaling

exponent is larger for higher levels of applied strain.
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Figure 6.14: Macroscopic true uniaxial stress-strain curves for the core-mantle polycrystal model
with ¢ = 10 nm. (a) SVEL, (b) SVE2, and (c) SVE3.
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Figure 6.15: Scaling of macroscopic flow stress as a function of grain size for the core-mantle
polycrystal representation with ¢ = 10 nm.

Contour plots of the cumulative slip fields for both slip systems at ¢,, = 0.05 for SVE2 with grain

sizes of 250 nm and 10 um are shown in Figure 6.16. The contour plots have been cropped such that

values of cumulative slip greater that 0.25 are shown as red and the maximum local values are
L. =0296and 42, =0.243 for d =250 nmand . =0.228 and 72, =0.228 for d =10 pm. In

accord with the earlier observations, there is no general size-dependent trend with respect to the deviations
in the cumulative slip fields; some grains exhibit more intense shearing when the grain diameter is
decreased whereas others are less prone to plastically deform. As compared to the traditional polycrystal
simulations, the maximum cumulative slip values in the core-mantle simulations are significantly lower.
This is explained by noting that the peaks in the cumulative slip fields occur exclusively in the grain
boundary regions for the traditional polycrystal representation, while they remain elastic in the current

material description. Thus, plastic slip is prevented from localizing into these areas leading to a more
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uniform distribution of slip throughout the grain interiors and lower peak intensity cumulative slip hot
spots. The inability of the grain boundaries to plastically deform also leads to additional slip system
activity. For example, several of the grains that primarily deform via single slip in the traditional

polycrystal model, show increased levels of slip on the secondary slip system in the core-mantle model.
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Figure 6.16: Cumulative slip distributions at ¢, =0.05 for the core-mantle polycrystal
representation (SVE2) with ¢ = 10 nm (a) d =250 nm slip system 1 (b) d =250 nm slip system 2
(¢) d =10 pm slip system 1 and (d) d =10 pm slip system 2.

SSD and GND density contour plots are shown for SVE2 for all grain sizes in Figure 6.17 and
Figure 6.18, respectively. The SSD density fields exhibit limited sensitivity to changes in grain size and

the maximum values span a much narrower spectrum, 1.23 x 10° mm™ (d =250 nm) - 1.32x 10* mm™
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(d =10 pum), as compared to the traditional polycrystal representation. Again, this is due to the no slip
restriction in the grain boundary regions. For the most part, the SSD density is concentrated within the
grain interiors with decreasing field intensity as the grain boundaries are approached; however, a few grains
contain tear-shaped hot spots that originate at the core-mantle interface and extend into the core region.
Figure 6.18 demonstrates that the magnitude of the GND density distribution depends strongly on the grain
size, and this sensitivity is more pronounced for the core-mantle as compared to the traditional polycrystal
representation. The contour plots have been cropped such that values greater than 9 x 10° mm™ are shown
in red and the maximum values are 1.48x10'° mm? (d =250 nm), 8.33x10° mm™ (d =500 nm),
4.14x10° mm™? (d = 1 um), and 4.68 x 10° mm™ (d =10 pm). As expected, the GND density fields are
concentrated near the core-mantle interface, and the development of well-defined boundary layers is clearly
evident. The boundary layers tend to have a preferential alignment where parallel regions of higher GND
density are separated by a relatively low GND density zone, but the boundary layers in some of the grains
are multi-directional leaving only a small globular core of low GND density in the grain interior. It is also
pointed out that the hot spots of GND density (see Figure 6.18(a)) do not always occur at the core-mantle
interface, and there are in fact far more instances where the intragranular GND density peaks occur at

points slightly offset from the interfaces.
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Figure 6.17: SSD density distributions at ¢,, = 0.05 for the core-mantle polycrystal representation
(SVE2) with ¢, = 10 nm (a) d =250 nm (b) d =500 nm (¢) d =1 pm and (d) d =10 pm.
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Figure 6.18: GND density distributions at ¢,, = 0.05 for the core-mantle polycrystal representation
(SVE2) with ¢, = 10 nm (a) d =250 nm (b) d =500 nm (¢) d =1 um and (d) d =10 pm.

Finally, this subsection is concluded with side-by-side deformation field contour plots for both the

traditional and core-mantle polycrystal representations at ¢,, = 0.05 for SVE2 with d =250 nm and

¢, = 10 nm as shown in Figure 6.19. All of the plots have been previously shown and the various trends

have been discussed, but they are given here on the same contour scale to offer a more direct comparison.
Since many the similarities and differences between the two sets of polycrystalline results have already
been discussed in detail, the previous commentary is only briefly reviewed. The cumulative slip fields in
the traditional polycrystal tend to localize in the grain boundary regions leading to larger maximum local
peaks as compared to the core mantle model. As a result of the additional deformation constraints imposed
by the elastic grain boundary mantle, more slip activity is observed on secondary slip systems in the core-

mantle model. Similar trends are also seen with respect to the SSD density field as they tend to localize
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into the grain boundary regions in the traditional model, whereas the peak intensities primarily occur in the
grain interiors in the core-mantle model. The GND density fields for the traditional model are much more
highly localized near the grain boundaries (thinner boundary layers) than for the core-mantle model, and as
a result the peak GND density values are consistently higher for this polycrystal description. While only a
few grains exhibit local GND density hot spots in the traditional model, a higher percentage of grains
display significant GND accumulation in the core-mantle model. This occurs because the GNDs cannot
localize into the grain boundary regions in the core-mantle model, and therefore other grains must develop
appreciable GND density fields in order to accommodate the imposed deformation. Finally, the lattice
rotation fields are observed to be more uniform for the traditional model, a fact that is not surprising. By
decreasing the couple modulus of the mantle region with respect to the grain core, the intergranular
rotational constraints have been relaxed for the core-mantle model which gives the individual grains more
freedom to deform independently and leads to the greater variations in lattice rotation. On the other hand,
the intergranular rotations are tightly coupled in the traditional model and the result is a less heterogeneous

lattice rotation field.
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Figure 6.19: Comparison of deformation fields for traditional (left column) and core-mantle (right
column) polycrystal representations for ¢ / ¢, =25 at ¢,, = 0.05. (a) and (b) cumulative slip on slip

system 1 (c) and (d) SSD density (e) and (f) GND density and (g) and (h) lattice rotation.
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6.4 Summary

This chapter has presented a study of the scale-dependent mechanical response of small
polycrystalline ensembles using the micropolar crystal plasticity theory developed in Chapter 3. Two
different representations of the polycrystal have been studied: a traditional model and a core-mantle model.
The traditional polycrystal representation does not delineate the grain interior from the grain boundary
region, whereas the core-mantle model does. Each grain is treated as a micropolar elastic-viscoplastic
constituent in the former type of model where the intergranular responses are coupled through shared lattice
rotational degrees-of-freedom at the grain boundaries. The core-mantle description treats the polycrystal as
a collection of micropolar elastic-viscoplastic grains (cores) embedded in a micropolar elastic matrix
(mantle). In the core-mantle model, the size-dependent response of the polycrystal is governed by the
mismatch in the micropolar couple modulus between the core and mantle phases. The relative couple
modulus mismatch determines how the couple stresses are diffused at the core-mantle interface. When the
couple modulus is equal in the two phases, the couple stresses remain concentrated and give a very strong
size-dependent response. As the couple modulus of the mantle is lowered with respect to the core, the
couple stresses become more diffuse and the size-effect becomes less pronounced. A limited number of
simulations have been performed to highlight the general features of the deformation fields for the two
polycrystal representations, and the scaling of the mechanical response with grain size has been both

qualitatively and quantitatively discussed.
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CHAPTER 7

SUMMARY AND CONCLUSIONS

7.1  Summary

This research is concerned with the development of models of micropolar single crystal plasticity
as an alternative to the more common slip gradient-based models of generalized single crystal plasticity. A
micropolar continuum is a type of higher-order work-conjugate continuum that has the desired model

features stated at the outset of the work, i.e., the model:

¢ maintains the standard treatment of elastic-plastic thermodynamics,

¢ avoids treating the plastic slips as generalized displacements,

¢ admits higher-order (non-standard) boundary conditions, and

¢ offers a simpler and more efficient numerical implementation as compared to the slip gradient-
based approaches

The three main objectives of this work are to:
¢ Develop physically-based models of micropolar single crystal elasto-viscoplasticity.
¢ Implement the constitutive models in a finite element code.
¢ Apply the models to simulate the scale-dependent mechanical response of single and
polycrystalline metals, benchmark against discrete dislocation simulations, and conduct parametric

studies to shed light on more appropriate forms of constitutive relations within the micropolar

crystal plasticity construct.
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In conjunction with these stated objectives, two distinct viscoplastic modeling frameworks - the
so-called single- and multicriterion theories are developed. Dislocation-based strength models are
proposed for each theory are developed which enables clear connections between the micropolar theory and
various aspects of slip gradient-based generalized crystal plasticity theories to be established. The
dislocation-based strength models provide a physically-based description of scale-dependent strengthening
and make the framework amenable for comparing to finer scale simulation results more directly. The
development of the single-criterion flow rule has been motivated by related earlier works in
phenomenological macroscopic micropolar elastoplasticity, and also by the desire to minimize the number
of non-standard constitutive parameters. This work represents the first attempt of employing a single-
criterion flow rule within a theory of micropolar single crystal plasticity. Several variations of the
dislocation-based strength models appropriate for each theory have been proposed and evaluated via direct
numerical simulation. It has been demonstrated that strength models in which the slip threshold is given by
a generalized Taylor relation (dependence on the summed SSD and GND densities) are incapable of
accurately capturing the deformation behavior observed in discrete dislocation simulations of an equivalent
initial-boundary value problem. This is an important observation since generalized crystal plasticity
models typically include this type of isotropic hardening description, and our results show that, at least for
the micropolar framework, this is a physically questionable assumption.

Two-dimensional versions of the constitutive theories have been numerically implemented via a
user element (UEL) subroutine in the implicit commercial finite element code Abaqus/Standard. The
element performance is validated through the solution of elastic initial-boundary value problems with
closed-form solutions, and the convergence behavior is also demonstrated for an elastic-plastic initial-
boundary value problem exhibiting strain localization thereby verifying the mesh regularizing features of
the nonlocal formulation. Convergence has been demonstrated both in terms of the global, e.g., the stress-
strain behavior, and local response, and it has been observed that the rate of convergence for the global
response is much higher than for local behavior.

The constitutive models are then employed to solve several standard initial-boundary value
problems for heterogeneously deforming single crystals including: simple shearing of a constrained thin

film, pure bending of thin films, and simple shearing of a metal matrix composite with elastic inclusions.
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First, the general performance of the constitutive models is demonstrated via solution of the constrained
shear problem in order to gain an understanding of how the non-classical inelastic material constants affect
the mechanical response and the resulting deformation fields. It is seen that the elastic length scale governs
the gradient induced kinematica hardening response where larger values of the elastic length scale lead to
higher rates of kinematic hardening. Additionally, the ratio of plastic-to-elastic length scale dictates the
accumulation of GND density and the transient nonlinear kinematic harderning response. Smaller ratios of
plastic-to-elastic length scale are associated with larger accumulated GND densities and more rapid
saturation of the kinematic hardening, whereas larger ratios lead to converse behavior.

This information is then used to guide calibration of the micropolar models to results of equivalent
initial-boundary value problems solved using discrete dislocation dynamics. The deformation behavior
predicted by the calibrated micropolar models is then compared to results obtained from both discrete
dislocation dynamics simulations as well as alternative generalized crystal plasticity theories. Comparison
and calibration with respect to the former provides guidance in the specification of non-traditional material
intrinsic length scale parameters, and demonstrates the developed models’ ability to capture the relevant
heterogeneous deformation fields and size-dependent mechanical behavior predicted by a finer scale
constitutive description. Comparison to results obtained using other generalized crystal plasticity theories
has demonstrated that the deformation behavior predicted by these alternative theories can be qualitatively
and quantitatively reproduced by the micropolar theory. A few notable results have emerged from the
single crystal studies and the comparison to discrete dislocation dynamics simulations. It has been
demonstrated that all substructure evolution parameters - not just the length scales - are sensitive to the
specific boundary value problem being solved. The micropolar theory has demonstrated that it can
accurately describe the dislocation substructure evolution in the presence of microrigid boundaries;
however, as observed in the pure bending simulations, there is a deficiency in modeling microfree surfaces
due to the lack of an image force effect. Finally, it has been observed in the metal matrix composite
simulations that the micropolar theory accurately captures the development of compatibility maintaining
dislocation structures, e.g., tilt walls, but does not predict other types of non-redundant dislocation
structures, e.g., dislocation pileups, that may develop. These findings suggest that the micropolar model

needs to be improved in an effort to represent these additional long-range interaction fields due to the
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presence of free surfaces and the development of dislocation structures that are not accounted for in the
current formulation.

Finally, the models are applied to simulate the deformation behavior of small polycrystalline
ensembles. Due to the previously outlined model limitations that have emerged out of the single crystal
simulations, only a limited number of polycrystal simulations have been peformed. These limitations
should be addressed within the single crystal constitutive description prior to performing more extensive
polycrystal simulations. Two different polycrystal representations are considered: a traditional
representation in which the micropolar model is employed up to the grain boundary and a core-mantle
representation in which the grain boundary regions are treated as elastic. Direct numerical simulations are
performed for a range of grain sizes using both polycrystal representations in order to evaluate the
aggregate mechanical response, and the scale-dependent deformation behavior is subsequently analyzed.
For the limited cases studied in this work, it has been observed that the flow stress scales exponentially
with the inverse grain size with scaling exponents in the range 0.2< n < 1.1 and the scaling exponent
increases with deformation. It has also been determined that there is a critical limiting effective grain size,

d /€, =5, for the traditional representation below which the simulations yield aphysical results. This is

due to the polycrystal being overly stiff with respect to the development of lattice curvature for effective

grain sizes smaller than this.

7.2 Novel Contributions

The unique contributions of this dissertation as summarized as follows:

Constitutive Model Development

¢+ Two new physically-based theories of micropolar single crystal plasticity have been developed.

» A multicriterion flow theory with a dislocation-based strength model has been proposed and is an
extension of the phenomenological strength model of Forest et al. [34]. The replacement of the

phenomenological strength model with a dislocation-based model is a necessary step for relating
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the current developments to existing physically-based models, and also for making direct

comparisons to finer scale simulations, i.e., discrete dislocation dynamics.

» A novel single-criterion flow theory with a dislocation-based strength model has also been
proposed. Single-criterion flow rules are commonly used in other types of higher-order nonlocal
crystal plasticity theories, and are advantageous because they significantly reduce the number of

non-standard material constants as compared to multicriterion theories.

» Several variations of the dislocation-based strength models have been proposed and their
performance has been evaluated via direct numerical simulation. It has been demonstrated that
some of the strength models do not produce deformation behavior consistent with observations

from finer scale discrete dislocation simulations.

0,

¢ The relationship between the developed models and the more common slip gradient-based theories has

been established.

» A focused effort has been made to relate the models to the prominent and highly cited model due
to Gurtin [17], which is a significant contribution since the proposed models offer a simpler
numerical implementation than the former. This has important implications in the practical

application of the model in 3-D numerical simulations.

Numerical Simulations

7
*

A numerical implementation of the model has been developed and incorporated into the commercial

finite element code Abaqus/Standard as a user element subroutine.

7
0

The numerical implementation has been validated through the solution of boundary value problems
with known analytical solutions, and the convergence behavior for an inelastic problem featuring strain

localization has been studied and the mesh regularization properties have been demonstrated.

¢ The role of the model length scale parameters has been clearly defined in terms of their effect on the
mechanical response and the development of heterogeneous deformation fields. This understanding is

critical to ascribing physical significance to the nonlocal material parameters.

7
*

The viability of the models has been established through a comparison to discrete dislocation dynamics
simulations of equivalent initial-boundary value problems. This not only demonstrates that the models
are capable of capturing the physics of lower length scale deformation processes in meaningful way,

but also suggests they could be incorporated as part of a multi-scale modeling framework.
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% A pathway and methodology for calibrating the micropolar model parameters to discrete dislocation
dynamics simulations has been established. Knowledge of how the nonlocal material parameters relate
to various aspects of the finer scale simulations lends confidence that the calibrated values are

physically meaningful.

7.3 Conclusions

The following conclusions are drawn from the work presented in this dissertation:

7
*

The developed micropolar models are capable of accurately modeling the size-dependent

mechanical response exhibited by fine scale discrete dislocation dynamics simulations.

7
0

The size-effects in the model are related to the development of gradients in lattice rotation, i.e.,
lattice torsion curvature. As a result, there is minimal scale-dependence in the initial yield point.
This, however, should not be viewed as a limitation as there is a growing amount of evidence that
scale-dependence of initial yield strength is a source-controlled phenomenon which should be

incorporate in the model through variations in the initial slip system threshold stress.

7
0

The strength models based on an additive superposition of the SSD and GND densities in the slip
threshold stress yield results inconsistent with discrete dislocation dynamics simulations. Namely,

they overestimate the amount of isotropic hardening.

¢ The multicriterion strength model based on a constant curvature threshold stress leads to material

instability and excessive isotropic hardening due to the unlimited generation of GNDs.

¢ The single-criterion model has proven capable of describing the full range of material behavior as

the multicriterion model with significantly fewer nonlocal material parameters.

7
*

The single crystal simulations calibrated to discrete dislocation dynamics results have
demonstrated that the both model length scale parameters and the dislocation substructure
evolution constants depend not only on the boundary value problem being considered, but also on

the crystal orientation. This suggests that using uniform length scale and dislocation substructure
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7
*

7
*

7
0

parameters for each grain in a polycrystal analysis is not justified, since the orientations and local

boundary conditions at each grain boundary will vary from one grain to another.

The model length scale parameters control transients in the gradient induced kinematic hardening.

» In the absence of plastic curvature, a linear kinematic hardening response that is

proportional to the square of the elastic length scale is obtained.

» The magnitude of the scale-dependent linear kinematic hardening modulus depends on
the orientation of the crystal, because the crystal orientation will dictate the strength of

the curvatures that develop.

» When plastic curvature is non-negligible, a nonlinear kinematic hardening response is

obtained. Larger ratios Lp / €, lead to slower developing transients, where as lower

ratios lead to faster saturation behavior.

The ratio L, / ¢, dictates the total accumulated GND density in the continuum.

The mesh regularization properties of the micropolar model have been demonstrated for the
initial-boundary value problem of strain localization in a strain softening material. The
macroscopic (force-deflection) behavior converges much more rapidly than the peak local field

values.

The micropolar model has been shown to have striking similarities to the Gurtin-type slip

gradient-based single crystal plasticity model.

The micropolar model has demonstrated good agreement with discrete dislocation simulations that
feature microrigid boundary conditions; however, as the problems of pure bending have shown,
there seems to be a deficiency in modeling the microfree boundary condition. The image force
effect is not accurately reflected in the micropolar model, and significant GND density is seen to

accumulate at the free surface.

The micropolar theory does an adequate job of predicting the development compatibility
maintaining dislocation structures, i.e., those do to pure bending or those that gather in a tilt wall

configuration in the metal matrix composite problem, but are unable to predict other types of non-
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redundant dislocation structures such as dislocation pileups that develop simply due to slip
obstruction. This is due to the inherent decoupling of the plastic slip and curvature responses
within the micropolar theory. In fact, the underestimation of the Bauschinger effect for the metal
matrix composite problem is believed to be partially due to the unaccounted back stresses caused

by these neglected pileup configurations.

¢ The scaling behavior of the polycrystalline flow stress has been quantified for two polycrystalline

representations.

» The flow stress scaling exponents were in the range of 0.2 < n < 1.1 and increase with

increase with applied deformation.

> A critical limiting value of the effective grain size, d / ¢, ~ 5, was determined for the

traditional polycrystal representation. Using smaller values of effective grain size lead to
enhanced size-effects, but also the unphysical situation of increasing GND density with

increasing grain size.

» The traditional polycrystal representation tends to feature both SSD and GND densities
which localize into the grain boundary regions, whereas in the core-mantle representation
the SSDs tend to be more centrally located in the grain interiors and the GNDs primarily

form directional boundary layers that grow with decreasing grain size.

» The cumulative slip and SSD density fields are relatively insensitive to changes in grain

size as compared to the GND density distributions.

7.4 Recommendations for Future Work

This research has focused on the development, implementation, and application of a micropolar
model of single crystal plasticity as a more computationally efficient alternative to slip gradient-based
models of generalized crystal plasticity. Furthermore, a clear connection between the two approaches has

been put forth both theoretically in terms of model structure, and also computationally in terms of the way
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various model components affect different aspects of the deformation fields and macroscopic response
during heterogeneous deformation. However, there is still one fundamental difference between the two
classes of higher-order theories; namely, the disparity between the types of micro boundary conditions that
can be applied. In slip gradient-based higher-order theories, the admissible types of micro boundary
conditions are either in terms of slip and higher-order microcouple tractions (work conjugate) or slip and
GND density (non-work conjugate), while the micro boundary conditions in the micropolar model are in
terms of lattice rotations or couple tractions. The relationship between the two types of micro boundary
conditions has only been qualitatively discussed in the present work, and it may be fruitful to try and
establish a more rigorous connection between them, if such a direct connection exists. In particular, this
knowledge could be potentially used to apply an appropriate constraint or couple traction on the free
surface in bending to create the image force effect that is present in the discrete and statistical dislocation
simulations, but is absent in the micropolar simulations. Furthermore, it is envisioned that an
understanding of the interrelationship between the two sets of micro boundary conditions is essential to
prescribing conditions at grain boundaries that are intermediate to the microfree and microrigid constraints.
These intermediate boundary conditions presumably would reflect partial slip transfer and slip blockage at
the boundaries, but would ultimately be doing so in an indirect manner. This disconnect between the
physics of slip transfer and the micro boundary conditions is a weakness of the micropolar theory, but it is
also this aspect that makes the framework more computationally tractable.

It has been demonstrated that the micropolar models are able to reproduce both the macroscopic
mechanical response and dislocation substructure evolution predicted by discrete dislocation dynamics
simulations quite well. On the other hand, it has been seen that the micropolar length scale parameters
must be changed from one boundary value problem to the next, and also for solutions to the same boundary
value problem when the crystal orientation is changed. Further study of the interrelationship between the
type of boundary value problem, the crystal orientation, and the length scale parameters required to
reproduce discrete dislocation dynamics results would be highly beneficial. In particular, it would be
interesting to extend the developed micropolar theories to include thermal strains, and to compare to the
thermal cycling experiments of passivated thin films bonded to rigid substrates performed by Nicola et al.

[6]. It would be especially significant if enough insight could be gained such that the micropolar

~274 ~



parameters could be estimated prior to performing the discrete dislocation simulations. Such knowledge
would then imbue the micropolar models with true predictive capability.
Finally, several model enhancements are recommended in order of increasing difficulty and/or

utility. It is suggested that the model should be extended to

+¢ include an additional kinematic hardening component to account for the back stress contributions

due to dislocation pileups,

% three dimensions, and

<+ finite deformation.

The first suggested enhancement addresses to the inability of the current version of the micropolar model to
capture the back stress contribution due to dislocation pileups as illustrated in the composite shear initial-
boundary value problem. Typically, the only nonlocal back stress component incorporated in nonlocal
crystal plasticity models is that due to the compatibility induced GNDs; however, the current research
suggests that this assumption is insufficient in certain situations. The importance of an additional
contribution to back stress due to highly ordered dislocation structures (e.g., stacks of dislocation pileups)
has been noted by Roy et al. [203], Mesarovic et al. [204], and Baskaran et al. [205]. The extension of the
model to 3-D should be relatively straight-forward, and will enable the model to be more closely compared
with experimental observations as well as a more diverse set of computational studies. For example, an
extension to 3-D will facilitate a comparison to the more advanced 3-D discrete dislocation dynamics
frameworks (e.g., Zbib et al. [59], Ghoniem et al. [54], and Weygand et al. [58]), and will also allow for
the effects of GN screw dislocations to be studied. Lastly, the extension of the model to account for finite
deformations, while theoretically challenging, will enable to model to be applied to problems such as metal
forming where large lattice rotations are observed. A study of texture evolution predicted by a 3-D finite
deformation micropolar crystal plasticity model has not been done to date, and it would be informative to
evaluate the micropolar model predictions with respect to experimental observations and results from a
classical crystal plasticity theory. As an intermediate step to implementing a full finite deformation theory

with both elastic-plastic strain and torsion-curvature, a theory with only elastic torsion-curvature could be
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pursued thereby avoiding issues associated with the elastic-plastic decomposition of the finite lattice
torsion-curvature. In fact, recently Forest [38] and Cordero et al. [33] have advocated micropolar
approaches neglecting plastic torsion-curvature within an infinitesimal deformation framework. This
approach was not pursued in this research because it results in a linear gradient-induced kinematic
hardening and a more general description was favored; however, this methodology should be sufficient for

initial studies of finite deformation micropolar crystal plasticity.
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