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Zusammenfassung

Gegenstand dieser Arbeit ist die Beschreibung des skalenabhéngigen Verhaltens von Kris-
tallen im Zuge inhomogener Deformationen sowie die Entwicklung eines Homogeni-
sierungszuganges fiir instabile, inelastische Komposite, bei dem Groéflenabhangigkeiten in
klassischen Konzepte beseitigt werden. Hauptaugenmerk, im Bereich der Untersuchung
von Grofeneffekten bei Kristallen, liegt dabei auf einer umfassenden Darlegung der
zugrunde liegenden mikromechanischen Interpretation, der zugehorigen Deformations-
geometrie und experimenteller Beobachtungen. Dies beinhaltet insbesondere detaillierte
Betrachtungen zur Inkompatibilitdt, zum Versetzungsdichtetensor und zur Speicherung
geometrisch notwendiger Versetzungen. Diese Untersuchungen miinden in der Entwick-
lung eines gradientenerweiterten Kristallplastizitatsmodells basierend auf Versetzungs-
dichten. Fiir dieses Modell wird eine gemischte Finite Elemente Formulierung und alterna-
tiv eine effiziente erweiterte lokale Formulierung entwickelt. Diese Entwicklungen werden
anhand verschiedener numerischer Beispiele validiert, die sowohl den Vergleich mit exper-
imentellen Messungen als auch mit Vorhersagen anderer Formulierungen, beispielsweise
diskreten Versetzungssimulationen, abdecken. Im Hinblick auf die Untersuchung von
Groflenabhangigkeiten bei der Homogenisierung instabiler inelastischer Komposite werden
zunachst Kriterien fiir die Stabilitatsanalyse auf der Mikro- und der Makroskale entwick-
elt. Die zugrunde liegende Basis bildet eine inkrementelle Variationsformulierung des Ho-
mogenisierungsproblems. Diese ermoglicht die Herstellung des Zusammenhanges zwischen
Mikro- und Makroinstabilitaten sowie die Entwicklung eines Zuganges fiir die nichtkon-
vexe Homogenisierung inelastischer Komposite. Abschliefend wird das nichtkonvexe Ho-
mogenisierungsverfahren, das als wesentliche Grofle zusatzlich die relevante Mikrostruk-
turabmessung liefert, anhand einiger Beispiele demonstriert.

Abstract

The purpose of this work is the description of length scale dependencies in nonhomoge-
neously deforming crystals and the elimination of size dependencies in classical homoge-
nization approaches for instable elastoplastically deforming composites. Key aspects, on
the side of the investigation of size effects in crystals, are a comprehensive discussion of the
underlying micromechanical interpretation, the deformation geometry and related exper-
imental observations. These include a detailed incompatibility analysis and an extensive
discussion of the dislocation density tensor and the storage of geometrically necessary
dislocations. A dislocation density based strain gradient crystal plasticity model is devel-
oped as a main outcome of these investigations. This model is subsequently treated in the
context of a mixed finite element formulation or alternatively in a more efficient manner
through an extended standard local formulation. The developments are validated through
various numerical examples which cover also a comparison with experimental observations
or predictions obtained through alternative approaches such as discrete dislocation sim-
ulations. In view of an investigation of size dependencies in the homogenization analysis
of instable inelastic composites, first criteria for an instability analysis on the micro- as
well as the macro-scale are developed. The underlying basis is an incremental variational
formulation of the homogenization problem. This allows for an investigation of the in-
teraction between micro- and macro-instabilities and the development of a non-convex
homogenization approach for inelastic composites at finite strains. The implications of
the non-convex homogenization approach which, as a key point additionally determines
the relevant microstructure size, are finally demonstrated for several examples.
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1. Introduction

The overall objective of this work is the investigation of scale and size dependencies in
nonhomogeneously deforming inelastic solids at finite strains. Thereby the main focus con-
cerns the length scale dependent response of plastically inhomogeneously deforming metal
crystals. Further emphasis is placed upon an investigation of possible size dependencies
within the post-critical homogenization analysis of instable microheterogeneous solids. A
schematic example of either task is depicted in figure 1.1.

1.1. Motivation and State of the Art

Experimentally size effects have been already observed in monhomogeneously deforming
metals for decades (HALL [53], PETCH [125], STOLKEN & EVANS [143], FLECK ET AL.
[42], STELMASHENKO [142] among others). Maybe the most prominent description of
such length scale dependent material behavior is given in terms of the Hall-Petch relation
established upon experimental evidence in the 1950’s by HALL and PETCH. According
to their observations, the yield strength of a polycrystalline metal specimen scales lin-
early with the inverse square root of the grain size. This means that the yield strength
of a fine-grained specimen with an average grain diameter of d, exhibits a much higher
yield strength than a corresponding coarse-grained specimen with d; > ds, see figure 1.1
a).Hence the grain size represents an intrinsic length scale of the polycrystal which in-
evitably affects the overall material response. Further important examples for experiments
which reveal a size effect in inelastically deforming metals are micro-bending, -torsion or

b I
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Figure 1.1: Schematic examples of scale and size dependencies.a) Experimentally polycrys-
talline materials exhibit a length scale dependent response governed by the grain size d, b)
in classical homogenization approaches micro-buckling phenomena entail a dependency of
the macroscopic material response upon the chosen size of the micro-structure n..

-indentation tests. Common to all of these experiments is the fact that they induce pro-
nounced elastic or plastic deformation inhomogeneities. These are entailed by either the
inhomogeneity of the specimen itself, the overall deformation geometry or the local bound-
ary conditions. Any of these experiments reveals the observation that the overall material
hardening increases as the length scale inherent to the inhomogeneity decreases.

With the underlying concept of dislocations, as introduced by OROWAN, POLANYI and
TAYLOR, these size effects are attributed to an elevated level of the dislocation storage in
connection with increasing deformation inhomogeneities and the associated strain gradi-
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ents. The dislocations necessary in order to support such inhomogeneous deformation ge-
ometries were thus termed as geometrically necessary dislocations, GNDs, by COTTRELL
[31] and AsHBY [12] in the 1960’s. In contrast to the statistically stored dislocations,
SSDs, which provide the underlying mechanism of homogeneous plastic deformations the
GND population gives rise to an overall lattice curvature and guarantees lattice continu-
ity under (superposed) non-uniform elastic-plastic deformations. Clearly, if the concern is
with a separate dislocation it induces a local lattice curvature in any case and there is no
difference between a GND and a SSD as far as a local cut-out part of a single dislocation
line is considered. Both dislocation densities contribute to a growing total dislocation
population and thus result in an overall hardening response.

The connection between a stress free lattice curvature and the storage of dislocations giv-
ing rise to such a curvature was already established in 1953 by NYE [119] which lead him
to the definition of the dislocation density tensor. Integration of this dislocation density
tensor over any cut surface of the body gives the resulting Burgers vector of all disloca-
tions piercing that surface. A more general view of the theory of continuous distributions
of defects was developed in the works of KONDO [71, 72], BILBY & SMITH [20], BILBY
ET AL. [19], KRONER [77] and ANTHONY [4]. Therein, the fundamental relation be-
tween the state of a continuously dislocated crystal and a non-Riemannian geometry was
established allowing to relate Cartan’s torsion (CARTAN [24]) as an incompatibility mea-
sure to the aforementioned dislocation density tensor. This differential geometric point of
view provided the basis for the computation of residual stresses induced by a continuous
distribution of dislocations in the material for the geometrically linear case in KRONER
[76] and the nonlinear setting in KRONER & SEEGER [80] and KRONER [77].

The commonly accepted kinematic assumption in the continuum mechanical description
of finite strain single crystal plasticity is a multiplicative split of the total deformation
gradient F' into an elastic part F'° and a plastic part F* as proposed in the works of
KRONER [77] and LEE [83]. This implies the definition of an intermediate configuration
which, in contrast to the reference and the current configuration, is generally incompatible,
i.e. broken up if viewed in an Euclidean representation. Consequently, in general neither
F* nor FPare compatible, i.e. derivable from a continuous single valued deformation map.
Following BILBY ET AL. [19] and KRONER [77], an access to the incompatibility analysis
is provided through the previously mentioned objects of differential geometry. Accordingly,
the setting of multiplicative plasticity is associated with a flat non-Riemann geometry.
Alternatively the matter of incompatibility can be investigated with tools from calculus.
Both approaches are adopted by STEINMANN [140] and ACHARYA & BASSANI [1].

The classical continuum slip theory of crystals (TEODOSIU [149], RIiCcE [129], HILL &
RICE [61], MANDEL [89], ASARO [11], HAVNER [56], CUITINO & ORTIZ [33], BASSANI
[15], MIEHE [95] and MIEHE & SCHOTTE [102] among others) is equipped with a sound
physical basis where the evolution of plastic flow arises from the movement of dislocations
on certain crystallographic planes. Thereby the presence of dislocations is not modelled
in an explicit manner, but their combined action enters the model in a phenomenologi-
cal way through the constitutive equations that govern the evolution of crystallographic
slip and the slip resistance. The accumulation of dislocation density with ongoing plastic
deformation through self-interaction or other impeding obstacles most commonly results
in work hardening which hinders further plastic flow (TAYLOR [148], KOITER [70], HILL
[59], Kocks [68, 69], HUTCHINSON [65], FRANCIOSI ET AL. [44], PEIRCE ET AL. [124],



1.1 Motivation and State of the Art 3

ASARO [11], Bassant & Wu [17], CutTINO & ORTIZ [33]). The dislocations accounted
for in this manner can all be termed as statistically stored dislocations in the aforemen-
tioned sense. The underlying assumption of this conventional local continuum theory of
finite strain crystal plasticity is the existence of a compatible intermediate configura-
tion with associated compatible elastic and plastic deformations throughout the material
body. Hence, possible incompatibilities of the intermediate configuration in connection
with inhomogeneous elastic or plastic deformations and the corresponding storage of geo-
metrically necessary dislocations are neglected. Incompatibility measures do not enter the
formulation and an influence of the GND storage on the hardening behavior is ignored al-
though it has a significant impact for sufficiently small length scales (ASHBY [12], FLECK
& HuTCHINSON [40], FLECK ET AL. [42]). Consequently the experimentally observed
size effects are not predictable through a conventional local theory of crystal plasticity.

These deficiencies motivated a number of authors over the last few years to propose var-
ious strain gradient crystal plasticity models. Some of these shall be briefly mentioned.
A more detailed discussion can be found in the introduction of chapter 5. All of these
models include one or more material length scales which occasionaly have less physical
significance. In connection with such a length scale, a size dependent material response is
induced through the inclusion of rotation gradients in the couple stress theory of FLECK &
HuTCHINSON [40], FLECK ET AL. [42] or rotation and stretch gradients in the Toupin-
Mindlin theory of FLECK & HUTCHINSON [41]. A more direct provision for possible
incompatibilities relies on the inclusion of a corresponding incompatibility measure in the
hardening relations (ACHARYA & BASSANI [1], ACHARYA & BEAUDOIN [2], BASSANI
[16]) which preserves the standard structure of the boundary value problem. Alternatively,
in the works of STEINMANN [140], SHIZAWA & ZBIB [133], MENZEL & STEINMANN [92],
GURTIN [51], SVENDSEN [145], LIEBE [85], LEVKOVITCH ET AL. [84] the dislocation
density tensor contributes, through a phenomenological dependence, to the energy storage
and its conjugate force to the slip resistance. Such an extended dependence of the energy
storage recently became of interest in the mathematical existence theory of incremental
finite strain elastoplasticity (MIELKE & MULLER [110]). A further point of intense discus-
sion concerns the requirement for higher order boundary conditions in several approaches
(GURTIN [51], SHU & FLECK [135]). A more direct incorporation of the contribution of
the GND storage to the hardening response is adopted e.g. in DAI & PARKS [35] and
EVERS ET AL. [38]. Finally, the discrete dislocation plasticity framework (KUBIN ET AL.
[82], VAN DER GIESSEN & NEEDLEMAN [154]) is inherently capable of predicting size
effects and relies on a superposition of line discontinuities representative of the discrete
dislocations and complementary fields which enforce the boundary conditions.

The scale dependencies discussed so far are physically well motivated and intrinsic to the
real material response. This is not the case for the size dependencies observed for classical
micro-to-macro transitions in the postcritical regime of instable solids. This problem is
visualized in the schematic example of figure 1.1 b). The average-type homogenization
analysis provides an efficient approach to describe microheterogeneous materials with a
significant scale separation, i.e. Il .~ << l,.... Thereby a critical point is the choice of the
representative volume element (RVE) size n.. For classical micro-to-macro transitions this
choice is solely limited by the size and distribution of the microheterogeneities. However
this induces a dependency of the homogenized material response on the RVE size in
the case of structural micro-instabilities such as buckling phenomena. This is indicated in

figure 1.1 b) where the governing micro-instability mode can only be captured by a RVE of
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size n!. If a RVE size of n? were used, the relevant buckling mode could not be captured
implying a false estimation of the local macroscopic material response. Consequently
classical micro-to-macro transitions induce a dependence of the homogenized response on
the chosen size of the representative volume element.

The concept of homogenization is outlined in the works WILLIS [156], SUQUET [144],
MULLER [114], NEMAT-NASSER & HORI [117], PONTE CASTANEDA & SUQUET [127]
or MIEHE ET AL. [104] among others. Based on incremental minimization principles, an
extension to standard dissipative materials is developed in the recent papers MIEHE [97,
98], MIEHE ET AL. [103] and MIEHE & SCHOTTE [101]. Existence results in nonlinear
elasticity (BALL [13], DACOROGNA [34], MARSDEN & HUGHES [90]) are based on several
(weak) convexity conditions for the stored energy function. A detailed discussion of criteria
for the existence of sufficiently stable solutions on the macro- as well as the micro-scale in
the context of a homogenization analysis in finite strain elasticity is given in MIEHE ET AL.
[108]. Therein (see also GEYMONAT ET AL. [47], TRIANTAFYLLIDIS & MAKER [151])
a connection between structural instabilities on the micro-scale and material instabilities
on the macro-scale is established as well. Structural instabilities on the micro-scale imply
a loss of ellipticity of the homogenization functional which in turn induces the above
mentioned dependency of the homogenized response upon the chosen RVE size in classical
homogenization approaches. In order to preclude such size dependencies in the postcritical
non-convex regime, an extended homogenization principle is proposed for finite strain
elasticity in MIEHE ET AL. [108] in line with the fundamental results on non-convex
integral functionals of MULLER [114]. Through this non-convex homogenization approach
the relevant RVE size is additionally determined. Mathematically this can be expressed
in terms of the I'-convergence of the solutions on the micro-structure.

1.2. Objective and Overview

Beyond the overall perspective to describe size effects in finite strain crystal plasticity and
to eliminate size dependencies in the homogenization analysis of instable solids, major
objectives and achievements of this work are the

e incompatibility analysis for nonhomogeneously deforming elastoplastic crystals

e discussion of several incompatibility measures and the dislocation density tensor

e micromechanical foundation through the incompatibility induced GND storage

¢ formulation of a dislocation density based strain gradient crystal plasticity model

e claboration of a mixed finite element formulation for strain gradient plasticity

e development of an extended standard FE formulation for gradient plasticity

e incremental stability analysis of microheterogeneous standard dissipative solids

e non-convex homogenization analysis of unstable inelastic solids at finite strains

e analysis of the interaction between micro-instabilities and macro-instabilities

In Chapter 3 some fundamentals of metal crystals are briefly reiterated in view of a
sound micromechanical basis for the subsequent developments. Key elements are: the crys-
tal structure which defines the slip system geometry employed in the continuum model
as discussed in section 4; the concept of dislocations which provides the underlying basis
of crystallographic slip and work hardening and which resolves the lattice incompatibili-
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ties under inhomogeneous elastic or plastic deformations; furthermore a collection of the
governing dislocation interactions and the dislocation density based hardening models.

Chapter 4 is concerned with the constitutive modeling of purely local crystal plasticity at
finite strains. The considerations are restricted to homogeneously deforming crystals with
associated compatible elastic and plastic deformations. An extension to inhomogeneously
deforming crystals is given in chapter 5. First the continuum slip theory is discussed with
the key assumptions of a multiplicative split of the deformation gradient and a Schmid type
flow response. Thereafter two alternative algorithms of local single crystal viscoplasticity
are discussed: a classical fully implicit return mapping scheme and an implicit variational
formulation which, in contrast to the standard scheme, results in a symmetric formulation
and allows for an instability analysis as discussed in chapter 8.

In Chapter 5, a dislocation density based strain gradient crystal plasticity model is
developed which accounts for possible incompatibilies in nonhomogeneously deforming
metal crystals. The model is equipped with a sound mathematical, micromechanical and
experimental foundation. To this end the chapter starts with a vast introduction giving
an overview of recent developments, some experimental observations and the notion of
geometrically necessary dislocations (GNDs). Subsequently the matter of incompatibility
is approached with tools from calculus and alternatively from a differential geometric
point of view. This defines the dislocation density tensor as a key incompatibility measure.
The dislocation density tensor is discussed in its Lagrangian, intermediate, Eulerian and
two field representations and a crystallographic interpretation in terms of the storage of
dislocations is given. Finally, for the rate dependent as well as the rate independent case,
a micromechanically motivated strain gradient crystal plasticity model is developed which
directly incorporates the dislocation density tensor.

Chapter 6 treats the numerical implementation of the developed strain gradient crys-
tal plasticity model. The dependence on the plastic strain gradients implies a (weakly)
nonlocal formulation which requires to supply in addition to the displacement field the
slip distribution throughout the solution domain. In this respect two alternative solution
strategies are proposed. First, a fully implicit monolithic formulation is considered in the
context of a mixed finite element formulation for both the rate dependent and the rate
independent case. Secondly, in view of an efficient algorithmic treatment, an extended
local formulation for gradient plasticity is developed based on an operator split where the
slip distribution is computed through an interpolation of the integration point values.

Chapter 7 provides a validation of the theoretical and the algorithmic developments for
several representative numerical examples. This includes a comparison with the responses
of other continuum models of strain gradient crystal plasticity, discrete dislocation sim-
ulation results and experimental measurements. Furthermore, the alternative solution
strategies developed in chapter 6 are compared with each other as well.

Chapter 8 finally discusses the stability analysis of microheterogeneous standard dissi-
pative materials at finite strains and the development of a non-convex homogenization
approach which determines the relevant micro-structure size. After a brief introduction
into the incremental variational formulation of homogenization the criteria for a stability
analysis on the micro- and macro-scale are developed. Subsequently an extended homo-
genization principle for the postcritical non-convex regime is proposed and the interaction
between micro- and macro-instabilities is investigated. The chapter closes with numerical
examples for a homogenization analysis of instable elastic and elastoplastic composites.






2. Foundations of Continuum Mechanics

Within the following chapter the key foundations of continuum mechanics are summarized,
building the basis for the developments in this work and introducing the notation followed
therein. Further details can be found in TRUESDELL & NOLL [153], MALVERN [88],
MARSDEN & HucHES [90], HOLZAPFEL [62] or HAUPT [55], to name a few among
many other textbooks addressing this issue. In the subsequent discussion the underlying
geometric picture is adopted from the modern representations in MIEHE [96].

2.1. Kinematics

As continuum mechanics generally relates to the description of the deformation processes
of a physical body the starting point for the following developments will be the mathe-
matical description of the motion and deformation of such a material body B.

2.1.1. Material Bodies, Configurations, Base Systems and Metric Tensors. The
material body B (see figure 2.1) is a physical object with specific physical properties which
specify the material behavior. The body B = {P} is a set of material points P which occupy
at time ¢ the domain B, which is defined by the one-to-one mapping

{Bﬁ&CW
Xt -

P—x=x,(P) (2.1)

Here it is assumed, like always in classical mechanics, that the location of the material
body B; is a subset of the three-dimensional Euclidean space E3 of physical observation
which allows for the introduction of Cartesian coordinates. That this general assumption is
strictly admissible only for the description of the overall deformation state of the material
body will be elucidated in connection with the introduction of an intermediate configura-
tion in section 5.5. Turning back to (2.1), the configuration defined by x, uniquely maps
the material point P to the coordinate triple & € E3 with respect to the global Cartesian
basis {E;};—123. By means of (2.1), the family of configurations B; describes the motion
of the body (see figure 2.1) where typically the time dependent configuration 5; is de-
noted as the current, the spatial, or the Fulerian configuration. As it is more convenient to

Figure 2.1: Motion of a material body B. The family of configurations B; parametrized in
time t describes the motion of the material body.
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describe the motion of the material body with respect to a fixed configuration a so-called
reference or material or Lagrangian configuration is chosen at will defined by

B—BCR?

P X = xo(P)

Generally the initial undeformed configuration at time ¢ = ¢, is chosen as reference con-
figuration as this stage of the material body is usually known. Now a relative description
for the motion of the material body is obtained by considering the composition of the
mappings x, and x, ! which defines the nonlinear deformation map

B—-ScR?

Py :thOXoli{XHm:%(X) (2:3)

The current configuration S represents the actual location B; of the material body evolving
throughout the deformation process characterized by ¢, from the reference configuration
B. Apart from the global Cartesian coordinate system {E;};,—1 23, Eulerian curvilinear
coordinates 0 are introduced oriented along the material lines which deform with the body
in the Eulerian configuration. The spatial position vectors then have the representations
x = 7'(0',0% 6°)E;. This results in the definition of two dual co- and contravariant bases
{g,} and {g'} which are obtained as follows

g, = O0px = 0pa? (01,07, 0°)E; and g' = 00" = 0,50'(z",2° ) EY (2.4)

where the covariant basis {g;} spans the so-called tangent space T,S and the contravariant
basis {g'} spans the cotangent space T:S with the property g* - g; = 5;» for the bases.
In connection with the tangent and cotangent space the associated co- and contravariant
Eulerian metric tensors are defined as follows

9=9:9,999 =9;9®g and g'=g"¢ g ®9,=9"9,0g9; (2.5

A similar development gives, after introduction of the Lagrangian curvilinear coordinates
©!, the counterparts in the reference configuration, namely the co- and contravariant La-
grangian bases {G;} and {G'} and furthermore the respective Lagrangian metric tensors
G and G™'. The developed geometric setting is summarized in figure 2.2. Spaces equipped
with metric tensors are called metric spaces. The metric tensors allow for the measure-
ment of lengths, areas, volumes and angles (see section 5.5.2). For Euclidean spaces g;; and
g% need to be positive definite symmetric tensors, satisfying the compatibility conditions,
(see section 5.5). The above explanations were presented for the case of general curvilinear
coordinates, however, the relations simplify significantly for a choice of Cartesian bases
for both the current and the reference configuration which results in

{G1} =1{g,} ={E:} (2.6)

For clarity a formal differentiation will be adopted in the following between the four
Lagrangian and Eulerian tangent and cotangent spaces spanned by the bases {E 4}, { E*}
and {e,},{e"}, respectively. This gives the following specific forms of the metric tensors

G = i,3E*®E"P and g = ogpe‘®e’

2.7
G' = "PE,® Ejp gl = %, e (2.7)
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2.1.2. The Deformation Gradient. The key quantity in the description of finite strain
kinematics is the deformation gradient. 1t is defined by the Frechet-derivative of the non-
linear deformation map ¢,(X) with respect to the material coordinates X

F(X) = Vxe,(X) (2.8)
Thus the deformation gradient is a second order tensor. It reads in base notation as

ox®
A A
F:FaAga®G = aXA ga®G (29)
The deformation gradient is a linear mapping from the Lagrangian tangent space to the
Eulerian tangent space with mixed-variant basis. Its components 4 coincide with the
elements of the Jacobian matriz of the nonlinear deformation map ¢. The deformation
gradient maps tangent vectors T' of Lagrangian material lines to tangent vectors t of

Eulerian material lines

(2.10)

) T—t=F-T

Reversely, the inverse deformation gradient is defined as the spatial derivative of the
inverse nonlinear deformation map

A

0X
F ' =Vpl(zx) < F”::F*AGGA®QG::&W Gi®g® (211)

Thus the inverse deformation gradient is also a mixed variant map mapping spatial tangent
vectors t to material tangent vectors T

' t—T=F"'.t

(2.12)

Combining two infinitesimal Lagrangian line elements d X ; and d X5 by taking their cross
product defines an area element dA = dX; x dX5 = dA N in terms of the normal IN.
The mapping of the normal between the Lagrangian and the Eulerian cotangent space
T%B and TS is given by

TiB — T:S
=T . X x
F '{ N—n=FT.N (2.13)

{Ei}

Figure 2.2: Reference and actual configuration B and S, covariant bases and metric ten-
sors. The Lagrangian and Eulerian covariant base vectors G and g, are tangential to the
Lagrangian and Eulerian material lines along which the curvilinear coordinates © and #°
are introduced (for the sake of clarity only the material lines are displayed).
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and the infinitesimal area element dA is mapped by the Jacobian determinant J := detF

R—R
J'{dAHda:JdA (2.14)

(Note: for general coordinates the definition J := det | F'%y4 | ,/%| holds where
AB

the second term ensures that J is a scalar, invariant under coordinate transformations)
Assembling (2.13) and (2.14) gives the Nanson formula

JFT.NdA=nda (2.15)

Finally, combining three infinitesimal line elements defines the scalar infinitesimal volume
dV = (dX; x dX5) - dX3 in the Lagrangian configuration. Its Eulerian counterpart is
also determined by a transformation with the Jacobian determinant

R—R
J'{dV»—wlv:JdV (2.16)

The deformation gradient is representative of all quantities describing the local defor-
mation state. Thus, the key mappings between the co- and contravariant tangent and
cotangent spaces of a Lagrangian material point X and its Eulerian counterpart x have
now been defined. They are visualized in figure 2.3.

i /; ' / t
F
TxB 7,8
G g
f \; por > \
T3 B TS
N n z

Figure 2.3: Mappings between Lagrangian and Eulerian tangent and cotangent spaces. The
deformation gradient F' maps tangent vectors and the transpose of its inverse F~T maps
normals between the Lagrangian and the Eulerian configuration.

2.1.3. Convective Coordinates. In general, any two independent systems of Carte-
sian or curvilinear coordinates may be chosen as material or spatial coordinate systems
as introduced in section 2.1.1. A special choice are convective coordinates where the co-
ordinate lines in the Lagrangian configuration are oriented along material lines and the
spatial image of these same lines is then identified with the coordinate lines of the Eulerian
configuration. This results in 6 = ©! and gives with G = dg: X and (2.4)

0X

g; = Opix = Ogrx = VXS‘%(X)
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From this the following simple representation of the deformation gradient with respect to
convective coordinates can be directly identified

F=¢,9,8G" =g,0G’ (2.18)

Thus, with respect to the mixed base system {g; ® G}, the components of the defor-
mation gradient are given by the identity matrix while all information related to the
deformation state is carried by the base system or rather the corresponding metric ten-
sors themselves. This viewpoint is crucial for the understanding of finite strain kinematics,
especially in connection with the developments of differential geometry in section 5.5. Al-
though, throughout the rest of this work, Cartesian base systems as specified in connection
with (2.7) will be utilized. Note that due to this specific choice the metric tensors no longer
carry information about the actual deformation state of the material body. They solely
serve as mappings between the respective tangent and cotangent space in the sense of 'ris-
ing” and ’lowering’ tensor indices. Representing the convective base systems with respect
to the Cartesian base systems specified in connection with (2.7) gives

g, =gi'ea and G’ =G’,4E* (2.19)

Through insertion of (2.19) into (2.18) this finally results in the following identification
for the deformation gradient

F=6",5"G’ ye, ® E* = §,°G’ se, @ E* = F* e, @ E* (2.20)
2.1.4. Pull-Back and Push-Forward Transformations, Strain Tensors. Denoting

with [-] and (-) dual Lagrangian and Eulerian objects, the following abstract notation is
introduced for the pull-back of an Eulerian object

[1=¢,"(") (2.21)
and for the push-forward of a Lagrangian object
() =ul] (2.22)

For example the pull-back of the Eulerian metric reads
Ci=¢(g)=F".g-F (2.23)

where C' is the Lagrangian representation of the current metric g, also denoted as right
Cauchy Green tensor. In turn, the push-forward of the Lagrangian metric reads

c=¢, (G)=F71.G-F! (2.24)
where ¢ is the Eulerian representation of the reference metric G defining the so-called
Finger tensorb:=c ' =F -G ' - FT.

To measure the extent of straining of an infinitesimal line element, the initial length of
a material line element |dX | g = VdX - G -dX is compared with its deformed length
|dz|y = v/dx - g - dz defining the scalar strain measure § with

1 1 1
6= 5| ldal3— |aX|% | = dX - B-dX = de-e-do (2.25)

This implies the definitions of the positive definite symmetric Green strain tensor E =

:[C — G] and the Almansi strain tensor e := 5 [g — c|.
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2.2. The Concept of Stresses and Heat Flux

In order to introduce the notion of stresses and heat flux Fuler’s cut principle is applied.
Therefore an arbitrary part Ps C S of the deformed body S is cut out and the effects of
the remaining body S\ Ps onto the part Pg are replaced by a surface traction vector ts
and a heat flux h, see figure 2.4 for a visualization.

Figure 2.4: Euler’s cut principle. The effects of the remaining part S\Ps with respect to
the cut out part Ps are replaced by a surface traction vector ts and a heat flux h

2.2.1. Representations of the Stress Tensor. Multiplication of the traction vector
ts € TS with an infinitesimal surface element da gives the infinitesimal force vector

df = tsda (2.26)

acting on the infinitesimal area da within the cut-surface OPs. According to Cauchy’s
theorem, the surface traction vector ts is a linear function of the surface normaln € TS

ts(xz,t,n) =:o(x,t) - n (2.27)

where o is the true Cauchy stress tensor relating the actual force in the cut-surface to
the actual deformed area. Thereby o is a fully covariant tensor mapping from the spatial
cotangent space T,;S to the tangent space T,S

1.8 — TS

o { St a ab (2.28)
n—ts=o-n, s= 0 Ny

Weighting o with the Jacobian determinant J defines the Kirchhoff stress tensor ™ = Jo .

Relating the actual infinitesimal force vector df in analogy to (2.26) to a surface element
dA of the corresponding undeformed (subscript B) cut-surface OPp defines the so-called
nominal surface traction vector tg € TS

df =tgdA (2.29)
In analogy to (2.27), tz is a linear function of the Lagrangian surface normal N € T B
tg(X,t, N) = P(X,t)- N (2.30)

which implies the definition of the so-called nominal stress tensor or first Piola Kirchhoff
stress tensor P relating the actual force to an undeformed area element in the reference
configuration. Thus P maps normals from 7% B to traction vectors in 7,S

p. {T}B—>Tw5

Nw—tg=P-N, ty= P”Ng (2:31)
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Insertion of (2.27) into (2.26) and of (2.30) into (2.29) gives with the Nanson formula
(2.15) the following identification for the Kirchhoff/Cauchy stress tensor and P

T F'=Jo - F"=P (2.32)

Finally, the formal introduction of the Lagrangian surface traction vector Ty € TxB,
obtained through formal transformation of £z to the Lagrangian tangent space TxB

Ts:=F ' tg (2.33)
implies the definition of the fully Lagrangian second Piola Kirchhoff stress tensor S

SZ {T;(BHT)(B

J\r'_>115:‘51‘1\77 Tlﬁ;: SABNB (234)

which is a purely geometric construct without any real physical meaning. The relation
between S and P or o follows directly by insertion of (2.30) into (2.33) with (2.32) and
(2.34) giving the result

S=F'.P=JF' .o -F7' (2.35)

Obviously S is the pull-back of the Kirchhoff stresses 7. The commutative representations
of the stress relations introduced in this section are visualized in figure 2.5.

T3 ts
/ . ) /
TxB T,.S
S () |7
P
(J)F~T R

T4B \ \ T:S

N(dA) n(da) °

Figure 2.5: Definition of stress tensors. The four stress tensor representations o, 7, P and S
are commutatively related through the tangent mapping F' and the normal mapping F~ 7.

2.2.2. Heat Flux. As visualized in figure 2.4, the thermal effects of the remaining part
of the body S\ Ps onto the part Pgs are represented by the scalar heat flux h acting in
outward normal direction n on the cut-surface 0Pp. In analogy to Cauchy’s stress theorem,
Stoke’s heat flur theorem postulates that h is a linear function of the unit normal vector

hzx,t,n) =q(x,t) -n (2.36)

where q is the true or Cauchy heat flux vector defined per unit deformed area. Relating
the heat flux similarly to the undeformed area defines the nominal heat flux vector Q.
Through the identification q - nda = Q - NdA and with Nanson’s formula (2.15), the
nominal heat flux vector can be expressed in terms of the Cauchy heat flux vector by

Q=JF'.q (2.37)
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2.3. Balance Principles

In the following the classical balance principles, i.e. conservation of mass, the momentum
balance principles and the balance of energy as well as the entropy inequality principle will
be discussed. These principles apply to all materials and have to be satisfied at any time.
They are formulated as global or integral forms valid for a cut-out part Pg of the body. For
sufficiently regular ¢,, local or differential forms of these principles, valid for any « € S,
can be derived from the global forms using the Gauss theorem for the transformation
between surface and volume integrals and applying the localization theorem.

2.3.1. Reynold’s Transport Theorem. In the following all balance equations will be
formulated for the spatial configuration. The corresponding developments in the material
configuration are straightforward and in complete analogy to the subsequent consider-
ations. The material time derivative, i.e. the temporal change of a quantity (e) at an
arbitrary but fixed point of the reference configuration is denoted with d/dt(e) = (e)
and consists for Eulerian fields f(x,t) of two parts, a local part and a convective part
according to f (x,t) = Of /Ot + Npf-@. A very useful relationship for spatial scalar fields
is the following integral equation, often referred to as Reynold’s transport theorem

K (x,t)dv= [ f+ fdivlg]dv= [ fdv+ | finda (2.38)
dt Jpq Ps Ps oPs

This relation is obtained after some algebraic manipulations which take into account that

in the Eulerian setting integration and time differentiation do not commute since Pg is

time dependent.

2.3.2. Conservation of Mass. Throughout this work, only non-relativistic physics
for closed systems are considered. Hence the mass of a body or of any part of it is a
conserved quantity, i.e.

Mp, = mpg > 0 and MPB = Thps =0 (239)

B

where
Mp, :/po dV and mp, :/pdv (2.40)
Ps Ps

in terms of the reference mass density py and the spatial mass density p. Insertion of (2.40)
into (2.39) gives after application of the localization theorem the two local forms

po—Jp=0 and p+ pdivie] =0 (2.41)

(2.41); is obtained through insertion of (2.40); and (2.40), into (2.39); together with
(2.16) and (2.41), follows by insertion of (2.40), into (2.39), in connection with (2.38).

2.3.3. Momentum Balance Principles. The linear and angular momentum Ip, and
Dy, of a part Ps of the body are defined by

S
Ip, ::/ prdv and Dp, ::/ x X px dv (2.42)
Ps Ps

The momentum balance principles postulate that the temporal change of the linear and
the angular momentum respectively equal the resultant force Fp, and the resultant mo-
ment M p, acting on the part Ps of the body. Hence the balance of linear momentum and
the balance of angular momentum read

I'ps = F'ps and DPS = MPS (243)
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The momentum balance principles are generalizations of Newton’s first and second princi-
ple of motion within the context of continuum mechanics. The resultant force and moment
developing due to the body forces pb and surface tractions ts have the forms

Fp5:/pbdv+/ tsda and MPS:/mXpbdv+/ x xXtsda (2.44)
Ps IPs Ps OPs

Application of the Gauss theorem gives the local form of the balance of linear momentum
divje] + p(b —2) = 0 (2.45)

Similarly the local form of the balance of angular momentum is obtained after some
lengthy reformulations. It states the symmetry of the Cauchy stresses

o=o" (2.46)

which, with the relations (2.32) and (2.35), results also in symmetric Kirchhoff and second
(but in general not first) Piola Kirchhoff stresses

r=71" and S§=8" (2.47)

2.3.4. Balance of Energy. In the present context the considerations are restricted to
thermodynamical problems. Hence, besides the mechanical and thermal energy the effect
of any other energy (e.g. electrical, chemical, nuclear) on the behavior of the continuum is
neglected. The first law of thermodynamics governs, as a fundamental axiom in thermo-
mechanics, the transformation of energy from one type into another. It demands that the
rate of change of total energy E = K + U (kinetic K and internal U) equals the external
mechanical power P, plus the thermal power @), i.e.

(K+U)=P.+@Q (2.48)

associated with the cut-out part Ps. The kinetic and internal energy are defined through

K = %p:b-:bdv and U::/pudv (2.49)
P

Ps S

in terms of the internal energy density u per unit mass. The external mechanical power
P... supplied by the surface tractions and body forces and the thermal power () supplied
by heat fluxes and heat sources read

P.. ::/:'B-pbdv+/ x-tsda and Q := prdv—/ gnda (2.50)
Ps O0Ps Ps O0Ps

in terms of the heat supply r per unit time and unit mass. The balance of total energy (2.48)
can be split up into two parts, the balance of kinetic energy and the balance of internal
energy (note that independently K and U are not conserved quantities). The balance of
kinetic energy is equivalent to the equilibrium condition and follows by multiplication of
(2.43) with the velocity @ and subsequent integration over the volume, i.e.

K = Pext - Pint (251)
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This implies the definition of the so-called stress power P,

P.. ::/U:ddv (2.52)
P

S

in terms of the rate of deformation tensor d := 1/2(g-l +17-g) defined as the symmetric
part of the covariant spatial velocity gradient g-l := g-Oyx. (2.48) together with (2.51)
implies the following form of the balance of internal energy

U=Q+ P,, (2.53)
which finally induces the local form of the balance of internal energy

pt = o:d — div[q] + pr (2.54)

2.3.5. Entropy Inequality Principle. The first law of thermodynamics governs the
energy transfer but not its direction. Based on the entropy as a fundamental state variable
which measures microscopic randomness and disorder, the direction of energy transfer can
be described through the second law of thermodynamics. The second law demands that
the entropy production is never negative, i.e.

'=H-Q>0 (2.55)

where T, H and Q denote the entropy production, the entropy and the rate of entropy
input respectively. These quantities are defined through

r :/pfydv, H= [ pndv, Q= [ pidv —/ gnda (2.56)
Ps Ps Ps OPs

in terms of the local entropy production ~y(x,t) and the local entropy n(x,t) per unit
mass and with the entropy sources 7 and the entropy flux vector q per unit time and
mass/surface area, respectively. A thermodynamic process which takes place without any
entropy production (I' = 0) is called reversible. An irreversible process is always related
to a dissipation of energy. A general assumption is to relate the entropy sources and fluxes
to the heat sources and fluxes through 7 = r/6 and ¢ = /0 in terms of the absolute
temperature 6. Insertion of these relations and the definitions (2.56) into (2.55) gives with
the localization theorem the local form of the so-called Clausius-Duhem inequality

r 1 1
TN ST -
py = pi = py + pdivie] = 254Vl 2 0 (2.57)

Insertion of (2.54) into (2.57) gives, with the Helmholtz free energy per unit mass defined
through the Legendre transformation ¥ = u — 65, the alternative representation of the
Clausius-Duhem inequality

Opy =o:d — pV — pbn — Eq-Vaﬂ >0 (2.58)

Introducing by definition the dissipation D := 0p~, a stronger form of (2.58) is obtained for
separate investigation of the local dissipation D,,. through the so-called Clausius-Planck
inequality and the conductive dissipation D.., through the Fourier inequality, i.e.

. . 1
Do.=0o:d—pV —pn>0 and D, = —Eq-VwQ >0 (2.59)
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3. Fundamentals of Metal Crystals

Before starting with the continuum mechanical description of crystal plasticity in the next
chapter, some fundamentals of metal crystals will be reviewed in the following. This brief
summary is by no means complete. For a more detailed discussion see e.g. TROOST [152],
HuLL & BACON [64] or HONEYCOMBE [63] among others.

3.1. The Crystal Structure

Metals and many other important solids possess a crystalline structure, i.e. the constituent
atoms are arranged in a selfrepeating 3-dimensional structure, the so-called space lattice,
see figure 3.1 a) for a visualization (constraining the considerations to metal crystals in
the following each lattice point is assumed to reflect at least the outer lattice symmetry).
Since the lattice exhibits several distinct directions the single crystalline material behav-
ior is strongly direction dependent, i.e. anisotropic. Thus it is important to classify the
respective lattices by their symmetry properties in order to gain insight into the type of
anisotropy to be expected. The smallest unit, which by successive arrangement reproduces
the space lattice, is the unit cell. The unit cell and consequently also the space lattice
is uniquely described by the grid vectors a,b and ¢, or alternatively by the three grid
constants a,b and ¢ and the corresponding angles «, 5 and +, see figure 3.1 b). The spe-

Figure 3.1: Space lattice, a), and primitive unit cell, b).

cific choice of the unit cell selected in order to represent the space lattice is not unique.
A natural choice, however also not unique, is the primitive unit cell which contains in
total one (eight times one eighth) lattice point, i.e. atom, as depicted in figure 3.1 b).
Nevertheless, the symmetries and thus the anisotropy directions of the crystal structure
are in many cases more easily visible through non-primitive unit cells like the C-, B- or
F-centered unit cell containing in total 2, 2 or 4 atoms, respectively, see figure 3.2. Based

a) b) | , c)
Figure 3.2: Non-primitive unit cells. a) C-, b) B- and ¢) F-centered unit cell.

on the inherent symmetry properties of the lattice, it is possible to differentiate in total 14
distinct Bravais lattices which comprise of 14 different primitive unit cells. To clarify the
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Table 3.1: Bravais cells for the classification of the 14 Bravais lattices

Symmetry Primitive C-centered B-centered F-centered
triclinic:
a, b, c arbitrary,
a, 3,7 arbitrary
monoclinic:
a, b, c arbitrary,
a=7=3#8
orthorhombic: o A
a, b, c arbitrary, ’
b
tetragonal:
a=b#c
trigonal:
a=>b= C,
hexagonal:
a=b#e, -
a=s=5=1 | ®[ =
a
cubic:
a=>b= C,
o = = — %

symmetry properties usually 14 Bravais cells are used to classify these Bravais lattices.
7 of the Bravais cells are primitive cells and, as stated above in order to point out the
symmetries more directly, the remaining 7 cells are C-, B- and F-centered cells having
the same shape as the corresponding primitive cell. See table 3.1 for a visualization. The
most general unit cell with the least symmetry properties is the primitive triclinic unit
cell with

a#b#c and a#[F#7y (3.1)
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The only possible symmetry operations for this cell are the identity and the inversion. In
contrast, the unit cell with the highest symmetry is the cubic unit cell with

a=b=c and a=p=7 (3.2)

Further important lattice parameters are the packing density P and the stacking sequence.
Thinking of the atoms as spheres contacting one another, the packing density is
Vs

P= % (3.3)
where V, is the part of the volume of the atoms which lies within the unit cell and
V = a-b-cis the unit cell volume itselves. Clearly among the cubic unit cells the
primitive cubic (pc) cell has the lowest density (P = § ~ 0.524) since the atoms are just
arranged on top of one another and touch themselves along the cube edges. This results
in a stacking sequence of AAA... . Consequently, a crystal structure comprised of this
unit cell can be sheared off relatively easy. Arranging an atom on the spatial diagonal of
the body centered cubic (bee) cell results already in a stiffer structure with a density of
P = ?ﬂ' ~ (0.680. Thereby the atoms touch along the spatial diagonal and the layers
have a stacking sequence of ABAB... (i.e. the atoms of every second layer are positioned
axially on top of one another). Finally, the closest packing density (P = %\/ﬁ ~ 0.74) is
obtained with the face centered cubic (fcc) cell (stacking sequence ABCABC...) and the
more complicated hexagonal closest packed (hep) cell (stacking sequence ABAB...). Some

examples for the most important crystal lattices are the following metals

bee : Li, Cr, Nb, Mo, Ta, W, a-Fe, 3-Ti
fcc : Al, Ni, Cu, Ag, Pt, Au, Pb, v-Fe (3.4)
hep : Be, Mg, Co, Zr, o-Ti

3.2. Miller Indices

As discussed above, the crystal structure induces a strongly direction dependent (i.e.
anisotropic) behavior of a single crystalline material. Crystallographic directions can be
indicated in a unique manner through the so-called Miller indices.

3.2.1. Indication of Crystal Planes. Any plane A’B’C’ in figure 3.3 can be defined
by the intercepts @’ = ma, b’ = nb, ¢ = pc with the three principal axis (a,b and ¢ are the

Figure 3.3: Intercepts of a plane with the grid triad, used in order to compute the Miller
indices which specify the plane position.
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grid constants of the underlying crystal lattice). The Miller indices (h k) are computed

from the intercepts by first taking the reciprocals of the coefficients %, %, % and subsequent

multiplication with the common denominator N of the nonzero reciprocals

NNN) (35)

(mw:<———

mn p

By definition, the Miller indices are written within parentheses. If several planes are of the
same crystallographic type, they can be collectively described by writing the Miller indices
of one representative plane in curly braces {hkl}. E.g. the planes (111),(111),(111)
and (111) can be collectively described by {111} for cubic crystals. Thereby the bar
indicates that the plane cuts the respective axis on the negative side of the origin. Some
important crystallographic planes in the cubic lattice are depicted in figure 3.4 along with
their Miller indices.

(100) (110) (111)

Figure 3.4: Selected crystallographic planes in the cubic lattice.

3.2.2. Indication of Directions. To describe a direction in terms of Miller indices, the
direction is first represented by a parallel line through the origin of the crystallographic
coordinate system, see figure 3.5. Then the Miller indices [uv w] are directly obtained by
multiplication of the coefficients r, s, ¢ with their common denominator N

[uvw] = [Nr Ns Nt (3.6)

By definition, the Miller indices of a direction are written within square brackets. If
several directions are of the same crystallographic type, they can be collectively described
by putting the Miller indices of one representative direction in angular brackets. E.g. the
directions [111],[111],[111] and [111] can be represented by (111) in a cubic crystal.

Figure 3.5: Description of a direction by Miller indices.
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Note that in cubic crystals the Miller indices of a plane (h k1) are the same as the indices
of a direction [u v w] normal to that plane, i.e. h = u,k = v and | = w. A further extension
of the Miller-Bravais indices for hexagonal systems will not be considered here.

3.3. Closest Packed Crystal Planes

The closest packed crystal planes of the three cubic lattices are visualized in figure 3.6
along with their in plane packing densities Dp. This packing density plays a crucial role in
the deformability of the crystal lattice. As also explained below, plastic slip occurs mainly

A a V3 V2
‘ 2 s ITG’ g a
§> I = X\
L __ S ={| L—»
Packing density of Packing density of Packing density of
(100)-planes in pc cells  (110)-planes in bee cells  (111)-planes in fee cells
Dp =79% Dp = 83% Dp =91%

Figure 3.6: Packing density Dp in closest packed planes in the cubic lattices.

in the direction of highest packing density (slip direction) within the closest packed crystal
planes (slip plane). These directions are for the pc cell the (100)-, for the bee cell the
(111)- and for the fcc cell the (11 0)-directions.

3.4. Visualization of Crystallographic Directions

Crystal orientations, e.g. the spatial orientation of crystallographic planes, can be rep-
resented in an effective manner by means of a sphere. To this end, a reference sphere is
chosen to circumscribe the crystal and the directions of interest are represented by their
intercepts with this sphere. In order to finally get a two-dimensional visualization this
three-dimensional point scatter needs to be projected onto a plane. This can be done in
an effective manner through a stereographic or an equal area projection. In the following,
the stereographic projection will be explained exemplarily for the representation of the
spatial orientation of planes.

Stereographic Projection. Within the stereographic projection the equatorial plane
is chosen as the plane of projection. The specific orientation of the equatorial plane can
however be chosen arbitrarily. The south pole S is furthermore picked as the center of
projection, see figure 3.7 a). The orientation of crystal planes is now obtained by simply
connecting the intercept I of the plane normal with the center of projection S and subse-
quent determination of the intercept I’ of this line with the plane of projection. Thereby
only intercepts I of the northern hemisphere are taken into consideration. Selecting for
example the [001]-direction of the crystal as plane normal for the equatorial plane gives
the so-called standard projection which fully reveals the symmetry of the lattice. The
standard projection of a cubic lattice is shown in figure 3.7 b) where the projection is
divided, by intersecting great circles, into 24 unit stereographic triangles which are crys-
tallographically identical. In each case the corners of the triangles represent the directions
(001), (011) and (111). Thus a crystal orientation can be uniquely specified through only
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Figure 3.7: Stereographic projection. a) determination of the stereographic projection with
P crystal plane, I intercept of the plane normal with the reference sphere and I’ stereographic
projection of the intercept I. b) standard cubic projection.

one triangle, customarily the position of the [001], [011], [111] triangle. On the other hand,
the crystal orientation with respect to a macroscopic direction of the specimen (e.g. ten-
sile axis, rolling direction or direction of the sheet normal) is also of interest. To this
end, (uvw)-pole figures are used where only the (u v w)-poles of each plane of interest are
visualized in a stereographic projection with respect to the designated specimen direction.

3.5. Defects in Crystalline Materials

In contrast to the ideal crystals considered so far, real crystals contain several imper-
fections. These can be differentiated into three groups. FElectrical defects are concerned
with e.g. local electric charge imperfections. Chemical defects are caused for example by
substitutional or interstitial impurity atoms or precipitates. And finally structural defects
are caused by deviations of the crystal lattice from its ideal structure. According to their
spatial extension, these defects can be further differentiated into point (0-dimensional),
line (1-dimensional), surface (2-dimensional) and volume (3-dimensional) defects. Some
of these defects are visualized in figure 3.8 and are briefly explained in the following.
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Figure 3.8: Two-dimensional cut through a crystalline structure with imperfections. (a)
interstitial atom, (b) vacancy, (c¢) Frenkel pair, (d) grain boundary, (e) dislocation, (f) sub-
stitutional impurity atom, (g) interstitial impurity atom.
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Point Defects. These can be either intrinsic zero-dimensional defects such as vacancies,
interstitial atoms or the combination of both, so-called Frenkel pairs. Or they are caused
by extrinsic defects such as substitutional or interstitial impurity atoms.

Line Defects. These are the most important defects in the context of the following
crystal plasticity formulation and are denoted as dislocations. They are formed if e.g. half
a lattice plane is missing or if a part of the lattice is displaced in opposite directions on
either side of a two-dimensional surface, see section 3.6 for further details.

Surface Defects. The most important surface defects are grain boundaries which de-
velop during crystallization. Thereby each grain is a single crystal of generally arbitrary
orientation. If the misorientation between neighbouring grains is small, the boundary con-
sists of an array of dislocations and is called low angle grain boundary. In contrast, the
atomic arrangement at high angle grain boundaries is more complicated and varies signif-
icantly with the angle of misorientation. During crystallization impurities are also very
likely to segregate at, or within the vicinity of, grain boundaries. Further examples of sur-
face defects are stacking faults which occur e.g. in connection with prismatic dislocation
loops (pure edge dislocation loops) or partial dislocations. And as a last example, twin
boundaries also form surface defects, however these are not considered in further detail
here.

Volume Defects. Examples for volume defects are precipitates and voids or bubbles
which develop under certain circumstances.

3.6. Dislocations

One of the most important discoveries in metal physics certainly is the concept of dis-
locations introduced independently by OROWAN, POLANYI and TAYLOR in 1934. It was
mainly the discrepancy between the strength of metals observed experimentally and the
theoretical strength estimates for perfect crystals which led to the first purely theoretical
introduction of the dislocation as a line defect. The subsequent experimental evidence of
dislocations through etch pits, transmission electron microscopy, X-ray diffraction, field
ton microscopy and other techniques greatly proved the validity of this concept in reality,
significant not only in the process of plastic deformation itself but also in crystal growth,
recovery and further phenomena.

3.6.1. Theoretical Strength of a Crystal. The theoretical shear strength of a perfect
crystal was first estimated by FRENKEL in 1926. To this end, he considered as a simplified
model two rows of atoms subjected to a shear stress. For convenience all considerations will
be visualized for a primitive cubic crystal structure in the following. In their equilibrium
positions, the atoms have a respective distance of a, see figure 3.9 a). In order to displace
one atom-row (in 3D one atom-layer) by an amount § = 2 a deformation work W has to
be performed for each atom, figure 3.9 b). Due to the periodicity of the lattice, this work
and consequently the required shear stress 7 (figure 3.9 ¢)) derived from it is periodic and

thus by assumption (with Hooke’s law 7 = <Z for elastic deformations, z < a)

G . 2nx
— L gip2t~ 3.7
7(x) 5, Sin— (3.7)
The maximum value of 7 occurs at x = 7 representing the theoretical critical shear stress
G
th ~1
TC 27T ? ( )
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Figure 3.9: The theoretical shear strength of a primitive cubic lattice. a) simplified perfect
crystal lattice, b) deformation work and ¢) required shear stress.

If the applied stress exceeds 7", the lattice is rendered unstable and the top atom layer
is likely to shear off and switch into the next stable equilibrium position. In contrast, the
resolved shear stress for plastic slip measured in real well-annealed crystals 757 is many
orders of magnitude smaller and of the order 767 ~ 10~*G. Thus there is a significant
difference of an order of 1000 between 7" and 7¢". This difference can be explained
by accounting for an imperfect lattice structure of the real crystal which led OROWAN,
Poranyr and TAYLOR in 1934 independently to the concept of dislocations.

Motivated by the considerations of FRENKEL, the theoretical strength of an imperfect
crystal can be explained by the following corrugated sheet model. Consider first again an
ideal crystal modeled by the corrugated sheet in figure 3.10. Thereby each of the Z sinks
(= stable equilibrium positions) is occupied by an atom. Aiming at a plastic deformation,

N A WANANWAWANWANA
a

e

Figure 3.10: Corrugated sheet model. Representation of one atom row of a perfect crystal.

the first atom needs to be lifted to the top which requires an energy @) before it can fall into
the next sink. Since each sink can always be occupied only by one atom, all subsequent
atoms need to be displaced by an equal amount a, respectively, which is ensured through
the interconnecting springs. This requires a relatively large amount of total energy Z - @),

NS YAVAWAS SN

Figure 3.11: Corrugated sheet model. Representation of one atom row of a real crystal.

which can only be supplied through a very high shear stress 7/ according to (3.8). If
instead the real imperfect crystal is modeled with the corrugated sheet model, one gets
the representation shown in figure 3.11. Due to the lattice defects in the real crystal, most
of the atoms are now a priori in unstable positions which already facilitates plastic slip at

small applied shear stresses. Particularly the middle atom in figure 3.11 is in an indifferent
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equilibrium position where only a small amount of energy A(Q is sufficient to promote its
displacement into the next sink. Such a defect is called dislocation and provides the key
mechanism for plastic deformation.

3.6.2. Dislocation Movement. As can be deduced from figure 3.11, in a real crystal
plastic deformation takes place through consecutive displacement of neighbouring atoms
and not through shearing complete atom layers off like in the perfect crystal. Thus plastic
deformation occurs by movement of the dislocation through the lattice. As soon as the
dislocation reaches the crystal boundary, a slip step of one Burgers vector length b is
produced. This is visualized for a 2-dimensional cut through a cubic lattice in figure 3.12.

Figure 3.12: Glide of an edge-dislocation (symbol 1) under an applied shear stress 7.

3.6.3. The Burgers Vector. A very effective definition of a dislocation is given in
terms of the Burgers circuit. According to the definition given by FRANK [46], a Burgers
circuit is any closed atom-to-atom path in the real crystal, figure 3.13 a). Taking the
same path in a perfect dislocation free lattice, the circuit does not close if the real crystal
contains dislocations, figure 3.13 b). The vector required to close the circuit in the perfect
crystal is called the Burgers vector. Thereby it has been implied that the Burgers circuit
is taken in the sense of a right hand rule looking in the direction of the dislocation
line (e.g. within the two-dimensional cut through the dislocation line in figure 3.12, the
dislocation line points paper-inward on the right-hand side (L) and paper-outward on the
left-handside (T)). If dislocations with the same line sense but opposite Burgers vector are
brought together they annihilate and restore a perfect lattice. Dislocations whose Burgers
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Figure 3.13: Determination of the Burgers vector of an edge dislocation. A closed Burgers
circuit in the real crystal a) does not close in a corresponding perfect crystal b).

vector coincides with the shortest crystallographic vector (i.e. the shortest vector joining
two adjacent lattice points) are called perfect or unit dislocations (in contrast to partial
dislocations which will not be treated any further here). The Burgers vectors b and their
lengths b =| b| for unit dislocations in the cubic lattices are given as follows (with the
lattice parameter a)

V3

1 1
pc:b=(100),b=a; bcc:b= 5(111),1): 5 fece: b= 5(110),1): (3.9)

1
—Q
V2
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3.6.4. Dislocation Loops. Dislocations develop during crystallization from the melt
and with ongoing plastic deformation. Generally they form a 3-dimensional dislocation
network which comprises of edge, screw and mized dislocation segments, see figure 3.14.
Edge dislocations are characterized by the fact that the Burgers vector b is always per-
pendicular to their line direction I, which defines a unique slip plane (shaded area in
figure 3.14 a)). Thus the circumvention of obstacles within the slip plane requires climb-
ing (non-conservative motion) of the dislocation or diffusion processes. This furthermore
also induces a rather small annihilation distance between dislocations residing in parallel
slip planes. In turn, screw dislocations are characterized by the fact that the Burgers
vector b is always parallel to their line direction I, see figure 3.14 b). Thus b and I do
not define a unique slip plane and consequently screw dislocations are not bounded to a
specific slip plane. This facilitates the circumvention of obstacles and the annihilation of
dislocation segments at large distances through cross slip. Any mixed dislocation can be
resolved into pure edge and pure screw dislocations by splitting the Burgers vector into a
part perpendicular and a part parallel to the line direction.

Figure 3.14: Geometry and movement of a) pure edge, b) pure screw and c¢) at M mixed
dislocation segments. The dislocation line represents the boundary between slipped and un-
slipped crystal parts. A dislocation loop (c¢)) comprises of all 3 kinds of dislocation segments.

3.6.5. Dislocation Density. A scalar measure for the number of dislocations which
reside in a real crystal is given by the dislocation density p defined in terms of the total
dislocation line length [ per reference volume V or alternatively in terms of the number
n of dislocations piercing a reference area A

p=— or p'=— (3.10)

In well-annealed metal crystals this density ranges typically between 10°m~=2 and
10'2m~2 which corresponds to a dislocation line length of 10m to 1km within a small
crystal cube of 1 mm in width. This density rapidly increases with ongoing plastic defor-
mation up to values of more than 10 m=2.

3.6.6. Plastic Deformation through Dislocation Movement. The main source of
plastic deformation due to an applied shear stress is the expansion of dislocation loops
(figure 3.15 a)) through conservative dislocation movement within the glide plane (figure
3.14). This is also denoted as glide. If a dislocation segment reaches the crystal boundary
after moving over the slip plane (shaded areas in figure 3.14), a slip step equal to and
in direction of the Burgers vector is produced. According to the simple visualization of a
pure edge dislocation in figure 3.15 b), this results in a plastic shear strain ~y of



3.6 Dislocations 27

bx/l
q =24
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Figure 3.15: Plastic deformation through dislocation movement. a) expansion of a simple
dislocation loop within the slip plane P due to a resolved shear stress 7. Plastic shear strain
~ induced by b) complete and c) partial sweep of an edge dislocation through the crystal.

However, if the dislocation did not fully traverse the crystal, the resulting shear strain is
only a fraction of (3.11), according to the distance = covered so far, see figure 3.15 c)
bx/l  bx
= — = — 3.12
T=S- = (3.12)

The combined expansion of n mobile dislocations results in a total plastic shear strain
b zn: & bp T (3.13)
= —— xT; = x .
=1 - v =00

where the expansion x; of each dislocation results in an average distance ¥ = %2?21 X
and the mobile dislocation density p follows according to (3.10); as p = nd/lhd. Thus the
strain rate follows with p = const. as

Y =bpi (3.14)

which is also known as Orowan-equation. In (3.14), Z is the average dislocation velocity.
Identical relations also hold for screw and mixed dislocations.

3.6.7. Dislocation Multiplication. As explained above dislocations develop during
crystallization from the melt resulting in an initial density of p = 10'm=2 — 102m=2 in
well annealed metal crystals. With ongoing plastic deformation, this density rapidly in-
creases through dislocation multiplication mainly by the action of Frank-Read type sources
or other mechanisms such as the expansion of prismatic loops. The mechanism of the
Frank-Read source is explained in figure 3.16. A dislocation segment of length [ is pinned
between two points A and B. The barriers A, B may be intersections with other dis-
locations, nodes of the dislocation network, jogs formed e.g. in the course of previous

A G (<) @
)
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Figure 3.16: Illustration of the mechanism of dislocation multiplication through the action
of a Frank-Read source.
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dislocation intersections, junctions resulting from dislocation reactions, fized dislocation
segments of a non-planar dislocation loop resulting from cross slip, precipitates, etc. Upon
the action of an applied shear stress, the dislocation bows out until the minimum radius
of r = 1/2 is reached at the maximum shear stress 7, figure 3.16 b). Thereby the dislo-
cation becomes unstable and furthermore bows out with increasing radius r, figure 3.16
¢), until the segments m and n mutually annihilate, figure 3.16 d). This results in a large
outer loop which further expands and a new segment A-B which replicates the process,
figure 3.16 e). In this manner up to 1000 dislocation loops can be emitted per source. This
mechanism operates most effectively in combination with multiple cross slip. Thereby the
screw section of a moving dislocation migrates through consecutive parallel planes, thus
creating pairs of possibly immovable jogs.

3.7. Slip Systems

The strain energy per unit dislocation length, also denoted as line energy, is approximately
W, = aub® (3.15)

where o =~ 0.5 — 1.0 depending also on whether the dislocation is of screw, edge or mixed
character. If the work performed per unit dislocation length by the applied shear stress
within the slip plane exceeds this value, additional dislocation length is stored within the
crystal through expansion, i.e. movement of the dislocation loop. This in turn results also
in partial energy release through e.g. annihilation processes and eventually the formation
of slip steps when the dislocation reaches the crystal boundary. Consequently, slip will
preferably occur in the planes and directions of shortest Burgers vector b,,;,, thus mini-
mizing the line energy Wi, = aub?,,, . Since, according to the previous considerations,
the Burgers vector is a crystallographic direction the slip plane is a closest packed crystal-
lographic plane and the slip direction is the closest packed in plane direction, see section
3.3. Accordingly, the slip systems of an fcc crystal can be classified, following SCHMID &
Boas [130], by the slip plane (normal M®) and the slip direction (S%), see table 3.2 and
figure 3.17. If, within a tension test, the stereographic projection of the tensile axis lies

Table 3.2: The 12 slip systems of an fcc lattice.

slip
system

A2 | A3 | A6 | B2 | B4 | B5 | Cl1 | C3 | C5 | D1 | D4 | D6

Mo [(111)|(111) | (111)] (111)| (111) | (111)| (111) | (111) | (I11)|(111)|(111)|(111)

S | [o11] [ [101] | [110] | [0T1] | [T01] | [110] | [011] | [101] | [T10] | [011] | [101] | [110]

within one of the designated stereographic triangles in figure 3.17 b), the indicated slip
system will be activated since the resolved shear stress will have the highest value for this
slip system.

3.8. Schmid’s Law

If the orientation of the crystal is known, the slip system which will start to deform
plastically under an applied load follows, according to the precious considerations, directly
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010]

&
a) A\
Figure 3.17: Slip Sytems of fcc-crystals (after SCHMID & Boas [130]). a) slip planes and

slip directions defining 4 - 3 slip systems. b) standard stereographic projection showing the
respective slip systems activated in a tension test.

from geometrical considerations. If the concern is e.g. with a tension test as depicted in
figure 3.18 a), the resolved or slip system projected shear stress T acting on system « is
readily verified as

F F
T"=men:S*®@ M= Zcosqﬁacosko‘ with o = 1 (3.16)

where A’ = A/cos¢® is the area in a cut perpendicular to M, i.e. in the slip plane, and
Fcos\® is the force component in the slip direction S¢. Plastic slip commences if the
resolved shear stress reaches a certain critical value, the so-called slip resistance 7

T =717 (3.17)

The specific form of (3.17) at the initial yield point 72, is usually referred to as Schmid’s
law and analogously the resolved shear stress 7 is also known as Schmid stress. However,
7 changes significantly, especially for fcc crystals, with ongoing plastic deformation lead-
ing generally to a hardening response, see section 3.9. According to (3.16) and (3.17), slip

2 directions each

2 planes,
1 direction each

2 planes,
4 planes, 2 planes, 2 directions each
2 directions each 1 direction each
a) b)

Figure 3.18: Schmid’s law and operative slip systems. a) resolved shear stress in an uniaxial
tension test. b) rotations during slip and activation of multislip.
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will start on the slip system(s) with the highest Schmid factor(s) cos¢®cosA® < 0.5. Le.
if the tensile axis lies within one stereographic triangle in figure 3.17 b), slip commences
on the corresponding slip system which is also denoted as primary slip system. However,
with ongoing deformation the crystal rotates such that the slip direction tends to rotate
towards the tensile axis. This is visualized vice versa in figure 3.18 b) for the standard
stereographic triangle (B4) as a movement of the tensile axis T' towards the [101] slip
direction. As the tensile axis reaches the [001] — [111] boundary a second, so-called con-
Jugate, slip system (C1) is activated resulting in double slip and a subsequent movement
of the tensile axis along the [001] — [111] boundary up to the intersection with the great
circle between the two operating slip directions at [112] where it stabilizes until failure of
the specimen. (Thereby an overshooting due to latent hardening has been neglected.) In
a compression test, the loading axis rotates similarly towards the [111] slip plane normal.
Further cases in which the loading axis lies on the boundary or even in a corner of the
stereographic triangle are depicted in figure 3.18 b). In the most complicated case, the
[001]-orientation, 4 slip systems with 2 slip directions in each are equally favoured. This
results in multislip and consequently a strong interaction between the dislocations on the
various slip systems leading to high work hardening rates.

3.9. Work Hardening of Metal Crystals

Since the dislocations provide for the mechanism which induces a comparably low initial
yield stress in real metal crystals, it is clear that any obstacle which hinders consecutive
dislocation movement will suppress further plastic deformation unless the applied resolved
shear stress is increased. This intriguing process by which the strength of the metal in-
creases as it deforms is referred to as work hardening. Due to its complexity this is still a
lively field of research which commences with the introduction of the dislocation concept
itself. The following considerations will be restricted to dislocation hardening where the
obstacles which impede the motion of a dislocation are provided by other dislocations.
Further strengthening mechanisms which partially also have a main impact on the ini-
tial yield point are not considered here or are treated in chapter 5. Examples of such
mechanisms are solid solution hardening, grain refinement or particle strengthening.

The earliest work hardening theory which based already on the idea that the strengthening
results from mutual dislocation interactions was introduced by TAYLOR [147] in the form

T, = cuby/p (3.18)

where 7, is the specimen flow stress, p is the (total) dislocation density and ¢ is a con-
stant limited according to TAYLOR [147] by 0.1 < ¢ < 7#~!. Within the proposed model,
the hardening response is motivated by the stress required to force two edge dislocations
on parallel slip planes past one another against their elastic stress fields. The resulting
parabolic stress-strain relation was found to be fairly representative of experimental ob-
servations also for single crystals. However, by now it is known that such a response can
only be viewed as a rough estimate since the barriers to dislocation motion evolve with
ongoing deformation and the stress-strain curve of highly pure single crystals consequently
exhibits a pronounced three-stage behaviour rather than a monotonous parabolic one.

3.9.1. The Three Stage Hardening Response. The three-stage behaviour is shown
schematically for an fcc crystal, oriented initially for single slip, in figure 3.19 a). The
three stages can be classified as follows
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Stage I: (easy glide) slip occurs through operation of dislocation sources on primary
slip system. Dislocations of predominantly edge character extend over large
distances. Screw dislocations frequently annihilate by cross slip. The secondary
(forest) dislocation density is only a small fraction of the primary one.

Stage I1: (rapid hardening) dislocation multiplication and movement considerably in-
creases on secondary system resulting in almost equal primary and secondary
dislocation densities. The densities interact and form glissile and sessile
junctions and jogs impeding dislocation motion on both systems.

Stage I1I: (parabolic hardening) dynamic recovery processes start through thermally ac-
tivated cross slip and collapse of the previously developed barriers. Cell struc-
tures become more pronounced and heavy slip bands develop.

The specific extension and the slope of each of the three stages is highly dependent on
various parameters, the most influential ones being the metal, its purity and orientation,
the temperature and the crystal size and shape. A detailed discussion in this respect can
be found for example in HONEYCOMBE [63].

3.9.2. Latent Hardening - Dislocation Interactions. With the previous consid-
erations in mind, it is clear that a detailed insight into the mechanisms of dislocation
interaction is necessary in order to understand the complex hardening process in mul-
tislip. An indirect measure of the interaction strength between distinct slip systems is
obtained through latent hardening experiments, see figure 3.19 b). Thereby in a primary
test a specimen is oriented for single slip on system « and strained up to 7, Then, in a
successive secondary test on a part of the same specimen, another previously latent slip
system 3 is activated. The amount of latent hardening, i.e. hardening of the secondary
non-active system during primary slip, is directly observable through comparison of the
backextrapolated initial yield stress 77, in the secondary test with the stress level 7% at
the prestrain ;' in the primary test. For sufficiently large 78, where v# < Vp » €Xperiments
generally reveal that 777, > 72 . A quantitative measure for the amount of latent hardening
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Figure 3.19: Work hardening of single crystals. a) typical relation between resolved shear
stress 7 vs. approximated shear strain v* of primary system « for a pure fcc single crystal
initially oriented for single slip in uniaxial loading. b) Latent hardening experiment.
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is defined through the latent hardening ratio (LHR)

B
LHR = -z (3.19)

a
Trp

The (latent) hardening on the secondary system during prestraining results from the
dislocation multiplication on the primary system during slip on that system. Thereby 7%,
increases at a low rate, which is characteristic of stage I hardening. During consecutive
secondary slip, the dislocations on the primary system act as forest dislocations hindering
dislocation motion on the secondary system and thus resulting in a high hardening rate,
typical of stage II hardening. According to the experimental data (e.g. FRANCIOSI ET
AL. [44]), the LHR depends on the metal, the prestrain ~; and the interaction strength
between primary and secondary systems. The interaction strength depends on the type of
dislocation junction formed between the gliding dislocation density on system a and the
forest density on system 3 and the number of jogs produced upon cutting one another.
These interactions in turn depend on the geometric relation between both slip systems.
Accordingly, the interaction strength G; between system B4 and the 11 remaining systems
of an fcc crystal can be classified into five groups (FRANCIOSI ET AL. [44], FRANCIOSI &
Zaoul [45], BASSANI & WU [17]), see table 3.3. For the interaction strengths generally

Table 3.3: Interaction with slip system B4 (b,.s = resultant Burgers vector).

secondary | name of | # of reaction with strength
system system | jogs system B4 coeff.
D4 cross-slip 0 | no junction/annihilation: b,.s || original ones G,
A3, C3 critical 2 Hirth lock: b,.s energetically not admissible Gy
B2, B5 coplanar 0 | junction/annihil.: b,.s and originals in plane Gjs
A2, C5, half 1 glissile junction: b,., energetically admissible a
D1, D6 -related and on one of original slip planes 4
. Lomer-Cottrell lock: b,.s energetically admis-
AG, CL | conjugate | 2 sible but on neither of original slip planes Gs

the relations G; < Gy < G3 < G4 < G5 hold. For example of the sessile junctions the
Hirth lock is much weaker than the Lomer-Cottrell lock. Latent systems which exert the
same interaction strength are in a symmetrical situation with respect to B4 in Thomson’s
tetrahedra, see figure 3.20 a).

3.9.3. Work Hardening Theories. As a consequence of the hardening response of
the crystal, the slip resistance on system « is strongly dependent on the strain state,
thus 7¢ = 79(v',...,4™), where m is the number of slip systems. In accordance with
the complexity and variety of the processes involved in the work hardening mechanisms,
there exists a wide range of models proposed in order to describe the overall hardening
response of the crystal. In classical continuum crystal plasticity formulations the following
rate form is employed in order to describe the hardening response in multislip (HILL [59])

7 =Y h*’4? with 72(0) =70 (3.20)
=1
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where h®? governs the slip system interaction within the hardening process and 7, is the
initial value of the critical shear stress.

3.9.3.1. Phenomenological Hardening Models. Focussing first on purely phe-
nomenological models, the simplest assumption introduced already by TAYLOR [148]
bases on the supposition that slip on one system induces linear isotropic hardening on
all other systems, thus h* = h. In contrast, the assumption of pure self-hardening as
considered by KOITER [70] induces a purely diagonal hardening matrix h*® = h§*P.
As a very simple purely phenomenological approach towards the incorporation of the
latent hardening effects described previously, a combination of the linear isotropic and
the self-hardening model results in the following expression for the hardening matrix
(HuTCHINSON [65], ASARO [11])

hoP = hlq+ (1 —q)0*?] (3.21)

Thereby 1 < ¢ < 1.4 governs the extent of off-diagonal latent hardening. So far h has for
simplicity been considered to be constant. To include active hardening PEIRCE ET AL.
[124] extended the isotropic part of (3.21) to a saturation type response

>

B —

Ts — To

ho —h @
(7) = hs + (hg — hy) sech?® [uy] with v = Z ¥ (3.22)
a=1

where hg is the initial and h, the saturated amount of hardening. A phenomenological
model capable of reproducing the three-stage hardening response was proposed by BAs-
SANI & WU [17] with the following expressions for the terms of the hardening matrix

_ m B
hee = ( (ho — hy) sech? [hs 4t hSﬂ 1+ 36 tanh |
T — To Y0 (3‘23)

B#a

and h*? = e hoo

Thereby the interaction matriz G*® quantifies the interaction strength between system o
and [ according to the coefficients G; given in table 3.3, see also the representation in
figure 3.20 b). A specification of these coefficients for copper of at least 99.99% purity is

1 2 3 45 6 7 8 9 1011 12
GoG3G3G2G5 Gy Ga Gy G5 G G4 Gy
G3GoG3G5G2 G4 Gy G1 G4 G4 G2 G5
G3G3G0G1 Gy G G5 G4 Ga G4 G5 G
G G5 G4 Go G3G3G1 G4 G4 G2 G4 Gs
G5G2G1G3GoG3 Gy Ga G5 G4 G1 Gy
G1G4G1G3G3Go Gy Gs Ga G5 G4 G
G2 G4 G5 G1 Gy Gy Go G3 G3 G2 G5 Gy
G1G1G4G1Ga G5 G3 G G3 G5 G2 Gy
G5 G4 G2 G4 G5 G2 G3G3 G G4 G4 Gy
G1 G4 Gy G2 Gy Gs G2 G5 G4 Go G3 Gz
G4 G2 G55G4 G1 Gy Gs G2 G4 G3 Gy G
G4G5 G2 G5 G4 G2 G4 G4 G1 Gz G3 Gy

1 2.5 6

/N
4--M——=N 4
5\
6// \\1

a) b)

Figure 3.20: Latent hardening in single crystals. a) Thomson tetrahedra. b) specification
of the strength-interaction matrix G®? in terms of the self interaction coefficient G and the
strength coefficients G1_5 of table 3.3 for fcc crystals with Schmid type behavior.
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given in BASSANI & Wu [17] based on the experimental results of WU ET AL. [158]
and FRANCIOSI ET AL. [44] with Gy = 0 (self-interaction), G; = G = G3 = 8,G4 = 15
and G5 = 20. A specification for aluminum is given in ARSENLIS & PARKS [7]. Further
experimental quantifications of the interaction strength are given in FRANCIOSI & ZAOUI
[45] for fcc and in FrRANCIOSI [43] for bee crystals. In (3.23) 77 denotes the critical shear
stress of stage I and € is a small parameter which specifies the off-diagonal terms of h”.

3.9.3.2. Micromechanically Based Hardening Models. In view of a rather mi-
cromechanically based hardening model, the slip resistance can, as a first simple approach,
be directly related to the (total) dislocation density through the classical assumption of
Taylor, see equation (3.18). Besides Taylor’s observations, MITCHELL [111] also found
that the experimental data was mimicked quite well with (3.18) for a value of ¢ = 0.5. He
collected data from several sources on dislocation densities determined from etch pits in
copper crystals deformed in stage I. NABARRO ET AL. [115] proposed a range of 0.2—0.3
for the constant c. However, as also discussed at the beginning of this section, the sim-
ple assumption (3.18) leads to a monotonous parabolic stress-strain relation contrary to
the one observed experimentally beyond stage I in single crystals of high purity. An im-
provement of (3.18) bases on the forest dislocation density n® hindering slip on system «
through

7 =cubvn®  with  n%= Z G pf (3.24)
&}

where the absolute contribution of the dislocation density p® on system [ to the forest
density n® on system « is governed by the interaction strength between both systems
represented by the previously introduced interaction matrix G*° in (3.24),. Thereby, in
contrast to the underlying micromechanical motivation of Taylor’s classical model, dis-
location hardening is primarily attributed to the interaction of gliding dislocations with
the forest dislocations. However, an increase in the slip resistance due to interactions be-
tween glide dislocations and dislocations in parallel glide planes is also taken into account
through Gy. The specific form of (3.24); is motivated by line tension approximations used
in order to estimate the energy needed in order to overcome an obstacle in form of a for-
est dislocation, see Kocks [68, 69]. To complete the hardening model, an equation for
the evolution of the dislocation density needs to be specified. Neglecting the production
by fixed Frank-Read sources, the increase in dislocation density might be determined by
contrasting the dislocation generation by breeding through cross glide with the disloca-
tion attrition due to pair annihilation. This results in an evolution equation of the form

(GiLLis & GILMAN [48], EssMANN & Rapp [37])

5 = Ab (L= p/5) (3.25)
in terms of the saturation density p** := \/y. at which the rate of annihilation balances
the rate of dislocation production. The coefficient A characterizes the reciprocal mean free
path between cross glide events and y, the critical annihilation distance beneath which two
dislocations of opposite sign cancel each other out. Solving the linear ordinary differential
equation (3.25) for the dislocation density on glide system « gives

pa — psat[l _ (1 _ pO,a/psat>eXp(_7a/,ysat)] (326)
where 7 := bp** /) is the saturation slip strain and p% ¢ is the initial dislocation density

on system a. The resulting relation between the stored dislocation density and the accu-
mulated plastic slip strain is visualized in figure 3.21. According to (3.26), only one scalar
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Figure 3.21: Dislocation accumulation due to cross glide breeding and pair annihilation.

density p“ is considered for each slip system « capturing mixed as well as pure screw and
pure edge dislocation segments altogether. A more rigorous treatment based on internal
variables which characterize the crystallographic dislocation density and evolve according
to simple laws in dislocation mechanics, such as continuity of the dislocation line and
conservation of the Burgers vector, was recently proposed by ARSENLIS & PARKS [7].
Furthermore, the storage of dislocations for compatibility reasons will be treated in chap-
ter 5. The rate of (3.24); gives together with (3.25) a rate form according to (3.20) where
the hardening matrix takes the form

b A P~
pot — K2 e (] _ ) 3.7
2 /na b psat ( )

A statistically based extension of this model which implicitly differentiates between mobile
and immobile dislocations has been proposed by CUITINO & ORTIZ [33].
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4. Crystal Plasticity at Finite Strains

Based on the considerations in the previous chapter, the classical continuum mechanical
description of homogeneous plastic deformations in crystals will be reviewed in the first
part of this chapter. Mathematical relations for the description of plastically deforming
crystals have been developed by HILL [59] in the small strain context and consecutively
in the finite strain setting by TEODOSIU [149], RICE [129], HILL & RICE [61], MANDEL
[89], ASARO [10] and the reviews LIN [87], ASARO [11], HAVNER [56], BASSANI [15]
and more recently MIEHE & SCHOTTE [102]. An extension to plastically inhomogeneously
deforming crystals will be given in chapter 5. After the discussion of the continuum slip
theory of finite strain single crystal plasticity, its algorithmic setting will be developed.
Algorithmic representations of finite strain crystal plasticity suitable for an implementa-
tion in connection with the finite element method have been developed by PEIRCE ET
AL. [124], NEEDLEMAN ET AL. [116], RASHID & NEMAT-NASSER [128], STEINMANN
& STEIN [141] in the rate dependent context and for the rate independent case by BORJA
& WREN [22], CurTINO & ORTIZ [33], MIEHE [95] and MIEHE ET AL. [109] among
others. In view of a symmetric formulation and in order to be able to perform an incremen-
tal stability analysis also in elastoplastic crystals as discussed in chapter 8, a variational
structure for the algorithmic setting of crystal plasticity will alternatively be considered.

4.1. The Continuum Slip Theory of Single Crystal Plasticity

In the following, the continuum slip theory will be discussed as a micromechanically well
motivated framework of finite strain single crystal plasticity. Thereby the considerations
are in line with the recent work MIEHE & SCHOTTE [102].

4.1.1. Homogeneous Deformation of a Crystal. The total deformation of a crystal
consists of a plastic part, elastic lattice distortions and rigid body rotations. The plastic
part of the deformation results from the simultaneous motion of dislocations on the active
slip systems as discussed in the previous chapter. The homogenization of these combined
dislocation actions induces a continuous plastic shear deformation on the macroscopic, i.e.
continuum, length scale. Following KRONER [77] (although in different order) and LEE
[83] this is suggestive of a multiplicative decomposition of the total deformation gradient

F =F°F’ with F% = F“;F"4, (4.1)

into an elastic part F¢, which describes the elastic distortion and rigid rotation of the
lattice, and a plastic part F? representative of the combined dislocation movements. As
will be seen in chapter 5, neither F* nor F? generally follows from an associated global
vector field. Only in the special case of a homogeneous deformation F° and F* are gradient
fields. Following TEODOSIU [149], RicE [129], HILL & RICE [61] and MANDEL [89]
a common assumption is that F? leaves the lattice undistorted and unrotated. Thus, by
choice of the rotation contained in F'”, the lattice rotation is fully included in F°. Along
with the multiplicative split, the fictitious intermediate configuration B is introduced, see
figure 4.1 for a visualization. A common assumption of Schmid type crystal plasticity is
that the plastic deformation is independent of volumetric deformations. This is manifested
in the so-called incompressibility constraint

JP = det[F?) = 1 = F” € SL(3) (4.2)
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A pull-back of the spatial velocity gradient l := Vyv = F.-F~! to the intermediate config-
uration B results in the following additive decomposition

L=F'1.F=F ' F +F.Fr'=L°+ L' (4.3)
L L’

into its mixed variant elastic and plastic counterparts.

4.1.2. Free Energy Storage in Deforming Crystals. Under isothermal conditions,
the elastic response of the deforming crystal is governed by global lattice distortions
resulting in macroscopic stress fields and local small-scale lattice distortions inducing
microscopic stress fields. The corresponding energy storage follows from the constitutive
expression for the free energy storage

U= P(F, F?y" ") = (F, F?) + 47 (") (4.4)

in terms of the external state variable F' and the internal state variables F? and ~* :=
fot A%dt. Thereby F? is only a formal internal variable depending on the accumulated
plastic slip v on system « as an effectively independent internal variable. The additive
decomposition in (4.4) is representative of the observation that the microscopic and the
macroscopic stress fields do not directly influence one another and thus independently
contribute to the energy storage.

Before considering specific forms of the free energy function (4.4), two basic physical
restrictions on v should be briefly mentioned. As discussed previously and also depicted in
figure 4.1, the plastic deformation through dislocation motion leaves the lattice structure
unchanged. Consequently the macroscopic free energy 1¢ should be invariant with respect
to preceeding plastic deformations F¥5, i.e.

UF(F-F}, FP-Fy) L ¢(F,F?) Y F}eSL(3) (4.5)

With the specific choice F§ = FP~! this obviously induces that the free energy must be
directly expressible in terms of F*, i.e. ¢ = ¢°(F°). As a second restriction, ¥¢ has to

B am

FP

Figure 4.1: Geometric setting of multiplicative crystal plasticity. The total deformation
gradient F' is split into a plastic part F? representative of the dislocation movements and
an elastic part F describing elastic lattice distortions and rigid rotations. For a homogeneous
deformation state, the corresponding intermediate configuration B is compatible.
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satisfy the principle of material objectivity which demands that the energy storage has
to be independent of the chosen reference frame

U(F) = (QF°) ¥V Qe SO(3) (4.6)

where the rotation tensor @ links two arbitrary Cartesian frames and is an element of
the proper orthogonal group SO(3). A choice which a priori satisfies this restriction is to
assume that the macroscopic free energy depends on the symmetric and positive definite
elastic right Cauchy-Green tensor C*

e =9°(C°) with C°:= F°T-g-F° ¢ Sym, (3) (4.7)

C" is the pull-back of the current metric to the intermediate configuration and obviously
induces material frame invariance since (Q-F¢)7-g-(Q-F°) = FeT-(QT-g-Q)-Fe =C".

As discussed in the previous chapter, metal crystals possess certain symmetry properties
which result in a direction dependent, i.e. anisotropic, material behavior. Consequently,
the material response is in general only invariant with respect to certain rotations super-
imposed onto the reference configuration, i.e.

P(C) =9(Q-C Q") ¥ Q€GC SOB3) (4.8)

The material symmetry group G C SO(3), i.e. the set of possible rotations, reflects
the symmetry properties of the crystal structure, see e.g. table 3.1. The construction
of such anisotropic functions (4.8) is frequently reduced to the problem of constructing
an isotropic tensor function with an extended set of argument tensors. These additional
G-invariant tensors are called structural tensors. Accordingly, the macroscopic free energy
function is a scalar valued function in terms of the coupled invariants of the argument
tensor C° and the structural tensors. The construction of such isotropic tensor functions
is generally quite difficult. In crystal plasticity however, a rather simple quadratic form is
usually sufficient since the plastic strains generally outweigh the elastic strains, i.e.

€ . € 1 ~—~€ —
|E <& with B :=3[C°-G] (4.9)

with the elastic Green-Lagrange strain tensor E° and the metric G of the intermediate
configuration. Consequently, in the range of small elastic strains C* is close to G and the
comparison of several nonlinear models shows that it is sufficient to consider a quadratic
macroscopic free energy function such as for the St. Venant type material with

e = %E .C: E° (4.10)
in terms of the fourth order structural tensor C representative of the specific symmetry
properties. (Note that (4.10) satisfies the polyconvezity condition (section 8.3.1) necessary
for the existence of sufficiently regular minimizers of the boundary value problem only
within a restricted range of tensile strains.) A further simplification results from com-
pletely disregarding the anisotropy in the elastic response by assuming a dependence of
the macroscopic free energy on the Eulerian elastic Finger tensor b° in the sense

~

V¢ = (%) with b°:= F°G FT (4.11)

Some of the geometric quantities introduced so far are visualized in figure 4.2.
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Figure 4.2: Geometry of multiplicative plasticity at finite strains. Definition of key objects
as mappings between reference and actual tangent and cotangent spaces.
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4.1.3. Elastic Stress Response of Single Crystals. The Clausius-Planck inequality
postulates that the external stress power acting on a homogeneously deforming material
always exceeds the evolution of the internal energy storage, i.e.

Dy =%:L—14>0 with X:=F<T(gr)F7T (4.12)

in terms of the mixed variant stresses X work-conjugate to the total intermediate velocity
gradient L (4.3). Inserting the constitutive assumption for the free energy 1 of the previous
section into (4.12) gives, following a standard argumentation often denoted as Coleman’s
method, the identifications for the stresses and the reduced dissipation D¢

loc

loc

S=FTP° and D :=%:L"— Zﬁfﬂa >0 with P°:= g (4.13)
a=1

Thereby, (4.13); induces the expression 7 = g~ ' P®-F°" for the Kirchhoff stresses and
7 represents the contribution to the slip resistance 7;* due to hardening mechanisms, i.e.
the storage of dislocation line length on the micro-scale, where by definition

o = @/A)f),ya (4.14)

Here the notation (-) ., indicates the sensitivity of the quantity (-) with respect to the
total slip v* on system «. Note that a potential structure for the hardening contribution
in the sense of (4.14) cannot always be specified in a direct manner. This is especially
true for the nonlinear micromechanically based hardening models considered e.g in section
3.9.3.2 or 5.6.4. Thereby an evaluation of the dissipation and consequently thermodynamic
consistency in the sense of (4.12); is not possible in a direct manner. However, in some
cases, e.g. for the hardening model of section 3.9.3.2, an incremental approximation can
be constructed.

4.1.4. Elastic Domain and Evolution of Plastic Deformation. The onset of plastic
deformation described on the macro-level by F? is governed by the slip resistances 7
which are assumed to act as thresholds leading to a discontinuous evolution of the plastic
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slips v* on systems «. The threshold character is described by a non-smooth convex elastic
domain £

E={(Z,72) | o2, 7%,) <0 for a=1,2,..,m} (4.15)

in the stress space in terms of the yield criterion functions ®* which for Schmid type
single crystal plasticity take the form

P =74 — 7% with 7*:=%:8°®@ M* and 7°:=7.0+ Trs (4.16)

T

Here 7 denotes the Schmid stress, and 7, the initial value of the critical shear stress.
The evolution equations are derived from the classical principle of maximum dissipation
in connection with (4.15). The resulting constrained optimization problem can be solved
by a Lagrange multiplier method, i.e.

’'r,s)

L(S,70,X%) =5 L7 = 37049 = 3 A%0® — stat. (4.17)
a=1

a=1

This gives the identification 7@ = \®, the evolution equation

L’=FF"'=> 4°S“@M" (4.18)

a=1

and the Karush-Kuhn-Tucker loading-unloading conditions
A* >0, ®*<0, A%P* =0 (4.19)

Observe that the flow rule (4.18) is purely deviatoric, i.e. it preserves the plastic volume
JP = det[F?] = 1. Inserting the evolution equation (4.18) into (4.13) gives with the
definition of the Schmid stress (4.16), the following evaluation of the reduced dissipation

m

Dt = (7%= 784" >0 (4.20)

a=1

Accordingly, the Schmid stresses 7 can be considered as the driving force conjugate
to the plastic slip v*. In view of a unified algorithmic treatment for both standard and
incremental variational formulation in section 4.2, it is convenient to represent the Schmid
stresses in terms of the macroscopic stresses P¢, see (4.13)3, as follows

a e . e Te . e . -1 e Qo «a
= P FC = . with F°.i= F-F.' = —F“§*@M* (421)

where (4.21), follows directly from (4.18). What remains to be determined is the evolution
of plastic slip 4.

4.1.5. Visco-Plastic Flow Response of Single Crystals. The evolution of the plastic
deformation on the macro-scale (4.18) might be related to the dislocation movement
through the classical Orowan equation (3.14)

% = bp* ° (4.22)

which is considered to be the key link between discrete dislocation mechanics and the
continuum slip theory of crystal plasticity. Turning back again to the latter theory, the
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evolution of plastic slip 7 is, in the rate-independent case, implicitly specified through
the loading-unloading conditions (4.19). The active slip systems with currently nonzero
slip evolution are collected in an active set

A:={a|4*>0} with «ae€{l,..,m} (4.23)

In a rate-dependent setting, the thresholds 7% are exceeded by viscous overstresses

ca\ /e
To = Tyo (l> (4.24)

7o
resulting in the modified yield criterion functions for crystal viscoplasticity
O =7 — 7% — 71 (4.25)

For plastic loading with 4% > 0, (4.25) and (4.24) result together with (4.19)3 in the
following constitutive relations for the evolution of plastic slip

L R (120

which corresponds to the classical Norton-Bayley-type creep law for an overstress 7% — 7.
Y0, Tvo and € are positive material parameters which characterize the viscosity of the plastic
flow response. This basic model of local crystal viscoplasticity is summarized in table 4.1
and will be further discussed in the algorithmic formulations.

Table 4.1: Basic constitutive model of local single crystal plasticity.

Free energy 1 = Q/Aje(Fe) + @Z]p(vl"'m) with F¢:=F.FP~!
Kirchhoff stresses 7 =g~ ! P¢F°T

Schmid stresses 7%= —P°: F%. with F¢.:=-F"“S*®@ M"

=70

Overstresses 7 = 7,0(7%/30)

Slip resistance T Lm)

Flow criterion @¢ =7 -7 — 7

Slip evolution 4* >0, &> <0, A4*®*=0 with ~+*(0) =0
Flow rule FP.FP~! = Yo A4S @ MY with FP(0) =1

An alternative formulation for the rate-dependent setting might be based directly on the
following slip evolution equations (HUTCHINSON [66], PEIRCE ET AL. [124])

«
s

]

FY = Ao l ] sign[t%] V « (4.27)
in connection with the evolution equation (4.18). Thereby no discontinuous loading con-
ditions are considered so that the plastic slips are continuously evolving with increasing
resolved shear stress 7¢. This results in a viscous formulation where the rate-independent
case is recovered in the limit of small values, € — 0, of the rate sensitivity exponent. 7
can be regarded as the slip resistance on system « if the slip rate on that system is 5

throughout the deformation process.
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4.2. Algorithmic Formulation of Single Crystal Plasticity

Within this section two alternative stress update algorithms for the constitutive model
of crystal viscoplasticity will be discussed, following conceptually the recent publication
MIEHE & SCHOTTE [102]. Therefore a typical time step [t,, t,1] is considered where all
quantities are known at time t,. Furthermore, within a deformation driven context the
actual total deformation gradient F',,; is also known at time t,,;. In the following all
variables evaluated at time t,,, are represented without a subscript.

4.2.1. Integration of the Flow Rule. A crucial point for the robustness of the algo-
rithm with underlying Schmid type isochoric flow is the geometrically exact integration of
the flow rule. The flow rule (4.18) is integrated using a backward Euler-type fully implicit
integration scheme based on an exponential map as follows

F? = e “F? with e:=exp[~-N|] and N = Z(v“ — St @ M (4.28)
a=1

in terms of the inverse incremental exponential map e and the current accumulated plastic
slips v = fot 4“dt which are required to lie in the plastic loading cs K := {7~ € R|y* >
&}, The algorithm (4.28) is a priori volume preserving, i.e. it satisfies the incompressibility
constraint (4.2) and was introduced in the context of crystal plasticity by WEBER &
ANAND [155].

A highly accurate but rather costly evaluation of the exponential map can be based on a
Taylor series expansion (MIEHE [94], MIEHE ET AL. [103]) or on spectral decomposition
formulae (ORTIZ ET AL. [120]). Thereby the spectral decomposition based approach
is computationally advantageous but its accuracy and thus its applicability significantly
decreases when corresponding left and right eigenvectors are orthogonal. Alternatively,
following MIEHE [95] and MIEHE & SCHOTTE [102], a computationally very efficient
evaluation bases on an approzimation of the exponential algorithm (4.28) in the form

FP=[1—¢N| "1+ (1—&N]-F° =& LF? (4.29)

This represents a whole family of algorithms parametrized by the integration constant
¢ € [0,1]. Thereby & = 0 corresponds to a fully explicit and £ = 1 to a fully implicit
update of F?. £ = 1/2 represents the trapezoidal rule and can also be considered as a
Padé approximation of the exponential map (4.28). Clearly the approximation (4.29) does
not preserve the group structure SL (3). Consequently, the incompressibility constraint
(4.2) is enforced in a postprocessing step as follows

F? = (det[F?] ) 3 F? = (det[e™]) /3 e~ L. F? (4.30)

A comparison with the Taylor series or spectral decomposition based approaches proves
the efficiency and robustness of the latter algorithm (4.29) and (4.30).

The update (4.28) induces the following update expression for the elastic part of the
deformation gradient needed within the stress computation

F¢=F‘.e with F* :=F.F’! (4.31)
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where the trial elastic deformation map F¢* is known at time ¢, within the local defor-
mation driven stress update algorithm. The compositions (4.28); and (4.31) are visualized
in figure 4.3. Within the algorithmic formulations discussed in the following the first and
second order sensitivities of the elastic part of the deformation gradient F'° with respect
to the active slips v are needed. These sensitivities follow as

Fe

S e*. e = 6*.
ya = r e,fya and F,’ya’yﬁ =F e’,\/a

48 (4.32)
where the derivatives e ,, and e ,a,s of the exponential map can be computed in a
straightforward manner for the approximative algorithms (4.29) and (4.30), see MIEHE &
SCcHOTTE [102] for further details. For the a priori geometrically consistent evaluation of
the exponential map by means of a spectral decomposition or a Taylor series expansion, the
derivations are slightly more tedious and base in the latter case, like the evaluation of the
exponential map itselves, on a recursive formula, see MIEHE ET AL. [103] in this respect.
In order to differentiate between the algorithmic sensitivities F*°_ s and F a5 determined
for the actual time step [t,,t,+1] and the derivative of the continuous formulation F %o
specified in (4.21),, the sensitivities in (4.32) are furnished with an overset symbol in the
following sense . For ease of reference, the first and second order sensitivities of the
elastic deformation map needed in the subsequent developments are summarized below

FCo=—-F“S*"@M* and F°_ ;=-F"e 5-S"®@M"

. . 7Y o (4.33)
Fﬂa = Fe and F B = F" e o
4.2.2. Standard Stress Update Algorithm of Crystal Plasticity. In order to ob-
tain an updated stress expression at the end of the current time step for the nonlinear con-
stitutive model, summarized in table 4.1, first the plastic slips v need to be determined in
a local iteration. Borrowing strategies from the solution procedures in constraint optimiza-
tion problems, the set of active slip systems A will first be assumed to be known during
the iterative update of the slip parameters. Following conceptually MIEHE [95], MIEHE
& SCHRODER [106] and more precisely MIEHE ET AL. [103] and MIEHE & SCHOTTE
[102], this active set strategy will be discussed in section 4.2.5. An alternative strategy
which circumvents the difficulties arising in connection with a possible non-uniqueness
of the active set and bases on an augmented Lagrangian formulation was proposed by
SCHMIDT-BALDASSARI [131].
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Figure 4.3: Algorithmic update of the intermediate configuration. The inverse incremental
exponential map e governs the update of both the elastic map F° and the plastic map FP.



4.2 Algorithmic Formulation of Single Crystal Plasticity 45

For a known active set A, the current slips {7*}c4 are computed from the pseudo-
consistency conditions

r“=—-0"=—7"4+7"4+7"=0 V acA (4.34)

This system of nonlinear equations is solved by means of a local Newton iteration resulting
in the following update equations for the accumulated plastic slips

Y e+ AN with AAY ==Y [HP]Y Y aeA (4.35)
BeEA

where the iteration matrix H®® contains the stress sensitivities
H = =[] o+ [10] 0 + [18]06 ¥V (o, 8) € A (4.36)

The Newton iteration is terminated if the residual norm is smaller than a certain tolerance

Z[T“]Q < tol (4.37)

acA

As will be seen in section 4.2.4, the iteration matrix H* in (4.36) is unsymmetric. Clearly
in terms of efficiency of the implicit algorithm, symmetry of H*® would be highly desirable.
This however requires the existence of a potential structure which by derivation leads to
expressions corresponding to (4.34) and (4.36). The construction of such a variational
problem for the determination of the plastic slips v* will be considered in the next section.

4.2.3. Local Incremental Variational Problem. Following MIEHE [97], MIEHE ET
AL. [103] and conceptually also ORTIZ & REPETTO [121], a consistent incremental
potential function W for the stresses can be constructed for standard dissipative materials
within the actual finite time step [t,, t,+1] through a variational problem in terms of the
two basic constitutive functions

W(g;F):%Iéfg/t:n+l[@/}+¢]dt with Z(t,) =1I, (4.38)

For prescribed deformation F' and given initial condition Z(¢,) = Z,, the incremental
minimization problem (4.38) defines an optimal path for the generic internal variables
Z and provides an incremental stress potential W which allows for a quasi-hyperelastic
stress evaluation

T =20,W(g;F) or P =0pW(F) (4.39)
in terms of the energy storage function ¢ = @ZA)(g; F.T) (as a generalized form of (4.4))
and the dissipation function ¢ = ¢(Z,T).

The incremental variational formulation also gives, within a typical time step, the desired
potential structure for the determination of the plastic slips. The specification of (4.38)
to the current setting of single crystal plasticity reads

W(F)= inf W(F,y"™) (4.40)

ﬂya E’Ca
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Again, the plastic slips are constrained to lie in the plastic loading cones K% := {y* €
R|y* > ~2}. Thereby, the local incremental variational problem specifies the plastic slips
by minimization of the incremental potential function

W(F7,ylm> _ 1/;6<F‘Fp_1<’}/1"'m)) + Qﬁp(,ylm) o wrel o wz + At(ﬁr(’ylm) + Atév(,}/zm>)
4.41

based on a fully implicit algorithmic approximation of the integral of the dissipation func-
tion. With these considerations, an alternative stress update algorithm will be developed
in the following where its key feature is the resulting symmetric formulation. According
to (4.34) and (4.36), the residual expression and the tangent matrix for the local Newton
iteration are now defined by

re = W,w and H =W

it

(4.42)

as the derivatives of the incremental potential function (4.41) with respect to the plas-
tic slips. The necessary Karush-Kuhn-Tucker optimization conditions of the constrained
minimization problem (4.40) read

r*>0 , A=y, (" —=7y) =0 (4.43)

These relations represent the algorithmic counterparts to the loading-unloading conditions
(4.19) of the continuous setting. If some violations of (4.43) occur, the active set A will
be updated and a new iterate is computed. The specific form of the active set update will
be discussed in section (4.2.5).

4.2.4. Algorithmic Expressions for Standard and Variational Formulation. Af-
ter setting up the general outline of the stress update algorithms for both the standard
(SF) and the variational formulation (VF) in the previous two sections, the respective con-
tributions to the residual expressions (4.34) or (4.42); and the iteration matrices (4.36)
or (4.42), will be discussed in the following. Thereby a focus is also put on a possible
symmetry of H*?. The residual expressions are given by

(SF) r*:= -0 = —7% 4 T + (4.44)
(VE) 7%= Waa =% + la+ At 0 + Al ’
And the corresponding iteration matrices read
(SF) HY = 0%, =[-7p+ [l + [0 (4.45)
(VF) HQIB = W’YO"YB = Q/)iyafyﬁ + Q/{p’youyﬁ + Atgb’r',yafyﬁ + Atgb?}’ya,yﬁ

Obviously the variational formulation results in a tangent matrix which is symmetric in
the indices o and (. In turn, the standard formulation induces a nonsymmetric tangent
matrix as will be seen in the following section.

4.2.4.1. Algorithmic Schmid Stresses. The Schmid stresses 7* of the standard up-
date are given in terms of the sensitivity of the macroscopic free energy lﬁe with respect
to the plastic slips in the continuous setting, see (4.21). In turn, the algorithmic Schmid
stresses of the variational formulation (1% residual term in (4.44),) are derived within the
incremental setting. Thus the respective Schmid stresses of both formulations read

(SF) —71* = P°: Ffva

Te e . e (446)
(VE) ¢ = P°:F°,
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in terms of the respective sensitivities of F°, see (4.33); or (4.33)3, and the stresses

P¢ := 9peyp¢. With the definition of the nominal elastic moduli A® := 0% ge1®, the

sensitivities of (4.46) which enter the expressions for the tangent matrices are derived as

follows

SF) [-7%] .6 =F°.:A°:F° ,+P°: F°

EVF>) [lﬁe - O (4.47)
A BN B

el

in terms of the second order sensitivities specified in (4.33). The algorithmic sensitiv-
ity of the standard formulation obviously becomes nonsymmetric since it contains both
sensitivities of the continuous formulation with infinitely small time steps and algorith-
mic sensitivities of the finite-step-sized setting. In contrast, the algorithmic sensitivity
of the variational update is obviously symmetric. However, its evaluation requires first
and second order derivatives of the exponential map, see (4.33) as a drawback of this
formulation.

4.2.4.2. Algorithmic Slip Resistance. The possibility to construct potential func-
tions @ZA)p and gigr is crucial for the formulation of an incremental variational update algo-
rithm and for the symmetry of the sensitivity [7,%] .5 of the slip resistance. @ZA)p and ngﬁ”
are representative of storage and dissipative mechanisms related to the plastic slip and
govern the hardening response of the crystal. For most micromechanically based harden-
ing laws, especially the ones including hardening effects due to geometrically necessary
dislocations (chapter 5), such potential functions cannot be constructed. In many cases
however, e.g. hardening laws with a rate form, such as specified in (3.20), and symmetric
hardening matrix 2%’ incremental quadratic potentials can be specified as follows (with

7= (" —m)/AY)
PP = PaeaTn = 7700V = 1) + 3 Xaca Zpea¥ — 1) b (V7 = 3)

and  ¢"(v"™) = 304 70 (4.48)
which bases on a standard assumption for the split into storage and dissipative mecha-
nisms. Here 7%, and h2” are the slip resistance and hardening modulus evaluated at time
tn, and 77 is the slip resistance evaluated at t = ;. Thus (4.48) provides in some cases a
potential structure for the sensitivities needed in (4.44) and (4.45) through

T = ﬁ?va + Atéﬁfﬁ/a =T, + Z hﬁﬁ(fyﬁ — fyg) and [7] 5 = hflﬁ (4.49)
BeA

4.2.4.3. Algorithmic Viscous Overstresses. A potential function ngS” for the contri-
bution of the viscous effects to the dissipation potential can, e.g. for a Norton-Bayley-type
overstress (4.26), be constructed in the following manner

a7 (14e)/e
} (4.50)

vl 1.m : € ’Ya _’yn
= T’U .
(™) 0701+€a§64[ AL

which provides a potential structure for the sensitivities needed in (4.44) and (4.45), i.e.

a A 1/e
TS = Atp’a = Tyo (’y%T’tyn)

a a\ (1—€)/e
a o v o Tvo Y~ Tn «
and - {7lye = At = Yo At ( YAt ) "

(4.51)
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4.2.5. Algorithmic Update of the Active Set. Now that all quantities required
within the local projected Newton iteration have been specified, the last key ingredient
for the local stress update algorithm will be discussed: the active set search. The following
considerations are essentially in line with the active-set strategy introduced in ORTI1Z &
STAINIER [123] (Algorithm 1), and are adopted within both standard and variational
update. Therefore, the set of all possible slip systems S := {1, ..., m} is separated into two
sets, a working set VV containing the slip systems subjected to active equality constraints

W ={a|Ay* =0} with aeS (4.52)
and a complementary set, the so-called active set, containing all active slip systems
A:=8S\W (4.53)

Thereby Av® denotes the actual incremental slip parameters Ay = y* — 2.

To start, the active A is initialized at the beginning of each time step with the one at the
end of the last time step, i.e. A = A,. Then, an improved solution for the accumulated
plastic slips is obtained through the local Newton update (4.35) with fixed active set. If
some violations of (4.43)y occur in the sense of Ay* < 0 for a@ € A, the most violated
system (index « ™) is identified and a corresponding scaling parameter £ is computed by

_ : Ay : Ay
a” :=arg | min (1 - a) and ¢ := min (1 — a) (4.54)
[A Z—f“é 0 AA’Y A Zafaé 0 AA’Y
Subsequently all incremental slip parameters Ay® are scaled by
A" = A" — (1 —AAY ¥V ace A (4.55)

such that they are admissible in the sense of (4.43)y. Thereby Ay* = 0 holds for the
initially most violated system a~. Whether system a~ needs to be removed from the
active set A or not is decided on basis of the sensitivity AW of the incremental potential
W with respect to the slip increment AA~y in the solution point (4.55)

AW = Z r*AAy® (4.56)
acA

For AW < 0, the Newton iteration is on a minimization path, but in the nonadmissible
range of negative incremental slip. Consequently, the most violated system o~ is removed
from the active set by the system dropping update

A= {A\(a € A) (4.57)

and a further iteration loop is launched.

If the Newton iteration has converged in the sense of (4.37) and no further changes of the
active set according to (4.57) are necessary, the actual solution point is a local minimum
in the admissible space of incremental plastic slips Ay* € A. Then the condition (4.43); is
checked. If some violation in the sense r* < 0 for one of the currently non-active systems
occurs, i.e. a € S\A, the most violated system a* is identified through

+ . :
a’ = arg [ng\lA (ra)] (4.58)

ATr*< 0
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and consequently added to the active set by the system adding update
A<= {AU(at € S\A)} (4.59)

Subsequently a new local iteration loop is started and if finally upon convergence no
further active set updates (4.59) are required, the minimizing solution is found and the
local iteration is terminated. Employing a small tolerance in (4.54) and (4.58) allows to
drop or add a set of most violated systems at the same time. The complete algorithm
outlined so far is summarized in table 4.2 together with the computation of the stresses
and consistent tangent moduli required for the treatment of the global boundary value
problem within the context of a finite element formulation. A comparison of the standard
and the variational stress update algorithm is presented in MIEHE & SCHOTTE [102].

4.2.6. Stresses and Consistent Tangent Moduli. Having a converged solution for
the plastic slips {7*}.c4 at hand, the stresses and the consistent tangent moduli can be
directly computed. In an Eulerian representation, the Kirchhoff stresses are given by the

Table 4.2: Standard (SF) and variational (VF) update algorithm of crystal plasticity.

1. Given Database: {F, F2~' A,}, Initialization: Ay* =0Va € S, A=A,
2. Compute F°, FP~! and sensitivities (SF) F;a ,F;aq/g
. p ) (VF) F°. F°_ 5
Y Yy
3. For a, B € A evaluate residual and iteration matrix for local Newton iteration
(SF) r¢:=P“F.+71"+1 Haﬁ::Ffva:Ae:F;B + Pe:F;awg + 18] 48 + 73] 48
(VF) r¢ =P F s +17+17, Ho‘ﬁ::F,e,ya:Ae:Feﬁ + P63F:a73 + 18] 48 + [T 48

4. Convergence check: If (/) 4[r** < tol) go to 8

5. Newton update: Ay* < Ay* + AAY* with AAy* 1= — EﬁeA[Haﬁ]_l[rﬁ]
6. System scaling/dropping update: If Ay* < 0 for any o € A
— identify most violated system «~:= arg[{] with ¢&:= I}xleifl‘l(l - AAAV;)
— perform scaling update Ay = Ay* — (1= §AAY™ V ae A

— AW =3 4 r*AAY* <0 drop systema™, A<= {A\(a” € A)}
7. Go to 2
8. System adding update: If 7* < 0 for any a € S\ A

— identify most violated system «T:= arg| 5251\1}4 (r*)]

— add system a™ to active set A<= {AU (a” € S\A)}

— go to?2
9. Compute stresses and tangent moduli
T = 2@[)6 and (SF) e = ddigg =2 aca EﬁeA Haﬁ*l?wvegva ® 28A9Tﬁ

9 (VF) e = 4¢fgg - ZaeA ZBGA Haﬁilzﬁ)vegv“ ® ngﬁg
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(quasi-) hyperelastic function evaluations

(SF) 7 = 204°(g; F*) = 2¢
(VF) 7= QiW(g; F) = 2@[)763 (4.60)

The Oldroyd-type incremental stress rate La 7 is governed by the sensitivity of the algo-
rithmic stress expression with respect to the spatial metric g as follows

1
Lo =c?: §£A¢g = ¢? :sym[V;Ap| with % :=20,7(g; F°) (4.61)

where VA is the spatial gradient of the incremental deformation field A determined
during the global iteration procedure. The algorithmic Eulerian elastic-plastic moduli ¢
defined in (4.61) comprise of an elastic part ¢¢ and a plastic softening part c°?

c?=c¢" —d (4.62)

The elastic part is obtained for both standard and variational formulation by a fictitious
freezing of the plastic slips, i.e

€ 1= 20,7 |yo= 40°, (4.63)
The plastic softening part is defined as

e’ = — Z OyaT @ 2047 (4.64)
acA

where the first sensitivity is again identical for both standard and variational formulation
and is computed in terms of the algorithmic sensitivities F* 5

OpaT = 20°, . (4.65)

The second sensitivity dgv* in (4.64) can be expressed in terms of the sensitivity of the
Schmid stresses with respect to the Eulerian metric by use of the implicit function theorem

L
dg ~ dg " = N g
i (4.66)
oy or
thus — = — ZHO‘B_l—’ 5
99 BeA 99

which depends on the algorithmic expression for the Schmid stresses in terms of the
continuous sensitivity F* s for the standard and Feﬁ for the variational update, i.e.

a «
(SF) % =+ > HP g

g ) (4.67)
(V) Sg = = 2 HY 0,

BeA
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Thus the complete elastic-plastic fourth-order tangent moduli read, respectively

(SF) o =, = > Y HP 12 . ©20,7"
N CVG.A BE.A N R (468)
(VF) ¢ = 4¢fgg B Z Z Haﬁ_lefqv“ ® 2¢gﬁg

acA BeA

Obviously the consistent moduli of the variational formulation are symmetric which might
also be represented by the potential structure of this formulation

T=20,W(g;F) and c? = 4839W(g; F) (4.69)

An evaluation of the elastic-plastic moduli of the standard formulation is given for a
specific model problem in chapter A in the Appendix. As can be also seen from (4.68),
these moduli are generally unsymmetric.

Alternatively, the sensitivity of the nominal stresses with respect to the total deformation
defines the nominal tangent moduli

AyP=Pp:AF+) Pl =A7: AF (4.70)
acA

where the sensitivities {A,7*}aca can be expressed in terms of the sensitivity A, F via
the implicit function theorem in a similar way to the above considerations. This results in
the following expressions for the nominal elastic-plastic moduli of the standard and the
variational formulation, respectively

(SF) AT = {Ae =) Y HPTHA F) @ (Fy Ae)} SFr-TSFr-T

acA BeA (471)

(VF) A = {A@ Y ) HYTHAF) @ (F 5 A@)} SFr-ToFrT

acA BeA

in terms of the nominal elastic moduli A := 9% pet)® and the notation (s) 6 F? =T indicat-
ing the composition of the ith slot of (e) with F”~ 7. Again, the moduli of the variational
formulation are obviously symmetric and may be defined in terms of the algorithmic stress
potential W within the time step under consideration

P =0rW(F) and A% = 0%.W(F) (4.72)
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5. Dislocation Density Based Strain Gradient Crystal Plasticity

Classical local continuum crystal plasticity formulations as discussed in chapter 4 base on
the assumption of a locally homogeneous and compatible elastic-plastic deformation state.
This corresponds to the existence of a compatible intermediate configuration. Compati-
bility of the intermediate configuration and local deformation homogeneity are however
greatly violated in the presence of specific gradients of the plastic or the elastic defor-
mation. Under these circumstances lattice continuity can only be maintained through
the storage of specific dislocation arrangements. The density of these dislocations is thus
directly related to the deformation geometry or equivalently the corresponding strain
gradients. The combined presence of these dislocations and the dislocations necessary to
support the plastic deformation results in an overall hardening response of the crystal.
Within this chapter, a detailed discussion of the incompatibility analysis will be given
resulting in measures for the storage of dislocations as a consequence of an underlying
deformation inhomogeneity. This provides for a micromechanically motivated nonlocal
extension of existing crystal plasticity formulations in the context of a continuum theory
of dislocations. Thereby the above mentioned implications which result most prominently
in a size effect of the material behavior can be captured.

5.1. Introduction into Strain Gradient Crystal Plasticity

The observation of size effects through various experiments involving plastically inhomo-
geneous deformations is a well known fact. Classical mathematical continuum descriptions
of elastic-plastic deformations in crystals (HILL & RICE [61], MANDEL [89], KRONER &
TreoDOSIU [81], ASARO [10], HAVNER [56] and more recently CUITINO & ORTIZ [33],
ORTI1Z & STAINIER [123], MIEHE [95], MIEHE ET AL. [103], MIEHE & SCHOTTE [102])
however lack the capability of describing such length scale dependent material behavior.

The goal of the developments in this and the following chapter is to quantify the source
of such scale dependent behavior in crystal plasticity and to develop an extension of
the above mentioned conventional continuum theories, settled on a sound physical and
mathematical basis, to account for lattice incompatibilities and the resulting size effects.
The key aim thereby is to maintain the classical structures which, as will be seen, is
possible through inclusion of the incompatibility measures into the hardening relations.

Among the experiments which reveal a size effect even for high-purity single crystals are
plastic bending (e.g. STOLKEN & EVANS [143]), torsion (e.g. FLECK ET AL. [42]) and in-
dentation tests (e.g. STELMASHENKO [142]). A well known observation in the experimen-
tal analysis of polycrystals is the Hall-Petch effect (HALL [53], PETCH [125]). Common
to all of these experiments is the observation that the stress level obtained for a certain
overall strain level tends to increase with decreasing micro-structural length scale (i.e.
beam thickness, wire diameter, indent size or grain size) - that is to say the smaller, the
stronger. The underlying physical cause is attributed to the storage of so-called Geometri-
cally Necessary Dislocations, GNDs, (COTTRELL [31], ASHBY [12]) arising in connection
with a curvature of the crystal lattice (NYE [119]) and the associated incompatibility
of the elastic and plastic strain field (KoNDpO [71, 72], BILBY ET AL. [19], KRONER
[77], ANTHONY [4]). Through the work of the latter authors, the geometrically non-
linear continuum theory of dislocations was identified with a non-Riemannian geometry
implying a relation between Cartan’s torsion (CARTAN [24]) and the dislocation density
tensor originally introduced by NYE [119]. Thereby the storage of GNDs directly implies
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a non-vanishing torsion tensor also at the continuum length scale and thus the density
of these dislocations is directly related to the deformation geometry. This is in contrast
to the so-called Statistically Stored Dislocations, SSDs, which accumulate through ran-
domly trapping each other. Since the signs of the SSD population cancel each other at the
continuum level, they do not contribute to plastically inhomogeneous deformations, i.e.
lattice curvatures or equivalently the dislocation density tensor at that scale, unlike the
GND arrays which are comprised of equally signed dislocations. Clearly such a distinction
is only possible at the continuum level since, if the concern is with a single dislocation,
any dislocation causes a local lattice curvature.

Various strain gradient continuum models have been proposed by many authors for the
small strain as well as the large strain regime in order to capture size effects and thus to
be able to model the material behavior more accurately also in the presence of large strain
gradients. It is this motivation which the focus is put on throughout this chapter. Nonlocal
formulations developed in view of a regularization technique for e.g. strain softening solids
are not the key interest in the present strain gradient theory.

In a first class of models, a size dependent material response is initiated through the
phenomenological inclusion of an intrinsic (material) length scale along with a functional
strain gradient dependence within the constitutive model. Consequently, the effects caused
by the GND storage are indirectly included into the theory. The generalized small strain
couple stress theory by FLECK & HUTCHINSON [40] and FLECK ET AL. [42] represents
such a model. Thereby the gradients of the continuum rotations are incorporated in order
to account for higher order displacement gradients. However the size effect predicted for
indentation tests on polycrystals using this theory (SHU & FLECK [134]) revealed that
the restriction to rotation gradients is insufficient. In turn, all second order gradients
of the displacements are taken into account in the strain gradient theory of FLECK &
HUTCHINSON [41] which fits into the general framework of the Toupin-Mindlin theory.
Common to these theories and also the formulation by GURTIN [50] is the fact that they
don’t fit within the classical structure of the boundary value problem since they involve
higher order stresses and additional boundary conditions.

Alternatively, a more direct incorporation of the underlying physics is provided through
inclusion of an incompatibility measure or equivalently the dislocation density tensor in a
still rather phenomenological fashion into the (per slip system) isotropic hardening rela-
tions (ACHARYA & BASSANI [1], ACHARYA & BEAUDOIN [2], BASSANI [16]). Thereby
the standard structure of the boundary value problem is preserved. In turn, aiming at a
thermodynamically justified kinematical hardening theory, the dislocation density tensor
is included as an argument of the free energy function and the (thermodynamically or al-
ternatively work) conjugate forces contribute as kinematic hardening measures to the slip
resistance (STEINMANN [140], SHIZAWA & ZBIB [133], MENZEL & STEINMANN [92],
GURTIN [51], the “continuum model” in SVENDSEN [145], LIEBE [85], LEVKOVITCH
ET AL. [84]). These and the following models can be further classified based on the fact
whether a global incompatibility measure (e.g. based on the incompatibility of the plastic
part of the total deformation gradient F* in STEINMANN [140], DA1 & PARKS [35],
Ort1Z & REPETTO [121], ORTIZ ET AL. [122], the “continuum model” in SVENDSEN
[145]) or a slip system specific incompatibility measure is used (e.g. based on the glide
system specific slip gradient V~4* in the original model of AsuBY [12] (eqns. (1.1) and
(3.1)), SHizAWA & ZBIB [133], the “glide-system-based” model in SVENDSEN [145]).
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Furthermore, a constitutive dependence upon the dislocation density tensor has recently
also become of particular interest in the mathematical existence theory of incremental
finite strain elastoplasticity (MIELKE & MULLER [110]). Accordingly, the inclusion of a
convex dependence upon the dislocation density tensor within the energetic expressions
allows, under certain coercivity requirements, to prove the existence of sufficiently regular
minimizers of the incremental variational problem. In this respect refer also to chapter 8.

The goal in this chapter is the development of a continuum strain gradient crystal plastic-
ity formulation which closely reproduces the underlying physics of plastically inhomoge-
neous deformations and the associated incompatibilities. To this end, the formulation will,
in contrast to the previous two model classes, directly incorporate the continuum theory
of dislocations as a unified framework with a sound lattice geometric interpretation for
both, plastic or elastic incompatibilities and the plastic deformation itself. This is in line
with the model outlined by ASHBY [12] and the more recent dislocation density based
developments of DAT & PARKS [35] and EVERS ET AL. [38]. However the key differences
between these approaches and the model developed throughout this chapter are as follows.
In contrast to the approach of DA & PARKS [35], a slip system specific incompatibility
measure will be employed and instead of a strength based coupling between the SSD- and
GND-contribution the respective densities themselves will be assumed to supplement one
another. In comparison to the treatment of EVERS ET AL. [38], the GND-contribution to
the slip resistance will here be restricted to an isotropic hardening response since at this
point only monotonic loading processes are considered. Thereby a sound mathematical
and physical basis for this isotropic hardening response will be presented. As shown in
the examples in chapter 7, the response obtained through the presented approach fits well
within the basic outline of ASHBY [12] where, accordingly, a size effect can be expected if
the GND density exceeds the SSD density. Further differences with respect to the treat-
ment of EVERS ET AL. [38] are revealed within the numerical treatment in chapter 6
where the approach presented in this work relies on a discretization of the plastic slip
while the latter one resorts to a discretization of the GND density. Furthermore, the aim
here is to develop a numerically efficient approach for the rate-dependent as well as the
rate-independent case, based on an extension of existing local formulations (e.g. MIEHE
[95], MIEHE ET AL. [103], MIEHE & SCHOTTE [102]) in combination with an operator
split and a smoothing algorithm. To this end, it is crucial to provide the (inhomogeneous)
spatial slip distribution throughout the solution domain within the numerical treatment.

As a last modeling approach also capable of predicting size effects, the discrete dislocation
simulations of VAN DER GIESSEN & NEEDLEMAN [154], CLEVERINGA ET AL. [27, 29,
28], BITTENCOURT ET AL. [21] and SHU ET AL. [136] should be mentioned. Thereby
the dislocations are modeled as line defects in a linear elastic solid. The solution in terms
of stress, strain and displacement fields is obtained by superposition of the singular fields
due to the discrete dislocations and complementary fields that enforce the boundary and
continuity conditions. Therein considerations are restricted to the small strain setting.
Some of the problems treated by the above mentioned authors will as well be considered
in the numerical examples in chapter 7 where a comparison to the formulation developed
in this work will also be given.

This chapter is organized as follows. As a starting point, the notion and physical in-
terpretation of geometrically necessary dislocations and their relation to size effects and
incompatibilties will be introduced in section 5.2. Thereby a rather descriptive motiva-
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tion is chosen which will be equipped with a sound mathematical basis in sections 5.3
— 5.5. The matter of compatibility in its relation to continuously distributed defects will
first be approached in a direct manner in sections 5.3 and 5.4 by application of the tools
of linear algebra and calculus as also pointed out by STEINMANN [140] and ACHARYA
& BASsANI [1]. This results already in the definition of the dislocation density tensor
as an incompatibility measure in its various representations in the spatial, intermediate
and material configuration. Thereafter, in section 5.5, the incompatibility analysis will be
presented from a differential geometric point of view in order to get a much deeper insight
into the topic, for historical reasons and in order to pave the way for future extensions
established on a sound mathematical basis. Basically, it is this viewpoint, initiated al-
ready more than 50 years ago by KONDO and developed further by BiLBY, KRONER and
coworkers and ANTHONY, which led to the present understanding of lattice incompatibility
and the storage of geometrically necessary dislocations. Then in section 5.6 the connection
between the dislocation density tensor as the key incompatibility measure and its lattice
geometric interpretation in the context of crystal plasticity will be given. Thereby the
relation between incompatibilities and the storage of GNDs will become evident. Finally,
in section 5.7 a micromechanically motivated strain gradient crystal plasticity formulation
will be summarized based on the developments of the previous sections. The numerical
implementation of the proposed model and representative numerical examples will then
be presented in the following chapters 6 and 7.

5.2. Geometrically Necessary Dislocations and Compatibility - Introduction

As already stated within conventional plasticity formulations, a length scale is not in-
cluded in the constitutive laws. Consequently, size effects, i.e. length scale dependent
material behavior, can not be predicted by such theories. However, several experiments
show that the real material behavior exhibits under certain circumstances a significant
size dependence. Typical examples of such experiments are depicted in figure 5.1. Each of
these experiments results in a plastically inhomogeneous deformation and consequently
plastic strain gradients induced by one of the following three underlying mechanisms

i) Based on the deformation geometry, a homogeneous specimen can exert deformation-
inhomogeneities. E.g. in the bending and torsion specimens (figures 5.1 a) and 5.1 b))
the plastic slip remains zero (v = 0) on the neutral or the central axis and increases
(v > 0) towards the compressive/tensile fiber or the wire surface, respectively.

ii) The local boundary conditions may induce a locally inhomogeneous deformation. E.g.
in the indentation test (figure 5.1 ¢)) and in the cracked specimen (figure 5.1 d)) a
plastic zone with maximum plastic slip (y > 0) develops beneath the indenter or at
the crack tip, respectively, while the remaining part of the specimen exhibits only
elastic deformations (y = 0).

iii) The heterogeneity of the specimen results in an inhomogeneous deformation. E.g.
in the shear test of a heterogeneous composite (figure 5.1 €)) the stiff particles de-
form only elastically (7 = 0) while the matrix material exhibits an inhomogeneous
elastic-plastic deformation (v > 0). In the shear test of a polycrystal (figure 5.1 f))
neighbouring grains undergo different amounts of plastic slip in varying directions
resulting in a possible mismatch of slip at the grain boundaries.

In either of the three cases, the inhomogeneous deformations induce gradients of plastic
slip between plastically non-deforming zones (v = 0) and plastic zones (v > 0). These
gradients are inversely proportional to the [ocal length scale A and require, as will be seen
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later, for compatibility reasons the storage of dislocations. Thus, since these dislocations
are necessary in order to accommodate non-uniform strains, they are denoted as Geomet-
rically Necessary Dislocation (GNDs) in contrast to the redundant or Statistically Stored
Dislocations (SSDs) which accumulate during uniform straining of the crystal. This pre-
cise distinction owes to COTTRELL [31], p. 277, and AsHBY [12], p. 400. Thus, for the
continuum level where the concern is with distributions of large numbers of dislocations,
one can adopt the following important distinction. Dislocations are stored for two reasons

i) SSDs accumulate due to random trapping and subsequent dislocation multiplication
with ongoing plastic deformation, also in absolutely homogeneous, i.e. uniform, de-
formations (e.g. simple tension or simple shear of a pure single crystal in Stage I and
IT). The precise density of these dislocations is not predictable through geometric
arguments and thus can currently only be described in a phenomenological fashion.

ii) The storage of GNDs is a direct consequence of the inhomogeneity of the deformation
state. The arrangement of these dislocations is responsible for a remaining inhomo-
geneous plastic deformation upon load removal. Thus through geometric arguments
the specific density of this dislocation population can be related to the gradients of
plastic slip or the corresponding lattice curvature. The derivation of these relations
is the main focus of this chapter. Accordingly, a homogeneous deformation does not
induce any GND storage.

Clearly, if the concern is with a single discrete dislocation, there is no difference between
SSDs and GNDs. The geometrical relation between a stress-free lattice curvature x and the
storage of dislocations was first established in the pioneering work of NYE [119]. Following
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Figure 5.1: Experiments inducing plastically inhomogeneous deformations and thus plastic
strain gradients, FLECK ET AL. [42]. a) bending and b) torsion test of a homogeneous
specimen, ¢) and d) indentation test and cracking of a specimen with a zone of concentrated
plastic deformation, e) shear test of a heterogeneous composite and f) of a polycrystal.
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Figure 5.2: Storage of Geometrically Necessary Dislocations induced by a lattice curvature.

his argumentation, the density of geometrically necessary edge dislocations pgnpi stored
in connection with a purely plastic bending test of an initially straight single crystal as
depicted in figure 5.1 a) follows as

K ] n
Penp Ll = E with Penp Ll = m

(5.1)
see figure 5.2 for a visualization. In (5.1), b denotes the length of the Burgers vector b.
As explained in detail in section 5.6.2, ASHBY [12] related the storage of geometrically
necessary edge dislocations to a gradient of plastic slip through

1 0y

PeNp Ll = Ea—)(l (52)

where X is the coordinate in slip direction, perpendicular to the line direction of the edge
dislocations. With the non-uniform slip distribution v = x X; which leads to a constant
lattice curvature k, as depicted in figure 5.2, this directly gives relation (5.1). These
considerations were extended by ASHBY [12] to more general setups inducing plastically
inhomogeneous deformations as discussed e.g. in figures 5.1 e) and f). Thereby the average
GND density stored in connection with a plastically inhomogeneous deformation can be
written approximately as

4
e A ﬁ (5.3)

Here the local length scale A, also denoted as geometric slip distance, is representative of
the micro-structure or equivalently the induced deformation geometry. For heterogeneous
composites containing more or less spherical stiff inclusions as depicted in figure 5.1 e), one
gets A = r/f, where r is the particle radius and f the volume fraction. In turn for plate
like inclusions with a high aspect ratio A equals the particle spacing. For pure polycrystals
A is proportional to the grain size. Furthermore, as pointed out by FLECK ET AL. [42], A
represents half the beam thickness in bending, the wire radius in torsion, the plastic zone
size at the crack tip or it can be related to the indent size in the hardness test.

Following AsHBY [12], the GND density pexp is plotted against the shear strain according
to relation (5.3) in figure 5.3 for various values of the micro-structural length scale \. For
comparison, the SSD density evolution with ongoing shear is also depicted for pure single
crystalline copper and polycrystalline copper by shaded bands. The SSD density evolution
for the single crystal is adopted from measurements by BASINSKI & BASINSKI [14] and
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Figure 5.3: Comparison of the relative magnitudes of the SSD- and GND density for various
values of microstructural length scale A. Adopted from FLECK ET AL. [42] (ASHBY [12]).

corresponds to a pronounced three stage hardening response (Stage I: easy glide, Stage II:
rapid hardening, Stage III: parabolic hardening). The pssp evolution for the polycrystal
was added to the diagram by FLECK ET AL. [42] and follows by assumption from the
polycrystalline stress strain response, which does not show a Stage I and II hardening. As
suggested through relations (5.1) to (5.3) the GND density starts to play a predominant
role at sufficiently small length scales, i.e. below 100 ym where it might largely exceed
the SSD density. As can be seen also from figure 5.3, this is especially pronounced at
small up to moderate strains. However at larger strains the GND density might again be
exceeded by the SSD density. Thus, the storage of GNDs clearly induces a scale dependent
material behavior since they supplement to the forest dislocation density impeding the
motion of gliding dislocations and they induce residual stresses within the crystal. Both
effects are more pronounced for smaller governing length scales accompanied by higher
GND densities and thus stronger incompatibilities.

The experimental observation of such scale dependent behavior is a well known fact.
Already in the 1950’s HALL [53] and PETCH [125] published independently the first
experimental evidence of such behavior, where they studied different effects but arrived
essentially at the same conclusion. HALL [53] analyzed the relation between the lower
yield point and the grain size in polycrystalline mild steel. PETCH [125] in turn focused on
the analysis of cleavage strength in brittle failure of steels. In both cases the observations
obeyed the following empirical relationship for the yield (or cleavage) strength o

k

g oo + \/E (54)
consequently known as the Hall-Petch relationship. Here oy denotes the yield strength of
a single crystal, the slope k characterizes the transfer of slip over the grain boundaries
and d is (related to) the grain size. Accordingly the yield strength scales linearly with
the inverse square root of the grain size. An extension of (5.4) to the full work hardening
regime was proposed by ARMSTRONG ET AL. [5]. Thereby the flow stress depends also
on the strain level € as follows

o(e) =ag(e) + k(e)d™ (5.5)
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with n = % A further extension concerns the exponent n where a variety of measurements
for metals and alloys is covered by a range of n = é ton =1.

The goal of this chapter is the development of an extended crystal plasticity formulation
which is able to capture size effects attributed to incompatibilities and the corresponding
storage of geometrically necessary dislocations. For a locally absolutely homogeneous de-
formation, a purely local description in terms of the elastic part F' and the plastic part
F? of the total deformation gradient is sufficient since the corresponding intermediate
configuration B is compatible, see figure 4.1. Such a local description of crystal plasticity
at finite strains has been considered in detail in chapter 4. Now if it comes to plastically
inhomogeneous deformations, such as considered in connection with figure 5.1, a purely
local description is insufficient since the corresponding intermediate configuration B would
be incompatible while the total deformation state remained compatible, see figure 5.4 for

m

Figure 5.4: Geometric setting of multiplicative crystal plasticity for the case of an inhomo-
geneous plastic deformation. The corresponding intermediate configuration is characterized
by incompatibilities. A standard local theory disregards the incompatibilities and describes a
discontinuous body within an Euclidean setting for the fictitious intermediate configuration.

a schematic visualization. Thereby the elastic-plastic deformation in a macroscopic ma-
terial point is described by the generally non-integrable parts F° and F? of the total
deformation gradient F'. The incompatibility of B however would not be captured. Note
that the concern in the present theory is still with the macroscopic continuum, the lattice
in figure 5.4 is just visualized for clarity which is also indicated by the dashed lines.

From these considerations, it is clear that the storage of GNDs, incompatibilities of the
fictitious intermediate configuration and size effects in the material response are inextri-
cably related. To elucidate their precise coherence is the main aim within the remaining
sections of this chapter.

5.3. A Direct Approach to the Compatibility Analysis

To start the compatibility analysis one might directly look at the integrability conditions
Foap=F'g4 and F*7',=F""1, (5.6)

which are the well known integrability conditions for an arbitrary sufficiently smooth
invertible second-order tensor field, rewritten here for the deformation gradient F' and
its inverse F~! in Cartesian components. These conditions are necessary and on simply
connected domains also sufficient for the existence of a continuous single valued primitive,
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i.e. deformation map & = (X)) and inverse deformation map X = ¢~ !(x), respectively.
Thus conditions (5.6) are the requirements for global compatibility of the spatial and the
material configuration defined by & = ¢(X) and X = ¢~ 1(x), respectively. If conditions
(5.6) are satisfied, the deformation gradient and its inverse are derivable in the sense of

Foy = 0xaz® and FA71, =0,.X° (5.7)
An equivalent representation of the conditions (5.6) is given in Cartesian components by
FoupePC =0 and FA7! % =0 (5.8)

or in direct notation with the Curl-operators specified in the definitions (B.15) and (B.17)
in section B.1 in the Appendix

Cul’ F=0 and curll’ F'=0 (5.9)

A clear picture of the continuum mechanical meaning of the integrability conditions (5.6)
can be obtained through reference to the fact that integrability of F' (or F~') also ensures
path independence of a line integral formed with F (or F~'). Therefore, (5.9) is first
integrated over an area Ag (or Ag) surrounded by a closed curve Cg (or Cs) and equipped
with a surface normal N (or ). A subsequent application of Stoke’s theorem then gives

/CurlTF-NdA: F-dX =0 and /curlTF_1~nda: Fldx=0 (510)
A A

B CB S Cs

which, with the definition of the deformation gradient, finally transforms into

/CurlTF-NdA = %dm =0 and /curlTFl-nda = %dX =0 (5.11)
Ap Cs As Cs

Thus if the integrability conditions (5.6) are satisfied, the line integrals (5.11) are path
independent (however since (5.11) are weaker conditions, the reverse is in general not
true). Especially if (5.6); is satisfied, according to (5.11)1, the spatial closure failure of a
line integral of dx over an arbitrary closed curve Cs vanishes identically and compatibility
of the Eulerian configuration is guaranteed. Analogously, the material closure failure of a
line integral of dX over any closed curve Cp vanishes if the integrability condition (5.6)
is satisfied, guaranteeing compatibility of the Lagrangian configuration, see figure 5.5.

In turn, if the Eulerian or the Lagrangian configuration is incompatible, the closure fail-
ure of the corresponding line integral will not vanish, the integrability conditions (5.6) are

@dX

TxB TS

Figure 5.5: Line integrals in case of compatible configurations. If the integrability conditions
are satisfied the closure failure vanishes and a continuous one-to-one deformation map exists.
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violated, and consequently (5.9); and (5.9)s represent the corresponding incompatibility
measures. Before starting with the compatibility analysis for multiplicative elastoplastic-
ity, the geometrical picture associated with the compatibility analysis of a general total
deformation state, as visualized in figure 5.5, will be clarified. Thereby the closure failures
will be identified with the Burgers vector and the incompatibility measures (5.9) with the
dislocation density tensor. These notions are now introduced for the ease of reference, al-
though at this point the considerations are not restricted to crystal plasticity. The specific
meaning of these expressions will become self-evident in the following sections. To begin,
the spatial closure failure according to (5.11); will be analyzed and identified with the
macroscopic spatial Burgers vector 3

B° = /CurlTF-NdA: AIT3~NdA:/deA (5.12)
A A

B As B

Thereby the macroscopic Burgers vector 3° results from the integral of the local spatial
Burgers vector bg over an area Ag. In turn, bg follows from the two field representation
AT of the dislocation density tensor according to by = AL - N. This is in full analogy to
a material representation of the Cauchy theorem (2.27). In order to point out this formal
coincidence between the stress measures and the dislocation density tensors, the disloca-
tion density tensors will be equipped with a subscript indicating the corresponding stress
analogon. Thus, in analogy to the first Piola Kirchhoff stress tensor P, the contravariant
dislocation density tensor Ap := CurlF is defined according to

B —T,S
AL /P N— tg= P-N, t%=P“N, (5.13)
N— bg=AL- N, %= AN,

Next, reformulation of (5.12) with Nanson’s formula JF~' - NdA = nda gives

1
ﬁ‘g:/ Cul’ F-= FT .nda = Af-nda:/bgda (5.14)
As J As As

which implies bs = AL - n as the counterpart to the spatial form of the Cauchy theorem.
Furthermore, from (5.14) the definition of the spatial dislocation density tensor A, :=
J7IF- CurlF = J7'F - Ap is deduced in analogy to the Cauchy stress tensor o

1.8 — 1,8
Al /o ne— ts= o-n, ti= "y (5.15)
n— bSZAZ-'I’I,, g:AZaTLb

In analogy to the Kirchhoff stresses 7, the spatial dislocation density tensor
A, =JA,=F -CurlF =F - Ap (5.16)

is introduced by weighting A, with the Jacobian determinant J. Moreover the fully ma-
terial dislocation density tensor Ag is formally introduced as the pull-back of the spatial
dislocation density tensor A, which obviously has no direct physical interpretation

As=F ' A - FT=Ap.-F 7 (5.17)
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After analyzing the spatial closure failure, the material closure failure according to (5.11)
is identified with the macroscopic material Burgers vector 3°

BF = /CurlTFl-nda = | Al nda= | Bsda (5.18)
As As As

Thereby the macroscopic Burgers vector 3% of the total inverse deformation state results
from the integration of the local material Burgers vector Bs over an area As. Moreover,
(5.18) renders the definition of the two-field dislocation density tensor A,,, := curl F~*

1
ns Bs= AT n, BA— At (5.19)

which maps between the s-patial cotangent and the m-aterial tangent space. However it
has no direct analogon within the existing stress measures. With the relation between the
spatial curl-operator and the material Curl-operator (see section B.2 in the Appendix),
the dislocation density tensors introduced above can also be expressed in terms of A,,,

AL =—JF-AT .F 7T and AT=-JF-A! and AL =-JA! -F T (520)

The pull-back and push-forward operations for the different representations of the dislo-
cation density tensor are summarized in figure 5.6. From there, the formal correspondence

BS bS
é / > F=Vep < / ;

TxB .. AT TxS
AL (A7) || A7
LS e (>

N (dA) n(da) x

Figure 5.6: Burgers Vectors and dislocation density tensors of the total deformation state.

between the dislocation density tensors and the known stress measures is clearly visible.
Recall that A, has no analogon among the stress measures and its transformation rule
with regard to the remaining dislocation density tensors is given by (B.24).

Further evidence for the analogy between the stresses and the dislocation density tensors
is given by the continuity conditions which state that a dislocation line can never end
inside the crystal. Thereby, in analogy to the homogeneous equilibrium conditions, the
divergence of the dislocation density tensors has to vanish identically. Compliance of these
conditions in § and B is directly obvious from the definitions of Ap and A, in terms of
the material and spatial curl-operators, respectively

DivAL, =0 and divAl =0 (5.21)
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Finally through (5.6) and (5.9) it is obvious that on simply connected domains integra-
bility, global compatibility, vanishing closure failure, i.e. vanishing macroscopic Burgers
vector and thus a vanishing dislocation density tensor are all equivalent assertions

Ap=0=03°=0 and A,,=0=3°=0 (5.22)

5.4. Dislocation Density Tensors of Multiplicative Crystal Plasticity

As pointed out already in figure 5.4, the intermediate configuration introduced in connec-
tion with the multiplicative split of the deformation gradient F' in finite strain plasticity
is in general incompatible. This is especially true for plastically inhomogeneous deforma-
tions. As already stated by KRONER [76] almost, any inhomogeneous plastic deformation
F? which is not followed by a subsequent inhomogeneous elastic deformation F*“ would
destroy the continuity of the body. This is, in analogy to figure 5.4, visualized from a
purely macroscopic point of view in figure 5.7. Thus in general neither the plastic part
B S

Sl

F=Vop

il

Figure 5.7: Almost any inhomogeneous plastic deformation which is not followed by an
inhomogeneous elastic deformation destroys the continuity of the deformed body. (Applying
a similar gradient to the plastic deformation in vertical direction would however maintain
compatibility without a subsequent inhomogeneous elastic deformation.)

F? nor the elastic part F° of the total deformation gradient F' is derivable from an as-
sociated global deformation field. In particular neither part, F*“ or F?, is in general a
gradient field. Hence, only for the special case of a compatible intermediate configuration
B the terms elastic deformation gradient and plastic deformation gradient are applicable.

After performing the compatibility analysis for the total deformation state in a direct
manner as discussed in the previous section, the fictitious intermediate configuration will
now be analyzed for compatibility in a similar way. Thereby, the closure failure of a line
integral in the intermediate configuration B now has the substantial interpretation of a
real Burgers vector representative of stored dislocations. Analogously, the corresponding
dislocation density tensors now exhibit the real physical interpretation as a measure for
the density of excess dislocations of one sign which did not fully traverse the crystal,
giving rise to an incompatibility of the intermediate configuration. It will be proven in
the following that the various dislocation density tensors proposed in literature are all
related to each other through appropriate configurational mappings. Most of these rela-
tions were already derived by STEINMANN [140]. However the following interpretation
of the dislocation density tensors as mappings between the tangent and cotangent spaces
provides an extended view and contributes, at least in the opinion of the author, greatly
to the understanding of the subject. Specifically, all of the following relations are directly
obvious from the visualizations in figures 5.9 and 5.10.
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TxB

Figure 5.8: Incompatibility of the intermediate configuration. The closure failure of a line
integral in the intermediate configuration corresponds to the real Burgers vector.

To start recall that the integrability conditions (5.6) are generally not fulfilled neither for
the plastic part F? nor for the elastic part F° of the total deformation gradient. Thus a
line integral in the intermediate configuration is generally not path independent

}’{ iX 40 (5.23)

Cs

Consequently F? is interpreted as a Pfaffian anholonomic transformation dX = FF-dX,
(section 5.5.2) and the intermediate closure failure is identified with the macroscopic real

Burgers vector in the intermediate configuration ,88 , see figure 5.8 for a visualization,

358 ::7{ Fr.dX = [ Cul"F?. N dA (5.24)
Cn Ap

With the anholonomic transformation dX = F°~!. dx the intermediate closure failure
B3P can alternatively be expressed solely in terms of F¢~!. Reformulation of (5.24) gives

5827{ FP.dX=¢ F’-F ' F-dX = Fe_l-da::/curlTFe_l-nda (5.25)
Cs Cs A

CB S

Based on these considerations, the fundamental plastic A% and elastic A, dislocation
density tensors are introduced as follows

A? = CwrlF? and AS := curlF! (5.26)

For example, DAI & PARKS [35] used AP?) = AP, while e.g. ACHARYA & BASSANI [1]
proposed AUB) — Ag;. The plastic dislocation tensor A", determines in formal analogy
to the Cauchy theorem the real local Burgers vector By in the intermediate configuration

TxB — TxB
= Dp = Ap 1V, B = Ap A
Unlike A%, the elastic dislocation tensor A¢;, does not correlate with a stress analogon
and maps between the s-patial cotangent space and the i-ntermediate tangent space

e {T;S — TxB

_ _ < < 5.28
n— Bs= A7 n, Bl A, (5.28)
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Thus the macroscopic Burgers vector BB results from integration of the local counterparts

3% = | BydA= | Bsda (5.29)
.AB -AS

Obviously Bj lies in the intermediate configuration (as indicated by the capital B) but,
as can be seen from (5.29), it relates to a surface element dA in the reference configuration
(as indicated by the subscript B). This is in full analogy to the contact stress vector T
measured by the first Piola Kirchhoff stress tensor P (see (5.13)). Analogously, B is also
an element of the intermediate configuration (capital B) but relates to a spatial surface
element da (subscript S). Following the argumentation of CERMELLI & GURTIN [25], the
true dislocation density tensor should measure the local Burgers vector in the intermediate
configuration, per unit area in that configuration. In order to derive such a representation,
(5.24) is reformulated with JPF?~T. NdA = NdA in the sense of Nanson’s formula based
on the anholonomic plastic transformation. This gives

_ 1 _
Bt = / Curl" F?- N dA = / CurlTFp-ﬁFpT-NdA (5.30)
Ap Ag

Analogous reformulation of (5.25) based on JF¢~" . Nda = nda gives

BB = /curlTF61 ‘nda= /CurlTFel-JeFeT - N dA (5.31)
As Ag

Thus (5.30) and (5.31) induce two alternative representations of the true dislocation den-
sity tensor A purely in terms of the plastic FP or the inverse elastic F¢~' gradient part

1
A= F CulF’ = JeFe ! curl Fe ! (5.32)

This representation of the dislocation density tensor is used by e.g. CERMELLI & GURTIN
[25]. A measures the real Burgers vector Bj in the intermediate configuration (upper case

B) with respect to a unit area in that configuration (subscript B)

TLB — TxB
AT QX T X I e 5.33
{ N+ Bg=A"-N, Bj=A'Ng (5:33)

Thereby the macroscopic Burgers vector ,BB follows now by integration of By over Az

B° = | BzdA (5.34)
Ag

Out of the two representations of the true dislocation density tensor A in (5.32), the first
one, in terms of F?, is favorable within the development of a dislocation density based
constitutive model, since F itself is representative of the defects. Thereby the plastic slip
strain and its gradient directly establish the mathematical basis for the explanation of
the storage of geometrically necessary dislocations based on Nye’s idea. See section 5.6
for a detailed discussion. On the other hand, as stated by CERMELLI & GURTIN [25]
the representation in terms of F~! allows, at least at moderate strains, for experimental
validations since F'° then reduces to a rotation. Thus through (5.32) a relation between
GNDs and measured lattice rotations could be established.
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Through (5.32) the relation between the mixed variant fundamental plastic and elastic
dislocation density tensors A% and AY, can now be established as follows

AL, =JF7'. A (5.35)

Furthermore, in line with (5.16), A%, can be interpreted as the Piola transformed two field
representation in (B, B) of the true dislocation density tensor A according to

1
Ay = A= —F A (5.36)

In addition, the pull-back of the weighted true dislocation tensor JP A results in the fully
Lagrangian representation A% in analogy to (5.17)

AY =FPl A PR = AL FPT (5.37)
Equivalently A¢; is the Piola transformed two field representation in (B,S) of A
A=JF ' A (5.38)
and the formal push-forward of — A gives the fully Eulerian representation A€,

1
A¢ =F° A. ;FGT (5.39)
The dislocation density tensors introduced so far are all directly related to the true dislo-
cation density in the intermediate configuration and are summarized in figure 5.9. Note

that again A%, and Af, do not correspond to a known stress measure.
B
T B
AeT AEST

AgT Ap T

AT
’@ Jp FP— =T Je Fe¢ =T %
T3S

Figure 5.9: Incompatibility of the intermediate configuration. Burgers vector and dislo-
cation density tensors as incompatibility measures. The true dislocation density tensor A
measures By in the intermediate configuration per unit area in that configuration.

The direct compatibility analysis is completed by the formal introduction of the two-field
dislocation density tensors A? and A% (for the definition of Curl see section B.3)

A? = CurlF?™' and AS := CurlF*° (5.40)
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where A} measures the local material Burgers vector B and Aj% the local spatial
Burgers vector by with respect to a surface element dA in the intermediate configuration.
A? maps between the i-ntermediate cotangent and the m-aterial tangent space

- _ A< 41
Nw— BY=A" N, By'=ANy (5:41)

A7 {T;;B — TxB
Note that B% can be interpreted in the sense of the original definition of the Burgers

vector given by FRANK [46]. A% maps in analogy to the elastic first Piola Kirchhoff
stress tensor P° from the intermediate cotangent space to the spatial tangent space

TyB — T,S

A%’T : X_ - : eT N ea eAa 7 (542)
As already pointed out A% possesses, unlike A? = a stress analogon. Thus in analogy to
the Cauchy stresses and the Kirchhoff stresses, the fully spatial dislocation density tensor
A¢ and its weighted counterpart AS associated with A% are defined through

1

Al = ;Fe -A% and AD = J°A; =F°- A} (5.43)
Moreover, the formal pull-back of A7 results in the dislocation density tensor Ag which
fully lies in the intermediate configuration and has again no direct physical interpretation

co=Fl. A FeT = A T (5.44)

The relations between the Curl-operator in the intermediate configuration and the mate-
rial Curl- and the spatial curl-operators applied to F? and F¢ are given in the equations
(B.28) and (B.29) in section B.3 of the Appendix. With these relations the connection
between the dislocation density tensors (5.40)-(5.43) and the previously introduced dislo-
cation tensors, summarized in figure 5.9, can now be established as follows

T - T
Al =—LFPt AL FPT
A = —JeFe - Al FeT (5.45)
AT = JeAst = —JeFe- AT and A4 = —JcAsl P = AT
Thereby taking gradients with respect to the generally anholonomic intermediate config-

uration is circumvented.

Now, in order to relate the dislocation density tensors of multiplicative crystal plasticity
introduced in this section to the dislocation density tensors of the overall deformation
state introduced in the previous section 5.3, the material gradient of the total deformation
gradient is first evaluated by application of the chain rule as follows

VxF =Vx(F¢-F?) = VxF®: (F?® 1)+ F°- VxF? (5.46)
=VF®: (F"® FP)+ F°- VxF? ‘

3 3 3
Then contraction of (5.46) with E gives with the relation between E and E, the fun-
damental tensors in the material and the intermediate configuration, (see (B.27) in the



5.4 Dislocation Density Tensors of Multiplicative Crystal Plasticity 69

Appendix) the following additive decomposition of the mixed variant dislocation density
tensor AL of the total deformation into its elastic A%’ and plastic A" counterparts

3 _ 3 3
AL = VxF:E = -VF*: (FPOF?): E—F°.-VxF?: E

(5.47)
= A" JPFPT L FO LAY

Equivalently, the additive decomposition of the spatial dislocation density tensor A~ of
the total deformation state into its elastic A%” and plastic A% = AT counterparts is
obtained by contraction of (5.47) with J~'F”, according to the transformation (5.16)

1

— F°" 5.48

= (5.48)
And finally the additive decomposition of the material dislocation density tensor Ag into
its elastic A5” and plastic AgT counterpart follows from (5.47) by contraction with F~*

AL =Fr=t. AT rErT 4 ART (5.49)

Al = A"+ Fe- AL

The elastic and the plastic contributions to each of the additive decompositions (5.47),
(5.48) and (5.49) are also quite evident from the visualization in figure 5.10. From there it
is obvious that e.g. the (plastic) pull-back of A%" and AZT itself render the contributions

e,
B

P
B b

S

n(da)

Figure 5.10: Dislocation density tensors of multiplicative plasticity.

to the material dislocation density tensor A% of the total deformation. Furthermore, as
discussed in section 5.3, for a continuous deformed body characterized by a compatible
overall deformation gradient F', clearly the corresponding total dislocation density tensors
Ap, A, and Ag have to vanish identically. Thus e.g. also the (plastic) push-forward of
Ag to the intermediate configuration has to vanish. Reformulation of (5.49) gives

1 1
F?. Ag - ﬁF”T — A5 + F? - A% ﬁF”T £ 0 (5.50)
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which by insertion of the explicit forms of Ag through (5.45)4 in combination with (5.26)
and of A% through (5.37) with (5.26); results in the expression

1
—JF¢t - curl Pt 4+ ﬁFp -CurlF? = 0 (5.51)

This is obviously satisfied since it implies the definition of the true dislocation density
tensor A according to (5.32). The dislocation density tensors of multiplicative crystal
plasticity introduced in this section are summarized in figure 5.10. Therein a special focus
is put on the dislocation density tensors which are equipped with a stress analogon.

Finally, the following relation between the material and the spatial continuity equations
for the dislocation density in the intermediate configuration is established

Div[APT] = J div[AS]] (5.52)

This follows directly from (5.35) with Div(JF~T) = 0, which for example results from
f 55 T'da = 0 in the case of a compatible total deformation state.

To summarize, within this section the dislocation density tensor has been introduced in
a direct manner as a measure of the incompatibility of the intermediate configuration.
Thereby a clear understanding of the true dislocation density in the intermediate con-
figuration was achieved, measured either through the spatial curl of the inverse elastic
part of the deformation gradient or alternatively through the material Curl of the plastic
gradient part. Furthermore, relations between the corresponding elastic and plastic dislo-
cation density tensors have been established including also the relations to the vanishing
‘dislocation’ density tensors of the compatible total deformation state. These relations are
apparent in a quite intriguing manner from their visualizations in figures 5.9 and 5.10.

In order to get a deeper insight into the aspects of incompatibility and also for the sake of a
historical perspective, the topic of incompatibility will be approached in the following sec-
tion from a differential geometric point of view. This will also equip further developments
with a sound mathematical bases and provide several starting points for an extension of
the model proposed in the subsequent sections.

5.5. Differential Geometric Compatibility Analysis

The key objective of this section is to analyze the incompatibility of the intermediate con-
figuration based on a differential geometric point of view. Thereby the dislocation density
tensor introduced in the previous section will be identified with the non-vanishing Cartan
torsion, a key geometric object of the non-Riemannian geometry. This owes mainly to
the description of continuous static defect distributions by objects of differential geome-
try in the works of KonpO [71, 72, 73], BILBY ET AL. [19], GUNTHER [49], KRONER
& SEEGER [80] and KRONER [77] which led to an identification of the continuum-
mechanical theory of dislocations with a Cartan geometry. Based on this analogy, the
latter authors developed a continuum theory relating internal stresses and dislocation
distributions in the geometrically nonlinear setting. Extending the Cartan geometry to a
more abstract differential geometry allows for the treatment of more general defects such
as vacancies or interstitial atoms, e.g. ANTHONY [3, 4] or KRONER [78]. However, the
present treatment is concerned solely with defects in the form of dislocations resulting
in an identification of the geometry of the continuously dislocated crystal in the most
general case with a flat non-Riemannian geometry characterized by a single asymmetric
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connection. As will be seen, in the general case the compatibility conditions are violated
in the context of multiplicative elastoplasticity, characterizing the incompatiblity of the
intermediate configuration. A connection to the elaborations by TRUESDELL & NOLL
[153] can be made by understanding the incompatibility as the inhomogeneity of a what
they call materially uniform body.

The outline of this section is as follows, in order to access in an easily accessible manner
the implications of an incompatibility of the state of deformation, first the formulation of
the incompatibility conditions will be discussed for the small strain setting. Next, before
extending them to the finite strain setting, the definition of the key quantities of the
non-Euclidean geometry needed in the further developments will be given. Then the com-
patibility conditions will be formulated for the overall state of deformation. Finally, com-
patibility of the plastic intermediate configuration will be analyzed and the corresponding
incompatibility measures will be related to the previously introduced dislocation density
tensors. Besides the classical works mentioned above, further literature related to the field
of incompatible deformation states and differential geometry can be found in SCHOUTEN
[132], MALVERN [88], ERINGEN [36], KLINGBEIL [67], STEINMANN [140], ACHARYA
& BASsANI [1] and HAUPT [55] to name a few of the works underlying the following
elaborations.

5.5.1. Compatibility Conditions at Small Strains. In the small strain context, the
strains € are derived from the displacements w in the following linearized format

1
e =sym[Vu] or g;; = 5(8xju,~ + 0, u;) (5.53)

Assuming a sufficiently differentiable displacement field u the six, partial differential equa-
tions (5.53) uniquely define the strain field €. On the other hand, posing the inverse prob-
lem, i.e. attempting to determine the displacement field u from a given strain field e,
rises the mathematical difficulty that the system of equations (5.53) is overdetermined
since it specifies six partial differential equations for only three unknowns. Thus certain
integrability or compatibility conditions need to be imposed onto the strain field in order
to obtain a continuous and single-valued displacement field solution. Within the present
small strain context these conditions can be derived as follows. Taking the second order
derivatives of €,, to z, €., to y and ¢,, to y and z, respectively, gives
ey, OPu, Dc,, Pu, ey OPu, Pu,

022 0220y Oy? - oy20z"  “0ydz 0220y * Y20y
Now insertion of (5.54); and (5.54), into (5.54)3 gives the first compatibility condition
825yy 82522 a25yz

Sn=+73"+ a7 2ay82 =0 (5.55)

(5.54)

In a similar manner, one can derive five more such necessary integrability conditions. This
gives in total a set of six equations, known as St.-Venant’s compatibility equations (B. de
Saint-Venant, 1864, see Love [1944]). These can be written in the compact form

S=VxexV=0 or Sij = €iki€km, In€jmn = 0 (556)

These compatibility conditions are necessary and sufficient conditions for the existence of
a continuous single-valued displacement field u in a simply connected body (the proof for
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sufficiency can be found e.g. in SOKOLNIKOFF [139]). However the six conditions (5.56)
are not independent as they can be related to each other in accordance with the Bianchi
identities of the Riemannian geometry, thus representing in total 3 independent equations.
So these three compatibility conditions together with the three equilibrium differential
equations and the six stress-strain relations form a system of 12 equations to solve for the
12 unknown functions in a classical boundary value problem of the small strain setting,
i. e. the six independent stresses and the six independent strains. It is important to note
that the compatibility conditions are not needed at all when the displacement field is
explicitly included within the field of unknowns, since any continuous solution of the field
equations in terms of these unknowns will automatically be compatible. Then one has 15
equations (six equations (5.53), three equilibrium equations and six stress-strain relations)
to solve for the 15 unknown functions (three displacements, six stresses and six strains).

5.5.2. The Geometric Objects of Differential Geometry. In the context of the
multiplicative split of the total deformation gradient F' in finite strain plasticity, the
intermediate configuration B is specified solely by the plastic part F? or the elastic part
F© which are generally not derivable from a deformation field. According to the previous
section, this rises the question what integrability or compatibility conditions have to be
posed for F? or F° (or the right Cauchy-Green or the inverse Finger tensor formed
from them) such that they correspond to a continuous single-valued displacement field
describing a compatible intermediate configuration. Vice versa one is tempted to ask for
the physical interpretation of possible incompatibilities since in general the intermediate
configuration is incompatible. In order to arrive at the compatibility conditions for the
finite strain setting, more general non-Euclidean geometries will be considered in the
following. Therefore first the definitions for some related geometric objects needed in the
further developments will be given. The definitions of section 2.1 will not be repeated
here, but they are crucial for the understanding of the following elaborations.

Holonomic and Anholonomic Base Systems. Assume two global base systems
{ei}iz123 and {€;}i—123 with the associated coordinates z' and z'. Then, due to
r' = 2°(Z"), the base transformation reads

e =0ur'e; (5.57)
So the Jacobian of this transformation specifies the corresponding transformation matrix
A = 052’ (5.58)

which obviously has to satisfy the following integrability conditions, see equation (5.6)

Al = %(akAlj _9,A1) = 0 (5.59)
or also SCHOUTEN [132], p. 99. Here, for the sake of a compact notation and the ease
of reference to classical literature, square brackets [¢] are used to denote skewsymmet-
ric permutation in the enclosed indices as defined in (5.59). Equations (5.57) to (5.59)
define a base system e; which is holonomic with respect to system e;. The base systems
introduced in section 2.1.1 and 2.1.3 can all be understood as holonomic base systems,
furthermore as stated already in section 2.1.2 the deformation gradient can be identified
with the transformation matrix (5.58). One can also define an anholonomic base system
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a; (SCHOUTEN [132], p. 99 f.) which is not connected with any system of allowable coor-
dinates z*. For such a system the transformation matrix A’; cannot be computed in the
sense of (5.58). One can only specify the Pfaffian anholonomic transformation

a; = A'je; (5.60)

Since coordinates Z' do not exist, the partial derivative of any quantity (e) cannot be

computed in the sense of g;) They are defined through the anholonomic derivative

O (+) :== AOi(4) (5.61)

Moreover the matrices A’; do not satisfy the integrability conditions (5.59), i.e.
Ay #0 (5.62)
As will be seen later, the intermediate configuration introduced in the context of the mul-

tiplicative split in finite strain plasticity defines in general an anholonomic configuration.

Metric Tensor. The co- and contravariant metric tensors g;; and g were already intro-
duced in section 2.1.1. They allow for the determination of lengths of vectors and angles
between vectors, e.g.

dz’ Gij dyj

dz|| = (da'gy; dz?)"/?  and =
ldz|| = (dz'gy; da’) /= and  cosa (dz* g d2)) 72 (dy™ g dy™) 172

(5.63)

which is defined of course only for a positive definite metric g;;. Thus within the multidi-
mensional space they also serve for the measurement of areas and volumes. Here it should
just be emphasized that it is also possible to define the metric tensors for an anholonomic
base system, e.g. the covariant metric gx; of the possibly anholonomic configuration

gr = ALAY g (5.64)

which allows for the measurement of lengths and angles also in the anholonomic configu-
ration, even if 7' does not exist. In Euclidean systems the metric tensors can always be
reduced to the simple diagonal form g;; = d;; and g/ = § by means of a coordinate trans-
formation. In the case of non-Euclidean systems with non-vanishing torsion, the metric
tensors will have the simple diagonal form only in an anholonomic base system.

Affine Connection. Besides being able to measure lengths and angles between vectors,
it is also important to be able to determine the parallelism of vectors. In the Euclidean
space, the parallelism of two vectors is trivially understood in terms of e.g. the angle
between them. In the general non-Euclidean space, two vectors u and u’ being a distance
dx apart from each other are said to be parallel if they satisfy

du' =" —u' = =T u"da? (5.65)

with the coefficients of the linear or affine connection F;k (A more accurate way of writing
would be I';, for the connection. Nevertheless the notation I'}, will be used in the following
implying the same meaning). The connection is the key geometric object of differential
geometry in the following elaborations. According to (5.65), the connection describes how
the components u’ of a vector change if it is displaced by a distance dz? along a path
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within the generally curved space. This is also known as parallel transport. The connection
itself is not a tensor since it transforms according to

Il = AL AFATE, + ALO, Al (5.66)
which also contains derivatives of the transformation A. Consequently the connection
might vanish in one coordinate system while it is non-zero in another, in contrast to a
tensor, which, once it vanishes in one system, vanishes identically in any other system as
well. The connection transforms tensorially only when the term containing the derivative
vanishes, i.e. in a Cartesian base system. The affinity F;k also plays an important role
in covariant differentiation. For a general non-Riemannian space which is not necessarily
equipped with a metric, the covariant derivative D;(-) with respect to the connection I'
of a contravariant vector is by definition

Diu' = 0;u’ + F;-kuk (5.67)

Since for the covariant differentiation the product rules are valid and moreover the cova-
riant derivative of an absolute invariant must coincide with its partial derivative, one gets

From this the covariant derivative of a covariant vector follows by insertion of (5.67) as

Dj’Ui = iji — Ffﬂ)k (569)
Contrary to the partial derivative, the covariant derivative transforms like a tensor. With
(5.67) and (5.69) the covariant derivative of a tensor of arbitrary order reads

DT = Q™ + DT + DRI + = TR — DRI — .. (5.70)

The notion of covariant differentiation and consequently the significance of the connection
I'" might be easier to understand in the less general Riemannian space which is equipped
with a metric and a vanishing torsion (see below). There, the second term in (5.67)
follows directly by keeping in mind that in addition to the partial derivatives d;u’ of
the components, the co- and contravariant base vectors g, and g’ of general curvilinear
coordinates 6 also possess non-vanishing partial derivatives. Thus writing the covariant
derivative D;(-) of a contravariant vector u’ in base notation gives

Djuigi = ajuigi + uiajgi (5.71)

Through the connection one can express the partial derivative of the covariant base vectors
g; with respect to the coordinates 67 as linear combinations of the base vectors themselves

dg;
007

= rfi gn (5.72)

Multiplication of both sides with a contravariant base vector g* (recall gi~gj:5i ;) and in-
sertion of (2.4) gives the following identification for the coefficients of the affine connection

. Ogi  o0F  Om

rk = - .
7 003 Ox 00'007

(5.73)
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Taking the partial derivative of g° gj = &'; in connection with (5.72), one can furthermore
identify the partial derivatives of the contravariant basis as

dg’ ik
Insertion of (5.72) into (5.71) and (5.74) into the corresponding form for the covariant
derivative of a covariant vector u; gives the representations (5.67) and (5.69) for the
Riemannian space. Obviously (5.73) induces that for the Riemannian space under consid-
eration the connection is symmetric in the lower two indices

k _ 1k
Iy =T (5.75)

this in turn implies global compatibility since symmetry of the connection I' ensures
through (5.73) the existence of holonomic twice continuously differentiable coordinates
x. Within the Riemannian space, the connection can be derived from the metric coeffi-
cients allowing for a representation in terms of the Christoffel symbols (see below). Finally,
note that the connection F;- . has generally 27 functional degrees of freedom, which reduces
to 15 for metric spaces, i.e. spaces which are equipped with a metric.

Metric Connections. The connection is called a metric connection if it is consistent
with the metric, such that the covariant derivatives of the metric tensor vanish. With
(5.70) this demands for the covariant derivative of e.g. the covariant metric

Dlgij = algz‘j - Fﬁ‘gkj - Ffjgik =0 (5~76)

This requirement is also known as the Ricci theorem.

Christoffel Symbols. As mentioned above, in the Riemannian space the coefficients
of the affine connection Ffj can be derived from the metric coefficients. To this end,
differentiation of the covariant metric coefficients g;; gives in analogy to condition (5.76)

0gi; _ 9(9:-9;)
89n] o0 = =109, 9, +10,9: 9, = Tigs + T390 (5:77)

Cyclic permutation of the indices i,n, j in (5.77) results in two more equations

20 F?ngpi + F;’ignp (5.78)
ag in
aéi = Ffjgpn + 0.9 (5.79)

Next, multiplication of (5.77) with —1/2 and (5.78) and (5.79) with +1/2 gives after
summation and consideration of the respective symmetries for the Riemannian space

P i J i J
Fijgm = 5 ( 000 " 00 aen) (5.80)

This gives finally after contraction with the contravariant metric coefficients g*»

k _ ~ _kn J _ J ) —. K
b=y (aei o0 aen) {5 (5.81)
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which defines the so-called Christoffel symbols of the second kind {&}. An equivalent
definition of the Christoffel symbols is given by (5.73). Thus in the Riemannian space
the connection can be derived from the metric coefficients and only in this space and its
special cases (e.g. Euclidean space) it always coincides with the Christoffel symbols

in Riemannian space: I'j; = {U} (5.82)
A further simplification follows for Cartesian base systems. In this case ¢;; = ¢;; and
obviously the partial derivatives of the metric coefficients vanish in (5.81) inducing

k _
Ik =0 (5.83)

which recovers in connection with (5.65) the trivial understanding of the parallel trans-
port. By means of a base transformation it is indeed always possible in an Euclidean
space to transform the connection such that it satisfies (5.83). For non-Euclidean spaces
this transformation along with a metric representation in terms of the identity tensor
is in general only possible within an anholonomic base system and if the corresponding
Riemann-Christoffel Curvature Tensor (see below) vanishes.

Cartan Torsion. For non-Riemannian geometries the connection I' does generally not
satisfy (5.75), i.e. it is in general unsymmetric in the lower two indices. The skewsymmetric
part of the connection forms a tensor, the so-called torsion tensor (CARTAN [24])

k._ 1k
Obviously, the torsion vanishes if the connection is symmetric. In turn a non-vanishing
torsion induces that the inner geometry becomes non-Riemannian and the associated

da’ T kW/’ 2T dyFda da' — T da*dy
—F;. pdxdy’
Dydy"da? o .
dy' dy' dy' — T} dyda’
dy® — F;kdykdmj
z d r da’
a) b)

Figure 5.11: Geometrical significance of the torsion tensor 7. a) For a non-vanishing
torsion the infinitesimal parallelogram has a closure failure. b) The torsion tensor vanishes for
Riemannian spaces and any two vectors d and dy define a closed infinitesimal parallelogram.

configuration is anholonomic, or incompatible (The definition of the torsion tensor with
respect to an anholonomic base system would require to add the so-called anholonomic
object Qf; 1= A% AP;3, A%} to the right hand side of definition (5.84)). Thus the torsion
tensor is a natural incompatibility measure. The geometrical significance of the torsion
tensor can be explained as follows. Consider two infinitesimal vectors dx and dy at x.
Displacing dx parallel along dy gives through (5.65)

da'" = dx' — T, dady’ (5.85)
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Similarly, displacing dy parallel along dx gives
dy't = dy' — F}kdykdxj (5.86)

As can be seen from figure 5.11, the closure failure of the polygon formed by the four
vectors dx, dx’, dy and dy’ follows in terms of the torsion tensor as

2T dy*da’ =T dy*da’ — T} dy"da? (5.87)

Hence, any two vectors de and dy define a closed infinitesimal generalized parallelogram
only for geometries with vanishing torsion, i.e. a symmetric connection.

Riemann Connection and Contortion. The most general form of a metric connection
in the non-Riemannian space is given by the following decomposition

Il =Gh+ Q) (5.88)

in terms of the Riemannian connection G which is specified entirely through the Rieman-
nian metric g, i.e. it is given by the the Christoffel symbols of the second kind correspond-
ing to the metric g, and in terms of the so-called contortion tensor @. The contortion can
be expressed entirely through the torsion tensor 7~ which has been introduced above. In
order to derive this representation one starts in the same way as in deriving the Christoffel
symbols, i.e. one multiplies (5.77) with —1/2 and (5.78) and (5.79) with +1/2 and sums
up, where this time for the non-Riemannian space the connection is generally unsymmet-
ric, and hence one gets

1 OGjn | OGni _agij
2\ 00 007 00"

1 1 1
) ) (Pfj + P?i) Gpn + B (an - szj) pi — 2 (T = T%.) 9j
(5.89)

From this one obtains after reformulation and insertion of the definition of the Christoffel
symbols of the second kind (5.81)

k
This renders the definition of the contortion tensor @ in terms of the torsion tensor 7~
Qligin = Tt 9kn + Tiniygis — Tu i (5.91)
Obviously the fully covariant representation of the contortion ij Jkn 18 antisymmetric in

the indices j and n, and thus describes a pure rotation of a vector.

Riemann-Christoffel Curvature Tensor. Besides the torsion tensor the Riemann-
Christoffel curvature tensor R will now be introduced as a second incompatibility measure.
It occurs in the second order covariant derivative, with respect to the generally holonomic
coordinates and is defined as

;jk = P}k,l - %k] + 1, i P;'o i (5.92)

(Again the most accurate way of writing would be R, j ) If the curvature tensor vanishes,
the connection is said to be integrable and the corresponding geometry is called flat or it
is said to possess distant parallelism or teleparallelism. Vice versa, if the curvature tensor
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is distinct from zero, the associated configuration is again anholonomic or incompatible.
However, this compatibility criterion is only of local nature in contrast to a vanishing
torsion or condition (5.75). Furthermore, it requires that the connection is continuously
differentiable or equivalently that the overall coordinates are differentiable of third order
in the case of global compatibility with a holonomic base system in the sense of (5.73). It
is also important to note that in general the definition of the curvature tensor does not
require the definition of a metric consistent with it, nor is the connection from which it
is formed in general symmetric. In order to give again a geometrical interpretation of the
meaning of the curvature tensor, consider the transplantation of a vector w along a closed

1 i k 7..l j
—5 Rjjputdatdy?

Figure 5.12: Geometrical significance of the Riemann-Christoffel curvature tensor R.

parallelogram. Assuming a torsion free, i.e. Riemannian space any two vectors dx and
dy define a closed infinitesimal generalized parallelogram ABCD at x, see figure 5.12. In
analogy to figure 5.11 b), the four sides of the parallelogram are given by dx, dy and the
parallel transplantations BD of dx along dy and CD of dy along dx respectively, where
one gets with (5.65)

BD: da' — I’;kdxkdyj

— ; r (5.93)
CD: dy' — T dy"da’
Now, displacing the vector u alongATB gives in B
ut — I’}kukdyj (5.94)
Furthermore along@ the connection changes, such that it is in B
Tl + Ty dyf (5.95)
Thus, transplanting the vector w from A via B to 4’ in D, gives in total
w' o= = Thabdy) — (D + Ty dy) (uf = Ty utdy™) (de! =T, dady?) 00

= u' = Thufdy’ — Thufda? + (0%, ), + Ty — Ty Jufda? dy!

where all third-order terms are neglected. In a similar way, one obtains the transplantation
of u from A via C to «” in D by interchanging dx and dy in (5.96) as

u'" = w =T ukde? — T urdy! + (0,19, + T 09 — T Jufdaidy'  (5.97)

lo~ j



5.5 Differential Geometric Compatibility Analysis 79

Finally, since it is assumed that the generalized parallelogram ABCD is closed and thus
the corresponding torsion vanishes identically (i.e. Iy = F;)j), the difference between the
transplanted vectors ' and u” at D is

17 n __ ) )
U —u - = —(ij,z— 1k,

) ) ) 1 . )

i 7o i 1o k l ) k l
ATl — 5,0 uda’ dy' = —§leku dzVdy" (5.98)
where the antisymmetry in the indices j and [ on the right hand side of equation (5.98)
reflects the fact that one obtains the converse difference in the transplanted vectors if one
computes u" — u'*. Thus the parallel displacement of any quantity is path independent
only if the corresponding geometry is flat and hence the curvature tensor R vanishes.

If the space is equipped with a metric, the fully covariant curvature tensor Ryjk; = R} 9n
corresponding to a metric connection has the following antisymmetry properties

Rijri = — Rjki
5.99
Rijri = — Rijir (5.99)

Note that the curvature tensor is symmetric with respect to an exchange of the first and
second index pair only if the corresponding connection is symmetric, in general one has

Rijri #  — By (5.100)

Thus in the three-dimensional space the covariant fourth order curvature tensor Ry, is
equivalent to the second order contravariant Einstein tensor R™" (which is not valid for
general-dimensional spaces where the Einstein tensor is defined through the Ricci-tensor)

1
Rmn — ZGnJZGMkZlekz‘ (5.101)

Computing the covariant azial vector w of the Einstein tensor gives

1 1.
w; = —éemm‘Rmn = EEWRUM (5.102)

which is equivalent to the (first) Bianchi identity. Insertion of (5.92) into (5.102) gives

wy = €7 g {Fék,l —Tjy; +T3,T%, — F;"orfk}
. . o - A (5.103)
= 30ni {55 = D)™y + T [5 (T = Tiy)e™ ]}
which finally gives with the definition of the torsion tensor (5.84)
wn = 590 UTHEM 4+ T[T } (5.104)

Thus, obviously for a vanishing torsion with ’Z}%ejkl = 0 the axial vector w also van-
ishes and consequently the Einstein tensor is symmetric. In this case the corresponding
geometry is called symmetric.

Classification of Affine Geometries. To summarize the significance of the introduced
geometric objects of differential geometry, a classification of the different spaces through
these quantities is visualized in figure 5.13 (vanishing curvature tensor: R = 0, vanishing
torsion tensor: 7 = 0, metric connection: I' = MC). A geometry which is torsion free
but not necessarily flat defines a Riemannian geometry. On the other hand, a flat but
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General affine geometry

R#0, T+#0,T+#MC

Riemannian geometry
R#0,7=0,T=MC
Cartan
Geometry )
R=0 Euclidean Geometry
T+0, |(RB=0,T=0T=MC
I'=MC

Figure 5.13: The special cases of a general affine geometry.

not necessarily torsion free geometry is denoted as a Cartan geometry. Obviously, in
the general case, neither does the global demand for vanishing torsion induce vanishing
curvature nor does the converse relation hold. However, if both compatibility conditions
are satisfied, the geometry boils down to an Fuclidean geometry being both globally and
locally compatible.

Connection for Geometries with Teleparallelism. Before starting with the compat-
ibility analysis for the setting of multiplicative plasticity, a specific form of the connection
will finally be given which is metric and induces a flat geometry. Based on the definition
of the deformation gradient according to e.g. (2.9) such a connection has the form

Tg = FOaF~t4., (5.105)

In order to prove that this form of the connection corresponds to a vanishing curvature
tensor, one can proceed as follows. Clearly any solution F~' of the set of differential
equations (5.105) has to satisfy

F e =F " (5.106)
Evaluating first the left hand side of (5.106) gives by insertion of (5.105)

FflAcb 4 = FflAaPac g= FflAa dFaC+F71Aa1"ac
( ) ( » ), ol et (5.107)
F~ a {Fgc,d + Fglorgc}
Computing similarly the right hand side of (5.106) gives
FﬁlAC,bd - FﬁlAC,db = FilAa {cm,d - Fgc,b + Fgorgc - onrgc} =0 (5108)

This obviously implies that the Riemann-Christoffel curvature tensor which is contained
in the right hand side of (5.108) has to vanish identically

gbc = Fgc,d - Fgc,b + Fgorgc - onF?lc =0 (5109)

Thus a connection of the form (5.105) implies that the corresponding geometry is equipped
with a teleparallelism, i.e. vanishing curvature R = 0.
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5.5.3. Compatibility of the Total Deformation State. Now that all objects of dif-
ferential geometry needed for an incompatibility analysis are at hand, one can start with
an examination of the compatibility of the overall deformation state. Therefore an over-
all deformation state of a material body will be considered which can be described by a
deformation gradient F' possibly compatible with a deformation map = ¢,(X). Fur-
thermore, the right Cauchy-Green tensor C' is introduced as the material representation
of the spatial metric and analogously the inverse Finger tensor b™' is defined as the spa-
tial representation of the material metric tensor. Thus at this point it is not necessary to
consider the introduction of an intermediate configuration. The general setting looked at
for now is depicted in figure 5.14. The question whether or not the deformation gradient

S
T
R O,

Figure 5.14: General geometric setting of the overall deformation state. The right Cauchy-
Green tensor C' defines the Lagrangian representation of the Eulerian metric and analogously
the inverse Finger tensor b~ ' is the Eulerian representation of the Lagrangian metric.

F is really a gradient field in the sense that it is derivable from a compatible deformation
map ¢ is to be analyzed in the following. Consequently, the demand for the existence of
a compatible initial or deformed configuration B or S requires that both incompatibility
measures, the corresponding torsion tensor 7~ and the corresponding Riemann-Christoffel
curvature tensor R vanish.

First the compatibility analysis for the reference configuration B is considered, based on
the inverse deformation gradient F~', the spatial metric representation g = b™', the
connection I' and consequently the Cartan torsion tensor 7 and the Riemann-Christoffel
curvature tensor R defined over the spatial configuration.

The demand for a torsion free, i.e. symmetric, connection corresponds to the existence of
a globally compatible configuration as explained in the context of (5.73) and (5.75). This
in turn is equivalent to global (and hence local) compatibility of the deformation gradient

A, =F14,, (5.110)

To prove this assertion, assume that there exists a continuously differentiable deformation
map X = ¢; '(x) and a continuously differentiable inverse deformation gradient F~! =
Vap; ' () compatible with it. The differentiability of F~' implies that X = ¢, *(x) is
twice continuously differentiable. Now in convective coordinates (©4 = %) one writes
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with g, = Ogex and G, = 054X = 0y X and (5.73)

ry, = G-

0G, . X .0 (0Xdx\ . 0 .,
o0~ G aear m(a—m%)—(}mw 9.)

(5.111)

e O 0z . [(OF L Pz
=Gy B9 5 =G '{(a—mgc)gb+F 200"

Computing I'%, similarly, symmetry of the connection demands I'f, — I'%, = 0, thus

a a a aF_l 8F_1 —1 821" 82m
I =T = G* { <a—$96) 9y — (6—ang) g.+F <60cagb - 80b600>} =0

(5.112)

Assuming sufficient differentiability of x, i.e. @ 4 = 4, (5.112) implies

OF ! OF !
G*- (8—33 gc> g, =G"- (8—:13 gb> g. (5.113)

which after transformation back to Cartesian coordinates obviously implies (5.110). Thus
it is proven that symmetry of the connection implies F~'4,, = F~'4, .. This motivates
the definition of

Kip=F "Yey== (F ", —F ') (5.114)

N | —

as a direct measure of the incompatibility of the inverse deformation gradient F~' or
equivalently the alternative definition

— A, = IC{:Z e = F_lAc,b e o A, = curlF! (5.115)

Here IC and A, are both equivalent representations for the torsion tensor 7~ which in
turn simply is a push-forward of the incompatibility tensor IC to the actual configuration

= Fy Ky (5.116)

This follows directly by representing K in analogy to (5.113) again in convective co-
ordinates and a subsequent transformation to a fully Eulerian representation (recall
F=g,2G").

The above considerations induce the conclusion that the torsion tensor 7, or equivalently
the incompatibility measures IC or Ay,,, have to vanish identically

=0 o Kl=0 o A,“*=0 (5.117)

in order to guarantee compatibility of the inverse deformation gradient F~'. Supposing
that this condition is satisfied directly induces that the connection has to be a Riemannian
connection, i.e. it coincides with the Christoffel symbols of the second kind T'g, = {;}
associated with the spatial metric representation g = b~'. Hence the connection is torsion
free and metric. This directly leads to the second compatibility condition, the demand for
a vanishing curvature tensor, which then corresponds to compatibility of the metric. Thus,
a holonomic reference configuration B exists only if the fourth order Riemann-Christoffel
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curvature tensor corresponding to the Riemannian connection I', or equivalently the sec-
ond order symmetric Einstein tensor, vanishes identically

lebc = Fgc,d - Fgc,b + Fgorgc - FZOF?lc =0 < R™= iendekaRgbcgak =0 (5118)
These compatibility conditions represent the extension of St.-Venant’s compatibility con-
ditions (5.56) to the geometrically nonlinear setting. A vanishing curvature ensures, in
connection with (5.117), that the inverse Finger tensor b ' is derivable from a contin-
uous vector valued deformation map X = ¢; '(x). Obviously conditions (5.117) and
(5.118) imply that for a compatible reference configuration the geometry reduces to an
Euclidean geometry defined over the spatial configuration. Conversely, for a violation of
either of these two conditions the associated geometry becomes non-Euclidean, the refer-
ence configuration B is defined by an anholonomic configuration and F~' and/or b™' are
characterized by incompatibilities measured by the torsion and the curvature tensor 7~
and R, respectively.

The compatibility analysis of the deformed configuration proceeds in the same manner
based on the deformation gradient F', the material metric representation G = C and the
associated torsion and curvature tensors 7 and R (the difference of these quantities to
their spatial counterparts is indicated by employing upper case letters for the indices).
Thereby symmetry of the connection I' implies compatibility of the deformation gradient

Flcp=F'pc (5.119)
Thus a direct measure for the incompatibility of the deformation gradient is given by
Kio=Fcp & Ap'*:=-Fcpe® o Ap:=CulF (5.120)
Where the torsion tensor is now the pull-back of the incompatibility measure K
Ti = F 4, Keo (5.121)

Consequently, equivalent compatibility conditions for the deformation gradient F' in terms
of these incompatibility measures are again given through

Tih=0 & Kio=0 & Apt*=0 (5.122)

Finally, if these conditions are satisfied the connection is a Riemannian connection, metric
with respect to the right Cauchy-Green tensor. If additionaly the curvature tensor vanishes

Rppo = Fch,D - FgC,B +Tpol%e — Taolde = (5.123)
the existence of a holonomic spatial configuration S is guaranteed.

5.5.4. Incompatibility of Intermediate Configuration and GND Density. Fi-
nally, the intermediate configuration, generally introduced in connection with the mul-
tiplicative split in finite strain plasticity, will now be examined for compatibility. The
geometric setup with the intermediate configuration B is visualized in figure 5.15.

To begin with the compatibility analysis, the corresponding geometry is defined over
the spatial configuration & based on the inverse elastic part of the deformation gradient
F°~! and the spatial representation of the metric, i.e. the metric tensor is identified
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Figure 5.15: Geometric setting of multiplicative plasticity. The right plastic Cauchy-Green
tensor C? defines the Lagrangian representation and analogously the inverse elastic Finger
tensor b° ! the Eulerian representation of the metric of the intermediate configuration.

with the inverse elastic Finger tensor g=b°"'=F°"T. F¢~! If the real crystal deviates
from the ideal crystal only by the inclusion of defects in the form of dislocations, i.e. no
general defects such as disclinations or elementary point defects like interstitial atoms or
vacancies are considered - and exclusively such a theory is treated in this work - then the
corresponding geometry is equipped with a distant parallelism and a metric connection.
Consequently the curvature tensor R has to vanish and the connection I' has to be of the
form (5.105) in terms of the elastic part F* and the spatial gradient of its inverse F¢~*

ho=Feo oA, (5.124)

which is metric but not necessarily symmetric. As pointed out already in the context of
equations (5.105) to (5.109), this specific form of the connection ensures that the Riemann-
Christoffel tensor formed from it vanishes identically. To prove that the connection (5.124)
is also metric with respect to the metric tensor g = b*~' = F¢~T . F¢~! evaluation of
Ricci’s theorem (5.76) for this specific case gives

Degar = OcGar — Th9ab — T Gad
—  fe-1 Aa,c(sABFe_l Bb + Fe-1 Aa5ABF6_1 Bb,c
_FedéFe—l C“a’c Fe-1 Ad5ABF6_1 Bb . FedéFe -1 éb7c Fe-1 Aa(SABFe -1 Bd
= 0

(5.125)

where in the contractions for ¢! the metric of the embedding Euclidean space has been
employed. Thus the covariant derivative of the metric vanishes, indicating that the con-
nection is compatible with the metric. As in the general case, the inverse elastic part F¢~!
of the total deformation gradient is not derivable from a compatible continuous vector-
valued deformation map, the connection is in general unsymmetric, i.e. the corresponding
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torsion tensor does not vanish. This motivates in analogy to (5.114) the introduction of

_ _ 1 _ _
Kepei= P gy = 5 (P, — 174, (5.126)

as a direct measure of the incompatibility of the inverse elastic gradient part F¢~'. The
incompatibility of the elastic gradient part can also be measured directly in terms of the
the torsion tensor which is again a push-forward of the incompatibility measure IC

=Ty = FaF Aoy = F2 K%, (5.127)
Obviously the dislocation density tensor A% is an equivalent representation of (5.126)
_A:iaA — Ice;i 6cba _ Fe_lAc,b 6cba PN A; — curlFé! (5128)

and analogously the negative push-forward of its transpose A?T measures the incompat-
ibility of F®~! equivalent to the torsion tensor 7°

Acde — _ped g 0d — ped pe-1A ecbe — pdecha wigh o AT .= —F°. AT (5.129)

Thus the important relation between the spatial elastic dislocation tensor AiT and the
generally non-vanishing Cartan torsion 7~ has been found (see also STEINMANN [140])

AT =T é=0Q:é=T:¢ (5.130)

For the definition of the fundamental tensor e see (B.18). The result (5.130) is mainly
due to KonpoO [71], BILBY ET AL. [19] and also KRONER [77] and BILBY [18], who
identified the Burgers circuit introduced in the definition of a dislocation by FRANK [46]
with the Cartan-circuit of differential geometry.

Turning back to the analysis of the Riemann-Christoffel curvature tensor R§,. it is first
decomposed additively, in line with (5.88), into a contribution GY,. corresponding to the
Riemannian connection Gj. and a remaining contribution ()%,

gbc = gbc + ngc (5131)

where the contributions G, and @9, follow as

gbc = 28[dglc)t]c + 2g[62l|0|gg]c

(5.132)
ngc =2 a[d QZ}C + 2 Q?d|o| Qg]c + 2 g[aél\o\ Qg}c +2 Q?d\o\gg}c
Here indices between vertical bars | - | are excluded from the skewsymmetric permuta-
tion. As explained already for the general case, the Riemannian connection G is defined
through the Christoffel symbols of the second kind corresponding to the metric tensor,
here g = b° !, and the contortion Q is related to the torsion tensor 7~ through (5.91). In
analogy to (5.101) the second order contravariant curvature contributions G™" and Q™"
corresponding to Gapea = Gl o9na a0d Qapea = QlpGna, respectively, are defined as follows

1 1
Gmn — Z€nbd€mcaGdbca and an — ZEnbd€mcacgdbca (5133)
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Obviously the contribution G™" corresponding to the torsion free Riemannian connection
G is symmetric. Consequently the axial vector w@ of the remaining curvature contribution
Q™" coincides with the axial vector w, of the corresponding total curvature tensor R™"
Q __ 1 mn __ 1 mn __

wel = _§€mnaQ = —aemmR = W, (5.134)
Thus in the analysis of the Riemann-Christoffel curvature tensor R§,. or equivalently the
Einstein tensor R™", the symmetric part R and the skewsymmetric part R™ are
examined separately (round brackets (-) indicate symmetric permutation of the enclosed
indices). As explained already at the beginning of this subsection, the curvature tensor
Rg,., or equivalently R™", corresponding to I'f. is required to vanish identically

RS =0 & R™ =0 (5.135)

This is also expressed by BILBY & SMITH [20] as a physical demand which ensures that
a unique lattice orientation can be assigned to each point of the crystal. Analogously, AN-
THONY [3] relates the requirement for a vanishing curvature to the existence of an anholo-
nomic intermediate configuration equipped with a Pfaffian transformation G; = F* ! g,
in the sense of (5.60). Now, as pointed out already by KRONER [77], p. 294, equations (49)
and (50), the disappearance of the symmetric part R of the Einstein tensor renders
the relation between the storage of geometrically necessary dislocations and (macroscopic)
residual stresses, while the skewsymmetric part RI™ constitutes the divergence condi-
tion for the dislocation density. In order to further elucidate these statements, first the
symmetric part R(™) of the Einstein tensor is examined. Its disappearance relates the
dislocation density associated with )9,., or similarly ()™", to residual stresses associated
with the part G, or equivalently G™", through

This relation generally ensures that the storage of dislocations associated with a non-
vanishing torsion induces (macroscopic) residual stresses. This also includes the special
case of a stress-free lattice curvature as examined by NYE [119]. In this case, b~ vanishes
identically resulting in G™ = 0 and consequently Q™ =0 while F* reduces to a non-
constant rotation resulting in a non-vanishing torsion and thus the storage of dislocations
inducing a (macroscopic) lattice curvature. Turning next to the skewsymmetric part R
of the Einstein tensor it is also required that this part or equivalently the corresponding
axial vector vanishes identically

R =0 & w,=w?=0 (5.137)
in analogy to the (first) Bianchi identity. Rewriting (5.137)s by insertion of (5.130) into
(5.104) results in the following continuity equation for the spatial dislocation density A¢

1
Wk = =50k {[Azd“],a + FgoAi"“} =0 & divA 4T AT =0 (5138

In order to get more insight into the implications of this divergence condition (5.138) is
rewritten in terms of Af;. Therefore first insert (5.124) and (5.129) into (5.138) yielding

[(FedAFefl Ac,b _ FedAFefl Ab,c)edm],a (5 139)
+ FedBFe—l Bo,a<F60AF6_1 Ac,b o FeoAFe—l Ab7c>€cba =0 ’
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From this one gets after contraction with F e=1C  and subsequent insertion of
Fe1C,  Fed; = —Feflchedgya (which follows directly from [F¢~1¢ F¢?] , = 0)

[(Fe_léc,b . Fe—léb’c)ecba]@ =0 < leA;T =0 (5140)

This is the continuity equation for the dislocation density tensor A¢,, consistent with the

findings of NYE [119], page 159, equation (9). The divergence condition (5.140) states
that dislocations can never end within the continuum.

To summarize, the geometry defined over the spatial configuration & is identified by
a Cartan geometry with a metric but generally unsymmetric connection I' where the
nonvanishing Cartan torsion 7  corresponds to incompatibilities of the elastic part F¢ of
the total deformation gradient and measures, equivalent to the spatial elastic dislocation
density tensor AT the density of geometrically necessary dislocations stored due to the
resulting incompatibility of the intermediate configuration. As a physical demand, the
Riemann-Christoffel curvature tensor R has to vanish as long as exclusively defects in the
form of dislocations are considered. Its symmetric part relates the storage of dislocation
arrays of equal sign to (macroscopic) residual stresses resulting from the incompatibility
of the corresponding metric b . Finally, the disappearance of the skewsymmetric part
renders the continuity condition for the geometrically necessary dislocation density.

These considerations are also the starting point for further extensions of the theory.
Thereby general defects might be taken into account by considering more general affine
geometries ANTHONY [3, 4], KRONER [78, 79]. Referring to the classification of KONDO
[72] besides dislocations, which might be interpreted as torsion defects, also curvature
defects, which are related to a non-vanishing curvature tensor and thus a more general
form of the connection, might be considered. Then the non-vanishing curvature tensor
measures the density of these defects. Examples of such defects are disclinations or quasi-
dislocations in the form of interstitial atoms, vacancies, significant dislocation pile-ups in
a glide plane or inhomogeneous lattice distortions induced by temperature, electrical or
magnetic fields. However, the considerations in this work are restricted to a dislocation
based plasticity theory related to the differential geometric setting of a Cartan geometry.

Finally, the compatibility analysis of the intermediate configuration B is briefly outlined on
basis of a Cartan geometry defined through the material configuration B. With reference
to figure 5.15, the analysis is now based on the plastic part F? of the deformation gradient,
the material representation of the metric, i.e. G = C? = FPT . F?_ and the connection

Ife= Fp_lAAFpAC,B (5.141)

which is metric and ensures that the geometry possesses a distant parallelism. As the
connection (5.141) is in general unsymmetric, the corresponding torsion tensor 7~ does
not vanish and measures in analogy to the material plastic dislocation density tensor
AZT = F?1.Curl” F? the density of geometrically necessary dislocations stored due to
the incompatibility of the plastic part F? of the deformation gradient

_ 3
APAD — _pp=lA ppAd pOBD — A CBD o AT =T E  (5.142)

In analogy to the previous elaborations, one demands again that the Riemann-Christoffel
curvature tensor R4 5., or equivalently the corresponding Einstein Tensor RMY vanishes
identically, where the disappearance of the symmetric part renders the relation between
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the storage of dislocations due to the incompatibility of F? and the (macroscopic) resid-
ual stresses corresponding to an incompatibility of C”. Finally the disappearance of the
skewsymmetric part in analogy to the (first) Bianchi identity constitutes the continuity
equations for the dislocation density tensors A% and A%.

To close this section, the vision of finite strain multiplicative crystal plasticity obtained
so far is summarized in figure 5.16. As discussed in detail, the fictitious intermediate
configuration is in general characterized by incompatibilities which are measured by a
non-vanishing (Cartan) torsion 7~ or equivalently the so-called dislocation density tensor
defined in terms of CurlF” or alternatively in terms of curlF* ~*. Thus in order to correctly
account for the incompatibilities within a continuum theory, the classical local plasticity
theory needs to be extended by an inclusion of these incompatibility measures as indicated
in figure 5.16. The specific form of this extension will be addressed within the considera-
tions in sections 5.6 and 5.7. As discussed also in sections 5.2, 5.4 and further quantified
in the following section 5.6, the micromechanical interpretation of the incompatibilities
within a crystal plasticity theory is the storage of so-called geometrically necessary dislo-
cations, which is again illustrated in figure 5.16. Thereby it is important to note that a

Y

CurlF?, FP

¥ Anholonomic configuration B

Figure 5.16: Extended geometric setting of multiplicative crystal plasticity. The incompat-
ibility of the intermediate configuration B is measured by CurlF? or curl F¢ ~. A continuous
intermediate configuration can only be described within an anholonomic coordinate sys-
tem. An Euclidean representation of B is generally broken up, see figure 5.4.

continuously connected representation of the crystal in the intermediate configuration is
only possible within an anholonomic, i.e. incompatible, coordinate system. Furthermore
a direct visualization of the corresponding anholonomic intermediate configuration B is
only possible in special cases. Figure 5.16 obviously represents such a special case. This
is in particular clear if one thinks of a stress-free Nye lattice curvature. In this case, F'°
degenerates to a pure rotation and consequently the visualization of the crystal within
an anholonomic coordinate system in the intermediate configuration would coincide with
its spatial visualization within an Euclidean representation. In turn, from these consid-
erations it is clear that the visualization of a continuously connected polycrystal in its
anholonomic intermediate configuration is not possible (at least as long as the visualiza-
tion is restricted to the n-dimensional Euclidean space, as such as is the paper which this
work is written on).
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5.6. Crystallographic Interpretation of the Dislocation Density Tensor

In order to arrive at a clear interpretation of the dislocation density tensor in the context of
crystal plasticity, the aim is now to obtain a direct representation of the dislocation density
tensor in terms of crystallographic slip. Therefore, firstly the definition of the dislocation
tensor as introduced by NYE [119] is reiterated. Subsequently the specific form of the true
dislocation density tensor A introduced in connection with the incompatibility analysis
in the previous sections is discussed for the assumption of separate single slip.

5.6.1. Nye’s Dislocation Tensor. The first instance of a tensorial measure for the
“state of dislocation” in a crystal was given by NYE [119]. He quantified the net Burgers
vector B; of a continuously distributed dislocation density piercing a unit area perpen-
dicular to the unit normal /; through

where the components «;; of Nye’s tensor follow for a given set of dislocations from
Q5 1= nbirj (5144)

This implies the assumption of a continuous distribution of n dislocations of unit length
with a Burgers vector b; and a corresponding constant unit tangent vector r;. Furthermore,
if several sets of dislocations with different values of n, b and r reside in the same unit
volume, the total dislocation tensor «;; is obtained by summation over these contributions.
Consequently, Nye’s tensor quantifies only these dislocation populations which do not
cancel one another within the volume element. In turn, the dislocations which cancel
each other if summed over the control volume, like dislocation dipoles or selfterminating
dislocation loops, but do not in reality annihilate, make up the so-called statistically
stored dislocation (SSD) density which in contrast to the GND density does not give any
net contribution to Nye’s tensor. A simple example of such a dislocation distribution is
visualized in figure 5.17 a). Through (5.144) any state of dislocations, and consequently
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Figure 5.17: Nye’s dislocation tensor a. a) An edge dislocation dipole gives no net con-
tribution to Nye’s tensor. b) Example distribution of n, edge and ng screw dislocations
resulting in a nonvanishing a. ¢) Extension to a discrete dislocation structure.

any form of a curved glide plane, resulting from an inhomogeneous plastic deformation can
be constructed by combination of nine sets of dislocations of unit length with their line
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directions and Burgers vectors arranged parallel and perpendicular to the coordinate axis.
Thereby the three terms on the main diagonal of «;; represent pure screw dislocations (b ||
r) and the six off-diagonal terms describe the six possible types of pure edge dislocations
(b L 7). A visualization for the simple case of one set of screw and one set of edge
dislocations within a unit volume is given in figure 5.17 b). Carefully note that the discrete
dislocation structures in figure 5.17 a) and b) are only depicted for the sake of clarity.
Specifically, the original definition of Nye’s tensor as explained above bases on continuous
dislocation distributions where each set has a constant tangent vector and the exact
location of the respective dislocations is not of interest. However, the extension to discrete
dislocation arrangements, as also discussed by ARSENLIS & PARKS [6], is straightforward
and results in the expression

1
= 3 > et (5.145)
¢

where V is the size of the reference volume element, b is the resulting Burgers vector of the
(-th discrete dislocation segment and t¢ is the corresponding average line direction vector.
In contrast to r in (5.144), t* now clearly is no longer a unit vector but also contains the
resulting path length of the dislocation segment threading the reference volume element,
see figure 5.17 ¢) for a visualization. From the explanations in connection with figure 5.17
a), it is clear that only the direct connection of the start and end point of the dislocation
segment in the volume element (dashed line in figure 5.17 ¢)) results in a net contribution
to Nye’s tensor, while the remaining segment length has no geometric consequences and
thus contributes only to the SSD density. With the interpretation of the dislocation density

)«

Do = v oV (5.146)
¢
as line length [¢ = [£¢] per reference volume V, (5.145) can be rewritten with r¢ = ] as
Qij = Zpg;NDbiCT]C‘ (5.147)
¢

where, as pointed out above, the GND density (dashed lines in figure 5.17 ¢)) constitutes
a part of the total density (solid lines in figure 5.17 ¢)) defined by

1
pC = v /ldsc = pgSD + pgND (5.148)

Recalling that any mixed dislocation density can be split up into corresponding edge and
screw densities, it is evident that (5.147) closely resembles Nye’s representation (5.144).

5.6.2. Slip Gradient Induced Dislocation Storage. Any storage of polar disloca-
tion density, i.e. arrays of dislocations with equal signs, leads to a lattice curvature and
is a direct consequence of the demand to maintain continuity in the presence of gradients
of plastic slip. The mathematical implications of this statement have been elaborated in
sections 5.4 and 5.5. In order to understand the crystallographic consequences of this
assertion consider the schematic picture of a single crystal with one single slip system «
as depicted in figure 5.18 a). Here M“ denotes the slip plane unit normal, S* is a unit
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vector in the slip direction and T = S x M“ lies in the slip plane and is perpendicular
to S, such that (S% M T%) form a right handed triad. Following conceptually AR-
SENLIS & PARKS [6], who extended the two-dimensional construction of ASHBY [12] to
the three-dimensional setting, first imagine that the material is separated into three sec-
tions in figure 5.18 b). Each section is then deformed separately through crystallographic
slip. Thereby a plastically inhomogeneous deformation is assumed such that the plastic
slip increases linearly in the slip direction S“. Consequently, in the left-most section the
expansion of two dislocation loops leads to a total slip step of two Burgers vector lengths
b =|b| in figure 5.18 ¢), while the middle section is deformed through the expansion of
four dislocation loops and the right-most section experiences a total slip step of 6 Burg-
ers vector lengths in figure 5.18 ¢). When the sections are now forced again together in
figure 5.18 d), the opposite slip steps cancel out but a portion of negative edge disloca-
tions remains at each section boundary in figure 5.18 e) leading to a lattice curvature.
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Figure 5.18: Plastically inhomogeneous deformation with a gradient of plastic slip in the
direction S%, leading to the storage of geometrically necessary edge dislocations.

To understand the crystallographic consequences of a gradient of plastic slip in the T'*
direction, consider the schematic description in figure 5.19. In analogy to the previous con-
siderations, the material is separated into three sections in figure 5.19 b) and subjected
to a plastically inhomogeneous deformation, now in the T direction. Consequently, the
uppermost section experiences a total slip step of two Burgers vector lengths while the
bottom one undergoes a total step of six Burgers vector lengths in figure 5.19 ¢). Since a
screw dislocation does not result in a slip step, when it reaches the free boundary here it
is assumed that the screw parts of the dislocation loops are stopped by a fictitious bound-
ary right before they would leave the crystal. This assumption is just adopted in order
to have a clear visualization in figure 5.19. The sections are then again forced together
in figure 5.19 d). Thereby the screw dislocations of opposite sign to the left and right
of the fictitious boundaries annihilate and a portion of excess positive screw dislocations
remains at the boundaries causing the lattice to warp.

In order to derive the specific relation between the density of stored geometrically neces-
sary dislocations and the inhomogeneous plastic deformation, consider a lattice sample of
size dX; - dX5 on the micro-scale as depicted in figure 5.20 a). A plastically homogeneous
deformation results in the slip pattern depicted in figure 5.20 b) which is homogeneous
throughout the entire specimen. The plastic deformation occurs by expanding dipoles
which leave the lattice at the left and right free boundaries resulting in slip steps, each
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Figure 5.19: Plastically inhomogeneous deformation with a slip gradient in direction T,
leading to a storage of geometrically necessary screw dislocations (ARSENLIS & PARKS [6]).

of a width of one Burgers vector length b. Thus dislocations do not need to be stored in
the crystal in order to accommodate such a homogeneous deformation. Now, for a plas-
tically inhomogeneous deformation the lattice sample is subdivided, in analogy to figure
5.18, into two sections which, by assumption, deform homogeneously. Thus in the left
section in figure 5.21 a) the expansion of n dipoles results in a plastic deformation wu; or
equivalently a plastic shear v* related through

u; =nb =~dX, (5.149)

Through the inhomogeneity of the deformation the plastic slip in the right section of figure
5.21 a) differs from the one in the left section by dy® resulting in a total slip step

uy + duy = (n+ dn)b = (v + dy*)d X, (5.150)

Now, upon rejoining of the cells, which at this point requires an (elastic) rotation, the
opposite slip steps cancel out at the intersection and a certain density of edge dislocations
remains in the crystal, see figure 5.21 b) for a visualization. This density follows from
the simple consideration that at the left boundary of the reassembled lattice a number of
n dislocations left the crystal resulting in a total slip step u; while the slip steps at the
right boundary were formed by n + dn dislocations which left the crystal. Thus, obviously
a certain dislocation density remained in the crystal which follows after subtraction of
(5.149) from (5.150) as

oy

dnb = dvy*dX, = dX;dX 5.151
n Y 2 8X1 1 2 ( )
‘XQ ,ya ,Ya
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Figure 5.20: Schematic representation of a plastically homogeneous deformation of a lattice.
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This finally gives, with the definition of dislocation density as dislocation line length per
unit reference volume or piercing number density per unit area, the density of geometri-
cally necessary edge dislocations stored due to a gradient of plastic slip in X; -direction

o B dn B 1 oy
Paxol = X dX,  bOX;

(5.152)
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Figure 5.21: Plastically inhomogeneous deformation of a sample lattice. Relation between
the slip gradient in X;-direction and the density of geometrically necessary edge dislocations.

Similar considerations relate the density of geometrically necessary stored screw (subscript
©) dislocations p&, o to a gradient of plastic slip in the X, direction through

10y

Panpe = e (5.153)

Thus, through (5.152) and (5.153) now a plastically inhomogeneous deformation asso-
ciated with plastic slip gradients is clearly related to the storage of dislocations on the
micro-scale. Relation (5.152) was already established by AsSHBY [12] and together with
(5.153) also by FLECK ET AL. [42] and ARSENLIS & PARKS [6]. Rewriting (5.152) in
terms of the slip system geometry immediately reveals that the geometrically necessary
edge (subscript L) dislocation density p2,,, directly follows by projection of the slip
gradient Vi~ onto the slip direction S of the single slip system under consideration

1 (e
PoxvL = V7" 8 (5.154)
Analogously, the screw dislocation density follows through reformulation of (5.153) by

projection of the slip gradient onto T = S x M, see figure 5.22 for a visualization

(0% 1 (0% [e%
Pexpo = EVX’Y T (5155)
Note that a slip gradient perpendicular to the slip plane, i.e. in the normal direction M“

does not contribute to the storage of geometrically necessary dislocations.

5.6.3. Lattice Geometric Representation of the Dislocation Tensor. Carrying
the definition of Nye’s dislocation density tensor and the previously derived relations be-
tween a slip gradient and the storage of GNDs in mind, the ¢rue dislocation density tensor
A will now be related to the storage of geometrically necessary dislocations. The true dis-
location tensor A was introduced in (5.32) and motivated through the incompatibility
analysis in sections 5.4 and 5.5. In contrast to the previous section and with regard to the
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Figure 5.22: Slip gradient and slip system geometry for a single slip system.

model proposed in the following sections, the considerations are now constrained to the
macro- (or meso-) scale. More precisely, the concern is not with individual, i.e. discrete,
dislocations. Here, only the average characteristics of a distribution of large numbers of
dislocations (p > 10'°-L) are considered. The plastic part F?* of the macroscopic defor-
mation gradient is, for a separate single slip system «, given by

FP*=1++°8"® M® (5.156)

This directly results in the following evaluation of the true dislocation density tensor A*
for a separate single slip system (J?® = 1) as depicted in figure 5.23

« 1 « « 0% (0% (6%
A :ﬁFp 'Curle = (VX”}/ XM )®S
N o (5.157)
= ! T a_ T Qo a .
ox L@ S anS ® S

— (VX,YQ . Sa) Ta ® Soz _ (VX,YQ . Ta) Sa ® Sa

where the definition of the Lagrangian Curl operator as specified in (B.15) in the Appendix
has been applied. Obviously a slip gradient perpendicular to the slip plane does not give
a contribution to the dislocation density tensor. This is also visualized in figure 5.23.
Now by insertion of (5.154) and (5.155) into (5.157), the incompatibility measure A® can
finally be identified with the transpose of Nye’s dislocation density tensor a

A= bpl T ® 8 —bplyy s S ® 8° (5.158)

(compare with (5.144) or (5.147)). Thus a direct relation between plastic slip gradients, in-
compatibilities and the storage of geometrically necessary dislocations has been obtained.
Expressions similar to the right hand side of (5.157) were also found by FLECK ET AL.
[42], SHIZAWA & ZBIB [133], ARSENLIS & PARKS [6] and CERMELLI & GURTIN [25] in
the small strain context. The representations found in the first three publications are the
transpose of the dislocation density tensor established in this thesis while the dislocation
tensor found in the latter work is the negative of the present one (5.158) and is also known

as Kroner’s dislocation density tensor ax related to Nye’s tensor by ax = —a?.

For the case of single slip, as considered so far, relation (5.158) seems to be unambiguous
such that for given edge and screw dislocation densities Nye’s dislocation tensor can be
uniquely determined and vice-versa. The latter is generally not true for multiple slip in
crystals with a high degree of symmetry. Here a description of the dislocation state in
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e wﬂm e
Figure 5.23: Crystallographic representation of the dislocation density tensor for a single
slip system. Projection of the slip gradient onto the slip slip plane.

terms of crystallographic dislocation densities would be largely underdetermined. This is
in analogy to the ambiguity of a specific apportion of crystallographic slip to the different
slip planes in the case of a given overall plastic deformation. For example, in the case of
an fcc crystal, a natural choice for a crystallographic dislocation basis is the limitation
to only pure screw and edge dislocations such as employed in the dislocation simulations
of KUBIN ET AL. [82]. This results in a total of 18 distinct dislocation types, 12 edge
and 6 screw dislocations. In turn, the total dislocation density tensor, corresponding
to the combined incompatibility measure of all slip systems together, is only comprised
of 9 independent components. To overcome this redundancy ARSENLIS & PARKS [6]
proposed two alternative minimization techniques resulting in crystallographic GND and
higher order self-terminating SSD structures.

5.6.4. Incorporation of GND Density into Hardening Relations. In the present
dislocation density based crystal plasticity model, the single crystal hardening response
is based on the fundamental relation

T, = cuby/p (5.159)

where p is the (total) dislocation density, 7, the (specimen) flow stress, b the Burgers vetor
length and ¢ is a constant. Based on the notion of geometrically necessary dislocations
(CorTRELL [31], AsHBY [12]), the total dislocation density p was considered to be
comprised of two distinct parts by ASHBY [12] in the following simple additive format

P = Pssp T Panp (5-160)

Here, pssp again accumulates due to the random mutual trapping of individual dislocation
lines with ongoing plastic deformation and is rather a characteristic of the material, i.e.
the crystal structure, shear modulus, stacking fault energy,... This density can not be
predicted by direct geometric arguments in contrast to the storage of the latter density
Penp, Tequired in order to maintain continuity of a plastically inhomogeneously deforming
body. Thus, in turn, peyp is a characteristic of the deformation geometry, i.e. plastic
curvature, and the microstruture, e.g the arrangement and size of grains and phases.

So far the hardening (5.159) and dislocation density (5.160) relations are of rather phe-
nomenological and isotropic character. In view of a more precise incorporation of the
crystal structure, the extension of (5.159) to a slip system specific threshold reads

T =cpubvn®  with n® = Z G pP (5.161)
B
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see section 3.9 for a detailed discussion. Accordingly, n® is the effective obstacle density

on slip system o computed from all total densities p?, i.e. all forest dislocation densities
and the dislocation density on the same slip system. Thereby the relative contribution of
the (-th dislocation density to n® depends on the interaction strength between the slip
systems a and 3 quantified through the interaction matrix G*° (e.g. BASSANI & WU
[17]), see also section 3.9. Applying assumption (5.160), first adopted by AsHBY [12], to
the slip system 3 (5.161) is rewritten as follows

7% = cpb \/z GB (plsp + poxn) (5.162)
B

Hence through (5.162) the characteristics of both, the SSD and the GND contribution to
the obstacle density and thus further dislocation multiplication and resultant work hard-
ening, are the same. This percipience of the short range interaction between individual
SSDs and GNDs is well representative of the fact that the real individual dislocation is a
microscopic line defect with physical characteristics independent of its artificial classifi-
cation into SSD or GND. In contrast to the SSDs the collective action of the GNDs does
not cancel, resulting in long range internal stresses. These are in many cases (STEINMANN
[140], CERMELLI & GURTIN [26], SVENDSEN [145], EVERS ET AL. [38]) accounted for
by the inclusion of a backstress measure into the formulation, resulting in a kinematic
hardening behavior. However, since for now the concern is only with monotonic loading
processes and isotropic hardening, this part of the hardening contribution will not be
pursued any further. But it should be emphasized that the present theory does not by
any means impede an extension to also include this hardening effect which is of relevance
especially in cyclic tests.

To finally complete the hardening model, the respective relations for the SSD and GND
density evaluations in (5.162) need to be specified. Here, the statistically stored dislocation
density evolution is based on the following phenomenological constitutive law (GILLIS &
GILMAN [48], ESSMANN & RAPP [37])

Psp = A b(1 = pSer/ pisn)y (5.163)

in terms of the saturation density p& := \/y. at which the rate of annihilation balances
the rate of dislocation production. The coefficient A\ characterizes the reciprocal mean free
path between cross glide events and y, the critical annihilation distance beneath which two
dislocations of opposite sign cancel each other out. Solving the linear ordinary differential
equation (5.163) for the SSD density on glide system « gives

Poso = Piinll = (1 — P/ i Jexp (= /7)) (5.164)

where v := bpZ /X is the saturation slip strain and P is the initial SSD density on
system . According to these relations, only one scalar SSD density pg, is considered
for each slip system a capturing mixed as well as pure screw and pure edge dislocation
segments altogether. A more rigorous treatment based on internal variables which char-
acterize the crystallographic dislocation density and evolve according to simple laws in
dislocation mechanics, such as continuity of the dislocation line and conservation of the
Burgers vector, was recently proposed by ARSENLIS & PARKS [7]. Now, the specific incor-

poration of the GND density into the present hardening model will finally be presented.
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As explained in detail in the preceding sections the storage of GNDs is, in contrast to the
SSD storage, directly related to the deformation geometry and thus implicitly depends
on the gradients of the plastic deformation. In analogy to the SSD density, one scalar
GND density p2,, is specified for each slip system « (of the e.g. 12 distinct ones in an
fce crystal) through the following assumption (recall the evaluations (5.157) and (5.158)
of the dislocation tensor)

]' o
pgND = E ‘A ‘ = \/(pgNDL)Q + (pgND(D)Q
(5.165)

1 1
_ _ o, QaN2 o, PeN2 [e]
= b\/(VXW S+ (Vg - T = 5 g°

Thus within the proposed model, a density of geometrically necessary mized dislocations
P is computed separately for each slip system through the SRSS- (Square Root of a
Sum of Squares) mean, i.e. a modified Root-Mean-Square, of the geometrically necessary
edge payp and screw dislocations pfy, o residing on the same slip system. Thereby, in
contrast to the model of DAI & PARKS [35], only the projection g of the slip gradient
Vx7® onto the slip system contributes to this mixed density since a gradient perpendic-
ular to the slip system is associated with a compatible deformation, see figure 5.23 for a
visualization. Clearly through assumption (5.165), any information about a possible po-
larity of the stored edge or screw dislocation density is lost. Furthermore, since only one
mixed dislocation density is considered per slip system, the fact that screw dislocations
may cross slip is neglected. Consequently the same dislocation segment might produce
a slip gradient on both slip systems in which it can reside. Thus through the present
approach, this dislocation density would be picked up twice. Both of these consequences
could be overcome by an extension of the crystallographic dislocation basis for both the
SSDs and the GNDs to e.g. 12 edge and 6 screw dislocation densities for the case of an fcc
crystal (KUBIN ET AL. [82]). Thereby also e.g. a possible mutual annihilation of GNDs
and SSDs could be incorporated into the model. Such an extension might be included
right away into the current model. Certainly its impact on the final results will, in the
present context, however be negligible.

5.7. Micromechanically Motivated Strain Gradient Crystal Plasticity

The model of micromechanically motivated strain gradient crystal plasticity developed so
far is summarized within table 5.1 or alternatively table 5.2. This summary is based on the
constitutive framework of crystal plasticity as discussed in chapter 4 and the incompati-
bility analysis of the present chapter which led to the hardening relations proposed in the
previous section. Thereby table 5.1 summarizes a model of crystal (visco-)plasticity which
is especially applicable also in the rate independent setting with 7Y = 0V «a. In contrast,
the fully rate dependent crystal plasticity formulation summarized in table 5.2 is strictly
speaking a model of crystal viscosity representative of the rate independent setting only
in the limit case m = 0. Within this model, 7 can be considered as the slip resistance
if the slip rate on system « is of the order of 7y throughout the deformation process.
Both models are considered in the following numerical treatment. In both constitutive
approaches an isotropic hardening response is adopted, governed by
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Table 5.1: Constitutive model of strain gradient crystal (visco-)plasticity.

~

Macro-free energy 1 ™ = ¢¢(F*) with F°:=F.F!
Kirchhoff stresses T =g ' P%“F°T with P¢:= ’(Z}eFe
Schmid stresses 7%= —P°: F. with F.:=—-F"“S"@ M"
Slip resistance 7% = 72(7", .., 7™, Vg, o, Ver™)
Overstresses 7% = T, 0(¥*/50) "/
Flow criterion &% =7%—71% — 7%

Slip evolution 4* >0, &> <0, A4*d*=0 with ~+%0)=0
Flow rule FP-FP~L =3 428%@ M with FP(0)=1

T = AT T Vr™) = by G (s + o)

with  plen = pp[1 — (1 = pszn/pit Jexp(—77 /7)) (5.166)

and  plwp = 1/b \/(VXW - 87)2 4 (Vgr? - T7)?

Therein the GND contribution is restricted to an increase in the forest density resulting
in additional hardening. A possibly additional (kinematic) hardening contribution result-
ing from the residual stresses which arise in connection with the GND storage and the
resulting incompatibilities is not considered at this point. As explained in connection with
equation (5.136), such a further contribution to the constitutive behavior should be based
on the symmetric part of Einstein’s tensor. This would result in a constitutive dependence
on second order derivatives of the plastic or equivalently elastic strains. A first simple ex-
tension in this respect is proposed in section 7.2.2.2. However, the specification of the
precise form of this contribution requires further investigations. The kinematic hardening
contribution proposed in EVERS ET AL. [38] relies on first order gradients of the GND
density itself (i.e. second order derivatives of the plastic slip) and thus allows to also ac-
count for the fact that the GNDs are stored in arrays with finite dimensions. As stated
already, here it is the goal to elaborate a micromechanically well founded model for the
isotropic hardening contribution which gives a clear picture of the underlying mechanisms.

Table 5.2: Fully rate dependent strain gradient crystal plasticity model.

Macro-free energy ¢ ™ = Q/Aje(Fe) with F¢:=F.F?P~!
Kirchhoff stresses 7 =g ' P%F°T with P¢:= ’(Z)eFe
Schmid stresses 7%= —P°: F ., with F©.:=-F°"“S8"® M*"

Slip resistance 7% = 7(7", ..., 7™, VgL oo, Vyy™)
Slip evolution 4 = A [| 7@ | /7] sign[r*] with  ~%(0) =0
Flow rule FP-FP~' =3 428%@ M with FP(0) =1
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6. Numerical Implementation of Gradient Crystal Plasticity

According to the previous chapter, the spatial distribution of the plastic slips v is required
in order to be able to compute the slip gradients and consequently the geometrically nec-
essary dislocation density. In the following two main approaches are considered in this
respect. Firstly, a monolithic fully implicit treatment of the model problem of strain gra-
dient crystal plasticity will be considered. Thereby the plastic slips are introduced as
additional nodal degrees of freedom besides the standard displacement degrees (see figure
6.1 a) for a simple visualization). Then within the fully rate dependent formulation (see
e.g. table 5.2) the slip evolution is determined globally at the node point level instead of
the standard integration point level. In turn, within the formulation of crystal (visco-)
plasticity (see e.g. table 5.1) the Karush-Kuhn-Tucker loading unloading conditions are
enforced at the global node point level. Consequently these mixed formulations are de-
noted as global formulations within the following context. Secondly, the model problem of
strain gradient crystal plasticity is treated on basis of an operator split where the spatial
distribution of the plastic slips is computed by means of interpolation algorithms and the
standard structure of the local boundary value problem is maintained (see figure 6.1 b)
for a simple visualization). As will also be seen in the numerical examples in chapter 7,
this results in a very effective approach denoted as extended local formulation within the
subsequent developments. All these developments are derived for the geometrically non-
linear setting and are validated by comparison with one another as well as with standard
local formulations.

N 52
(] L] (] L2/PR l (] (]
* -projection *
@
L ’76 (] )
. . node 6 ,Yoc 1 o/ e
o yol, o integration
.« % al o o point 3
a) b) Y1

Figure 6.1: Numerical implementation of gradient plasticity for an element patch. a) Global
formulation, b) extended local formulation based on a patch recovery (PR) or L2-projection.

A mixed formulation for elastoplasticity, however in a local context and at small strains,
has been proposed by PINSKY [126]. Therein, additionally to the displacements the plastic
parameter is discretized and in order to appropriately treat the plastic incompressibility
constraint the mean stress field is approximated independently as well. This results in
a three-field mixed formulation. Within the following a similar approach, however in the
context of finite strain crystal plasticity, will be proposed where instead of the independent
pressure approximation an enhanced strain method is adopted. Alternatively, SIMO ET
AL. [137] proposed a complementary mixed formulation where the flow rule is enforced
elementwise in a weak sense. An approach similar to the global formulation developed in
the following has been proposed in the context of small strain phenomenological gradient
plasticity by LIEBE & STEINMANN [86], or LIEBE [85], however with additional bound-
ary conditions. Finally, within the context of dislocation density based strain gradient
crystal plasticity, EVERS ET AL. [38] proposed a formulation where the GND densities
are chosen as additional nodal degrees of freedom. An approach similar to the extended
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local formulation developed below has been applied by MENZEL ET AL. [91] for single
slip plasticity in the context of material forces.

6.1. Global Formulation for Fully Rate Dependent Gradient Plasticity

Within this section the global solution algorithm for the model problem of fully rate
dependent strain gradient crystal plasticity will be developed. This model problem is
summarized in table 5.2 together with the constitutive relations (5.166) and (A.1)-(A.3).

6.1.1. Strong Form of the Coupled Problem. In order to solve the problem of fully
rate dependent gradient crystal plasticity in a global finite element context, both the de-
formation field ¢ = @(X) and the plastic slips v* = [§*(X)]@=1™) are considered as
primary variables parametrized in terms of the Lagrangian placements X. These fields
are determined on a global level throughout the solution domain by solving simultaneously
the equilibrium subproblem and the slip evolution equations. Thereby the usual boundary
conditions for the deformation field ¢ and the tractions ¢ are prescribed on 0B, and
on @(0Br), respectively. For the plastic slips, additional boundary conditions are not
prescribed since at this point the structure of the local boundary value problem (BVP)
should be maintained (i.e. the plastic slips might, in a purely local context, be condensed
out again, see e.g section 6.2.6) and the only goal of this formulation is to provide for
the spatial slip distribution. This might as well be interpreted as an implicit prescrip-
tion of corresponding boundary conditions over the whole boundary within the evolution
subproblem. Nevertheless, this formulation allows as well to artificially enforce boundary
conditions for the plastic slips in the sense v* = 4“ on 0B, e.g. at the surface of a thin film
in section 7.1.1. The strong form of the coupled problem outlined so far is summarized
in table 6.1. Thereby the equilibrium subproblem is given by the quasistatic balance of
linear momentum (see equation (2.45)) and the evolution subproblem is specified by the
evolution equation for the plastic slips (equation (4.27)).

Table 6.1: Strong form for coupled fully rate dependent plasticity.

Equilibrium subproblem

divlJ7'7]+J'pb = 0 in S
¢ =@ on 0B,
t:=7n =1t on ¢(0Br)

Evolution subproblem

o —do (|7 |/7e]“signlr®] = 0 in B

6.1.2. Temporal Discretization and Weak Form of the Coupled Problem. Con-
sidering a typical time increment [t,,t,.1] and an implicit backward Euler integration
scheme, the temporal discretization of the strong form of the evolution subproblem reads

Y =S — At [| T \/7’7‘?‘]1/E sign[7] =0 Va=1,...m (6.1)

where the indices indicating quantities evaluated at time ¢,,.; have been dropped. Accord-
ing to this notation the representation of the equilibrium subproblem remains unchanged
and is thus not repeated here.
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Table 6.2: Weak form for coupled fully rate dependent plasticity.

Equilibrium subproblem
(A}Qp(cp,fy“‘, dp) = / Viop:T dV — / 0p-bpy dV — / dp-T dA = 0
B B OBt
and ¢ = ¢ on 9B,
Evolution subproblem

~

Gralp, 7™, 07%) 12/ ov° [7“ — % — Aot [| 7| /re) e Sign[T“]} dv =0
B

The weak form of the time discrete strong form is obtained through application of a
standard Galerkin procedure. Thereby first the quasistatic balance of linear momentum
is tested with a field of virtual displacements d¢, with d¢p = 0 on ¢(9B,), which gives
along with the divergence theorem and the stress boundary condition the weak form of the
equilibrium subproblem, see table 6.2. (Note J ' 7nda = 7F'NdA = PNdA =: TdA).
Similarly the slip evolution equation is tested with a field of virtual slips 67y resulting for
the coupled formulation in the expression é'y“ (o, 7", 7)) Va=1,..,m.

6.1.3. Algorithmic Linearization for Monolithic Solution Procedure. In view of
a monolithic iterative solution of this system of coupled nonlinear equations, by means of
a Newton-Raphson scheme the variational functionals C%,(ga, 7%, d¢) and (A}’A,a (o, 7%, 07%)
are now linearized with respect to the primary variables ¢ and «®. The linearizations
Lin(A}’q,(Lp,fya,&p,Acp, A~P) and Liné’ﬂ,a(cp,fyo‘,&y“,Ago,Afyﬁ) are given in table 6.3 in
terms of the algorithmic sensitivities (see chapter C in the Appendix for more details)

Ap[Vedp] = —Vpop -V Ap
Aplt] = ¢*:sym[VeAp] + VAT + 7V A

AL = p dev[s® @ m* + s* ® m®|:V;Ap =TV Ap
AplT] = p dev[ﬁ'iwg-FGT + ﬁe-Ff%]Ayﬁ —: D] AP (6.2)
Ap[re] = p{(F 5 8)-(F-M®) + (F"-S)-(F_5-M*)}Ay" = T Aq”
Aplrt] =" G(BPA + B VxAy)
and with the definitions
= TY1?
¢ = (cpub)?/(277)
¢ = = Aolt/(er?) (|7 |/ (6.3)

B = 1/ (p, — psin) exp(—72 /1) 67
B i 10t (T §) 8% + (Vr - M¥) M2}

Carefully note that the sensitivity A,[7] contains only the elastic part of the moduli. Fur-
thermore, for the sake of a compact notation the incremental slip parameters determined



102 6 Numerical Implementation of Gradient Crystal Plasticity

Table 6.3: Linearized form for monolithic solution procedure.

Equilibrium subproblem

LinG, := /A(P[Vmégo]n' dV—i—/
B

Vedp: A, [T] dV+/
B
+G, =

BVa,&p:( " AW[T]) dv

p=1

Evolution subproblem

LinG e = / 67" ¢ A [T dV

/57 m: 5a6A’7 +C (A’YB[TO(]_CO{AVB[ ])} dV+Ga_0

from the linearized form will be denoted by A~® within this chapter, i.e. the notation
AA~® of chapter 4 is abridged by Ay*. Here, no abbreviation is introduced for v* — 2.

6.1.4. Finite Element Discretization of the Coupled Problem. In order to solve
the set of coupled linearized equations of table 6.3 in a finite element context, the following
interpolations are introduced within the element domain B¢

LP = X + Znen NIdI 5soh — ?enl Nlédf AQOh — nen NIAdI ”
,.yha — }le:nl-/\/‘[,ya[’ 5,yha _ nen Nl(s,yod’ A,yha — nen NIA,yaI (6.4)
in terms of the nodal values {d’,dd’, Ad'} and {y*1,5v*1, Av*T} of the actual, virtual
and incremental displacements and plastic slips. (For the sake of a compact notation
the slip variables might as well be collected in corresponding vectors, however in view
of the considerations in section 6.2 this will not be adopted here). Furthermore, in (6.4)
an isoparametric interpolation has been chosen in terms of the shape functions N/ =
NI (€) for the displacement and N1 = NT (&) for the slip interpolation, respectively.
Nevertheless, throughout the numerical examples presented in chapter 7 generally the
same interpolation order is used for the displacements and the slips, i.e. N = N1, The
material gradient of the shape functions

Vx N = (Ve ND)-J1 and VN = (GND)-J 7! (6.5)

is computed in terms of the coordinates & of the parameter space and the Jacobian J of
the isoparametric map. The spatial gradients of the shape functions are computed with
(6.5) and the discrete deformation gradient F" as follows

VoN! = VxN'.V, X = (VxN!).F'!

ith F'=1+>7"d @ VxkN' (6.6
VAT = ANLVX = (V)P 2 d @ VT (66)

In index notation the spatial gradients will be denoted by N3 L or N L and the material
gradients by N or ./\f 1., respectively. F" serves as the fundamental kmematlc variable

for the computamon of the stresses and the sensitivities (6.2).

Insertion of the finite element interpolations and the sensitivities (6.2) into the linearized
form of table 6.3 finally results in a global system of fully coupled linear equations sum-
marized in matrix format in table 6.4. The global arrays in table 6.4 are assembled from
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Table 6.4: Coupled system of discretized linear equations.

AD

Kpp Ky
AT?

Kf, Ky

[ _FBt ‘l‘F%t

for a,f=1,...m
]

the element arrays in the sense

KDD — Anele kzda K%F — Anele sz’ KFD = Anele kea K%? = Anele keaﬂ

vd vy

AD = A5 AdS, ALY = Al Aye8 Fpo= A fire, FRo= AN 0

d

e=1dJ v
(6.7)
Thereby the element residua and the element stiffness matrices are given by
1nte /ZNI |:Tz]]
fea /NI CG +Z{,yaJ ,yrolzJ}NJ
kgalii = /ZNI Cijkl +le5ik} N:l]dv
KA = / Z N D2, A av (6.8)
[keg]t! = /ZNI c;*rgij} N7dv

N7 av

[keof )t / N!

/ ZNI [—cg el ZGWEW

B€

m
af a o o aw pW
0 +c§ —cycrc E G*“B

p

N dv

with the definition ¢g, = —JoAt[| 7 | /7)€ sign[7®].

Then, within the Newton-Raphson iteration, the global solutions for the nodal displace-
ments and the plastic slips are updated via

D < D+AD

(6.9)
r“« <« r*+Ar<

Within the numerical implementation of the outlined global formulation a bilinear inter-

polation has been chosen for both the displacements as well as the plastic slips. In order

to improve the performance of the displacement part within bending dominated problems

or in connection with localization phenomena, the mixed formulation considered so far
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Table 6.5: Strong form for coupled crystal (visco-)plasticity.

Equilibrium subproblem

div[J 1]+ Jpb = 0 in S
¢ =@ on 0B,
t:==7n =t on ¢(0Br)

Evolution subproblem

(bOé:TQ’_TT(‘X_,TOCSO’,yOCZO’,yOC(POC:0 1Il B

(2

has been supplemented by an enhanced formulation. For more details in this respect refer
to chapter D in the Appendix and to SIMO & ARMERO [138]. Furthermore note that
the resulting global iteration matrix is generally unsymmetric. Only in the special case of
single slip crystal plasticity the resulting system matrix is symmetric.

The developed global algorithm for fully rate dependent gradient crystal plasticity has
been applied to the model problem of a constrained strip in simple shear in section 7.1.

6.2. Global Formulation for Gradient Crystal Viscoplasticity

Within this section the global solution algorithm of strain gradient crystal (visco-) plasti-
city will be developed. Through this formulation the case of fully rate independent plasti-
city may be recovered, in contrast to the previous formulation, not only in the limit case.
This results in a distinction between purely elastic and elastoplastic loading branches.
However, the algorithmic formulation, turns out to be much more difficult. The model
problem of strain gradient crystal (visco-)plasticity is summarized in table 5.1 together
with the constitutive relations (5.166) and (A.1)-(A.3).

6.2.1. Strong Form of the Coupled Problem. In this formulation the deformation
field ¢ = @(X) and the plastic slips 7* = [§(X)]@=1™) are again considered as pri-
mary variables. Here, again additional boundary conditions are generally not prescribed
for the plastic slips, see the discussion in section 6.1.1. The strong form of the coupled
problem is summarized in table 6.5. Thereby the evolution subproblem is now specified
by the Karush-Kuhn-Tucker loading unloading conditions (4.19). The complementary re-
strictions ¥*®* = 0 might as well be represented by a decomposition of the total solution
domain B into inactive elastic subdomains B¢ and active elastoplastic subdomains By for
each slip system a according to (see figure 6.2 a) for a visualization)

B=B2UBy and B¢NBy=0 V a=1,..,m (6.10)
with B = {x € B|®* < 0,72 =0} and BS = {x € B|d*=0,9~>0}

6.2.2. Temporal Discretization and Weak Form of the Coupled Problem. The
temporal integration of the strong form of the coupled problem is performed for a typical
time step [t,,t,+1] by an implicit backward Euler scheme. Dropping the indices of all
quantities evaluated at t,,1, the time discrete evolution subproblem reads

(I)a:Ta_Tf_Tz? S 0; Va_fyg Z 07 (’Va_%?)q)a:o va:l?"'7m (611)
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a) b)

Figure 6.2: Decomposition of the solution domain into purely elastic and elastoplastic
parts.

The time discrete form of the equilibrium subproblem is again obtained in a straightfor-
ward manner and thus not repeated here.

Applying a Galerkin procedure, the weak form of the time discrete strong form is obtained
as follows. Testing the quasistatic balance of linear momentum with a field of virtual
displacements d¢, with d¢ = 0 on ¢ (9B,,), gives together with the stress boundary con-
ditions the weak form of the equilibrium subproblem G, = G¢(go, v, d¢p). Furthermore,
the primary restrictions ®* < 0 are tested with a field of virtual plastic slips 6v* > 0
and the dual restrictions are tested by the virtual fields /& > 0 resulting in the func-
tionals Ge = CA?,Ya(ga, 7, 57%) and Goa = Goa (@, 7, 69*), respectively. The algorithmic

Table 6.6: Weak form for coupled crystal (visco-)plasticity.

Equilibrium subproblem

G¢(go,7a,5ga) ::/ VT dV — / dp-bpy dV — ST dA = 0
B B OB
and ¢ = ¢ on 9B,
Evolution subproblem

~

G (@, 7%, 07%) :=/ N[ =1t =1 dV <0
B

Goo(p, 7™, 60%) ::/ 0O [y* —~2] dV >0
B

complementary restrictions G,oGge = 0 might again be represented by subdividing the
solution domain in analogy to (6.10) into parts B, and B, currently subject to purely
elastic and elastoplastic loading, respectively. Thus the weak form of the coupled problem
is given in table 6.6 together with the following decomposition of the solution domain

B=B:uUBy and BiNBy=0 V a=1,.m
with BY = {zx € B| G0 <0,Gga =077, 6D > 0} (6.12)
BIO; = {:1: eB ’ nya :O,Gq:.oz > 0V5’ya,5q)a > 0}
6.2.3. Algorithmic Linearization for Monolithic Solution Procedure. For a
frozen decomposition (6.12), the set of coupled nonlinear equations specified in table 6.6 is

solved by means of a Newton-Raphson scheme. This bases on a linearization of the varia-
tional functionals G, (¢, 7%, d¢), Ga (@, 7%, 07%) and Gea (¢, ¥*, §P*) with respect to the
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Table 6.7: Linearized form for monolithic solution procedure.

Equilibrium subproblem

LinG, := /A(P[Vmégo]n' dV—i—/
B

Vedp: Ay [T] dV + /
B

BVa,&p:( " AW[T]) dv

B=1
+G, =0
Evolution subproblem

LinGe = /8570‘ A [T dV + /8570‘ Z:Zl Ap[r® =1t =7 dV + Gy <0

Lin Goo = / 5" Z:ﬂ 5 AN dV 4 Goo > 0
. -

primary variables ¢ and 7. The corresponding linearizations Linéq,(ga, 7, 0, Ap, Ay*),
Linéya(ga, 7Y, 00, A, Av®) and Linéqm(ga, 7, 00, Ay®) are specified in table 6.7. The
required sensitivities have already been specified in (6.2) together with the definitions
(6.3)2,45 and the remaining sensitivity

A7) = oo/ (€30 A){(7* = 7)) /(oA Y7V G Ay = CPAYP (6.13)

v

Thereby it should be carefully noted again that the sensitivity A,[7] contains only the
elastic part of the moduli. The isochoric plastic softening part of the moduli of the stan-
dard purely local formulation is here contained in the sensitivities T'%, D and ', see
section 6.2.6.

6.2.4. Finite Element Discretization of the Coupled Problem. Next the finite
element discretization of the linearized form of the coupled problem in table 6.7 together
with the decomposition (6.12) will be derived. This bases on the interpolations for the
actual, virtual and incremental deformation map and the plastic slips as already specified
in (6.4) in terms of the shapes N’ and N7, respectively. For the discretization of the
virtual field §®%, the same interpolation as for the plastic slips is chosen, i.e. J®"® =

T N1§®! in terms of the nodal values d®*7. However, throughout the numerical
examples in chapter 7 the same interpolation has been chosen for the deformation field
and the plastic slips, i.e. N! = N!. The material and spatial gradients of the shape
functions and consequently the primary, virtual and incremental fields are again obtained
in complete analogy to (6.5) and (6.6).

Before discretizing the linearized forms of table 6.7 for the solution domain B, the specific
decomposition of B into active plastic and purely elastic parts B¢ and B is required as
a key ingredient. To this end, an active set A! is introduced at each node I containing
all currently active slip systems « at this node, i.e. AT := {a | T*! —T2! > 0}. Thereby
rel = Al yeel see also (6.7). The determination of the active sets A’ will be treated
in detail in section 6.2.5. During the global Newton-Raphson iteration the active sets are
assumed to be known, i.e. the decomposition (6.12) of the solution domain B is given and
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Table 6.8: Coupled system of discretized linear equations.

K polAD” 4 X, S s i KA = (R - P!
EJ[K%D]IJADJ + 22 EBE.AJ [Kl(f{@]UAFBJ = () Vo € Alat node

reads in its discretized format (see figure 6.2 b) for a visualization)
B"=B!uBl* and BenBl=0 V a=1,..m
with B = {I e B" | F¢! <0,FgT =0V 5y, 60 > 0} (6.14)
Bga ={leB" | Fel =0,Fg! >0V 692,60 >0}
where F21 and Fg! are specified below. The decomposition (6.14) is equivalently repre-

sented by the active sets A’ and corresponds to the discretized form FeIFg! =0, Va =
1,...,m and V I of the algorithmic complementary condition GoGga = 0.

Based on the assumed interpolations for the actual, virtual and incremental fields and
the given nodal active sets A’, the discretization of the linearized weak forms LinG,,
and LinG.« results in the global system of fully coupled linear equations summarized in
table 6.8. Thereby the global arrays are assembled from the corresponding element arrays
according to (6.7) in terms of the element residua and the element stiffness matrices

1ntei /ZNI Tz]
fea /NI (I)oz
(ke ) = / Z N’ e fjkz +le5ik] N{dv

kI = /ZNI Dﬁij] N7 v (6.15)

[keg)t = /ZNI 05| N av

eq T af o a aw PW J
[keos)1d /N[F —C = Y GBY | N dV
weAl
+ /ZNI [—cg > GVES | N dv
Be L weAl

Within a typical Newton-Raphson step, solution of (6.15) gives the updated nodal dis-
placements and plastic slips via

D! <« D'+ AD!

; ; ; ; (6.16)
rt <« I'“'*+A1* V acAd



108 6 Numerical Implementation of Gradient Crystal Plasticity

A convenient way to incorporate the dual restriction Gga > 0 into the global solution
algorithm is obtained as follows. Instead of discretizing the linearized form LinGga, the
dual restriction itself is directly discretized which results in the nodal residual expressions

Nele
Ght = [Mgr)”/ (0 =187y >0 with [Mg]"” = A [ N'N/dV  (6.17)
J e=1
BE

An approximate solution of (6.17) can be based on a diagonalization of [Mg]!/ which is
equivalent to checking at each global node I the restriction

ref —rel > (6.18)

This is accounted for within the active set search in (6.22).

The outlined global formulation has been implemented based on bilinear or alternatively
quadratic interpolations for both the displacements as well as the plastic slips. For the
bilinear interpolations the displacement part was again implemented within the context
of an enhanced formulation. For further details in this respect refer to chapter D in the
Appendix and to SIMO & ARMERO [138].

6.2.5. Active Set Search. Finally, the active set search will be discussed as a key
ingredient of the global solution algorithm. The following considerations are in line with
the active set update strategy outlined within the context of the local stress update
algorithm in section 4.2.5. Within the discretized setting at each node I the set of all
possible slip systems S? := {1,...,m} is separated into a working set W' containing the
slip systems subjected to active equality constraints

WhHi={a|T*' -T2?" =0} with acS’ (6.19)
and an active set Al containing all currently active slip systems
Al = SI\wW! (6.20)

Then at the beginning of each time step the actual active set is initialized with the one
at the end of the last time step A = A,, and an improved solution point is computed via
the Newton-Raphson update (6.16). If at any node I some violations of (6.18) occur in
the sense I'*? — T2 < 0 for a € A!, the most violated system (index a~) is identified
and a corresponding scaling parameter £ is computed

Fal _ Pa[
a =arg[{] and ¢:= f;iilf (1 — Tal") (6.21)

arel _ralcg
Subsequently all slip parameters I'*! at this node are scaled by
<1’ —(1-9Ar*" v ac A (6.22)

such that they are admissible in the sense of (6.18). Thereby I'*" 1 = I'® I holds for the
initially most violated system a~. Whether system a~ needs to be removed from the
active set A’ or not is decided based on the sensitivity AW in the solution point (6.22)

AW = Y T [FR) (e -1 ) > 0 (6.23)

acAl
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For AW! < 0, the most violated system o~ is removed from the active set by the system
dropping update

Al = {AN\(a™ € AN} (6.24)

and a further global iteration loop is launched. Upon convergence of the global Newton
iteration the primary restrictions [F¢]’ < 0 are checked at each node I. If some violation
in the sense [F]! > 0 for one of the currently non-active systems, i.e. a € ST\ A! occurs,
the most violated system a™ is identified through

ot i=arg | max ([F?]') (6.25)
aeshal
AFR)I> 0

and consequently added to the active set by the system adding update
Al = {A"U (o e SI\AT)} (6.26)

Subsequently a new global iteration loop is started and if finally upon convergence fur-
ther active set updates (6.26) are not required, the minimizing solution is found and the
global iteration is terminated. The complete coupled solution algorithm of global crys-
tal (visco-)plasticity is summarized in table 6.9. An application of this algorithm within
the analysis of a heterogeneous composite and in the bending analysis of a homogeneous
single-crystalline beam is presented in section 7.2.

6.2.6. Comparison of Discrete Global and Standard Local Formulation. In the
following, it will be shown that for a purely local model of crystal (visco-)plasticity (i.e. no
slip gradients enter the model) the discrete settings of both the standard local as well as
the global formulation are equivalent. Recall first the global system of discretized linear
equations of the standard formulation

ZJ Zk[KDD]z‘Il;]ADk] = _[FB“ - th]z‘l
: n e 6.27
with  [Kppljl = Acs /Z N (€5 + m500) N dV (6.27)
Be ]7l

in terms of the Eulerian elastoplastic tangent moduli ¢? consisting of an elastic part and
a plastic softening part (see section A.3 in the Appendix)

c? = ¢+ Z HP =1y, dev[l:";a-FGT + 1:"613’63:;] ® pdev[s® @ m® + m* ® s*| (6.28)

a,BeA
The sensitivity H*? := —[®?] 5 is derived in section A.2 in the Appendix and might be
rewritten in terms of the definitions (6.2)56, (6.3)2,4 and (6.13) as follows
—H* =T — % — 2y~ GB’ (6.29)
weA

Thus together with the definitions (6.2)3 4 the elastoplastic moduli are given by

P =c¢+ Y HY'DIoI] (6.30)
a,BeA
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Table 6.9: Coupled global solution algorithm of crystal (visco-)plasticity.

1. Boundary Conditions: w = @ on 0B, T = T on OBr
Initialization: {D’ = D! T/ =Te/vVac S, AT = A} V T=1,.. 1
. Assemble and solve system of coupled linear equations of table 6.8
. Convergence check: If (/> > car ((FR1)? + X ([FR] + F3]1)? < tol) goto 7
. Newton update: { D' <= D' + AD", T/ < Tl - AT} VI=1,.. Ny, ac Al

. System scaling/dropping update VI =1, ..., n,q.: If 1?7 —T%1 < 0 for any a € A’

Tt =~ W N

— identify most violated system o~ :=argl(] with & := %161}‘1[ (1 — (FQAIF;QF,%I))

— perform scaling update el «rel —(1-¢9Aret v aecAl

— AW =% [FR(r! =T >0 drop systema~, A’ < {A"\(a™ € A")}
6. Go to 2
7. System adding update, set c4= false; VI = 1, ..., n,q.: If [F2]T > 0 for any a € S\ A!

— identify most violated system «':= arg| max I([FI?‘] )]

— add system a™ to active set Al < {ATU (at € S\AT)}
— setcy = true

8. If c4 = true go to 2

Turning next to the global formulation the corresponding system of equations summarized
in table 6.8 can be rewritten by condensing the algorithmic slip increments AT’/ out

> Kol AD] = ~[Fp = F'll + 30k X pear Bl (KT )75 T EY]S

with  [Kpplf = [Kpplf = X1 X pear Kl KT )" Bl

Carefully note that [Kpp]Z/ in (6.31), contains only the purely elastic contribution of the
moduli in contrast to [Kp D]zk in (6.27),. If the flow criterion is satisfied locally for each
a € A, this induces [F2]% = 0 at each node K as well and thus the right hand sides of
(6.31); and (6.27); are equivalent. Finally insertion of (6.15)3_¢ into (6.31), gives

(Kool = AnEZE/ZNI{ €5k + 10k
7,0

€

(6.31)

_ Z Z DF@]NK (NK [Paﬁ 8 — Z Gawaﬁ] NL) /\/’LPDkl}N"l] dV
K,L o,Bc Al weAl

(6.32)

and thus [Kppl%/ can be rewritten as

[KDD]zk; - nele/ZNI{ z]kl+ Z HQ'B 1D[‘2] Dkl+Tl]52k}N,{dV (633)
Be CM,BG.AI
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Consequently the condensed stiffness terms (6.33) of the global formulation are equivalent
to the stiffness matrices of the standard formulation (6.27)s. These comprise in both cases
of a geometric term and the elastoplastic tangent moduli ¢P.

6.3. Extended Local Formulation for Gradient Crystal Plasticity

The global formulation of crystal plasticity developed in the preceeding sections is rather
costly since it requires for example up to 2 x 12 additional nodal degrees of freedom in
a full multislip fcc crystal plasticity model. Furthermore the continuously changing nodal
active sets induce varying dimensions of the global system of equations. This involves
a non-standard implementation of the equation solver. These drawbacks of the global
formulation motivate the development of a more efficient approach which will rely on
an extension of the standard local formulation. Within this extended local formulation,
the slip gradient computation will be based on a smoothing procedure. Thus the model
problem of strain gradient crystal plasticity as summarized in tables 5.1 and 5.2 is now
treated within an extended setting of the local formulation considered in chapter 4. The
slip gradients and thus the GND-densities are accounted for in an explicit manner in the
sense of an operator split where their specific values are computed in a postprocessing step.
Within this postprocessing step, the local integration point solutions for the plastic slips
" are projected to the nodes of the finite element mesh. Thereby the global field T'*"
contains the slip values 7" in each integration point [ of the finite element discretization.
Subsequently the values of the slip gradients VxI'“ are computed based on the projected
nodal values T'* and the finite element shape functions IN as follows

VxI* = Vx N-T (6.34)

Here, the slip gradients in each integration point Vx~;* are again collectively represented
by VxI'“. With the slip gradients at hand the local material response can be determined
for each integration point. Thereby the most efficient solution procedure is based on an
explicit update of the GND density and the standard stress update algorithm as discussed
in chapter 4. This is also conceptually visualized in figure 6.3. The key ingredient of this
formulation is the smoothing algorithm. Within the following, two alternative projection
methods will be briefly discussed, a Ls-projection and a patch recovery.

6.3.1. The Ls-Projection. The starting point in the development of this projection
method is to demand that the difference between the continuous smoothed solutions I'“*
and the computed values of the finite element solution I'“” has to vanish

r*-1r*" =0 (6.35)

Therein the continuous smoothed solutions I'** are determined from the projected nodal
values T'" with the finite element shape functions N

re* = NI® (6.36)

Satisfying (6.35) in a weak sense within the solution ‘domain B, the corresponding weak
form is obtained with the test functions dT'** = N-6T' as follows

/ T (rer —1ohyav 2V spet / NT(NT*=T*"dv =0  (6.37)
B B
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Figure 6.3: Solution procedure for extended local formulation.

which has to be met for arbitrary ST, Consequently (6.37) can be solved for the projected
nodal plastic slips T'“ through the following system of equations

—1
/ NT.NdvV-I® = / NT.T"qv = T%= { / NT-NdV] : / NT.T*"av (6.38)
B B /B B

-~
M71

This global system of equations is most efficiently solved approximately by diagonalising
the matrix M in the sense of a lumped matrix M (ZIENKIEWICZ & TAYLOR [160]).
Thus the inversion of M, is straightforward. In this case the Lo-projection is of superior
efficiency and gives very good results for linear and bilinear elements. However for higher
order elements, e.g. quadratic triangles, this procedure is not applicable. In this case the
smoothing algorithm will be based on the patch recovery discussed in the next section.
(6.37) might, instead of the strong form (6 35), as well be motivated by the following least
square fit or minimization problem for T

1/(1-\04* . I\ah)T.C[\a* . I\ah) A
B

I = II(T'") = :

X (6.39)
-2 / (N-T® = T*MYT.(N-T® — T°) @V — min
B

which obviously is equivalent to (6.37)

6.3.2. The Patch Recovery. In the Ly-projection, an optimal smoothed solution IT'“*
is determined for the whole solution domain B through (6.39) at once which results in
the global system of equations (6.38). In turn, within the patch recovery (ZIENKIEWICZ
& ZHu [159], ZIENKIEWICZ & TAYLOR [160]) the projection of the integration point
solutions I'*" to the nodes is performed consecutively for each node on its own based on
the respective surrounding element patch B,. When all nodal projections T'“ have been
determined, the smoothed solution I'** for the whole solution domain B is again obtained
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by use of the finite element shape functions, i.e.
r*=nNr* (6.40)

The nodal projections I'“! for node I are determined as follows. First an interpolation
polynomial I'*! of order p is constructed within the domain BL of the element patch
comprised of all elements containing node I. For the 2-dimensional case it reads

r'(X)=pX)a*! v XeBL with p(X)=[1 XY .. X? YP] (6.41)

The coefficients a®! are determined by the following least square fit of the interpolation

7 to the computed integration point solutions ~;* within the element patch

(6.42)

1 nr .
LS gt o i

in correspondence with (6.39) where T'®" collectively represents all vi*. The necessary
condition for the solution of (6.42) then provides the basis for the determination of the
coefficients a®!

Al (a®7) nr . nr X
Jacl lel[p<Xl) ®p(Xi)la®” — lel[p(Xl)’n ]=0 (6.43)

Solving (6.43) for the unknown coefficients gives a,f‘l = [A")]71b*!. Now, with the known
coefficients a®?, the smoothed nodal projections I'*! for node I are finally obtained by
evaluation of (6.41) at X,

r“l =1(X;) = p(X;)-a®! (6.44)

As pointed out by (ZIENKIEWICZ & ZHU [159]) it is noteworthy that

(i) p and especially also A’ need to be evaluated only once for each element patch and
remain unchanged for the computation of the coefficients a®’! for each component
a according to (6.43)

(ii) it is important to avoid an ill-conditioning of the matrix A’ by using normalized
coordinates X, e.g. X, = X, — 1 1, X, and Y, =Y, — 1 "y

(iii) for an internal node in higher order elements it is eonvement to use the average
obtained from the recovery processes of all patches containing this node

(iv) if the polynomial is of the same order p as the shape functions of the finite element
interpolation, the ideal convergence properties at the sampling points also carry
over to the smoothed solution I'". Thus p should be picked in accordance with
order of the finite element approximation.
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7. Numerical Examples for Gradient Crystal Plasticity

In this chapter the modeling capabilities of the previously developed approach to gradient
crystal plasticity and the corresponding algorithmic formulations will be tested for several
example problems.

7.1. Numerical Example for Fully Rate Dependent Gradient Plasticity

As a first example the developments for the case of fully rate dependent crystal plasticity
will be tested for the model problem of constraint simple shear of an infinitely wide strip
under plane strain conditions.

7.1.1. Constrained Shear of a Strip in Double Slip. This model problem has
recently been considered by many authors. For example SHU ET AL. [136] employed this
example in order to compare the predictions of discrete dislocation simulations of VAN
DER GIESSEN & NEEDLEMAN [154] with the ones of the nonlocal plasticity theory by
FLECK & HUTCHINSON [40]. Furthermore, this model problem has been used to validate
phenomenological gradient crystal plasticity formulations in SVENDSEN & REESE [146]
and LIEBE [85] or dislocation density based gradient crystal plasticity models in EVERS
ET AL. [38] and ARSENLIS ET AL. [8].

ul(t) = Hft,UQ =7 =72 = 0

—_—
1T R
Lo A A
’71 ?72 R
T R L R L [
X2 o oy = 120° T = U
X1 :69 A\ R L R L
# Y=Y =3
a) Ul—'U,Q—’)/l—’)/Q—O b) C)

Figure 7.1: Simple shear of an infinitely wide strip. a) Geometry, boundary conditions and
slip system orientations, b) exemplary finite element discretization and periodic boundary
conditions, ¢) deformed configuration for H = 20um at I' = 3% (scaled by a factor 10).

The geometry of this boundary value problem is depicted in figure 7.1 a). Thereby an
infinitely wide strip (represented by periodic boundary conditions) of varying height H is
subjected to simple shear under plane strain conditions with a shear rate of I' = 0.006 s~
The plastic deformation, i.e. the plastic slips ['“, are constrained to zero along the hori-
zontal boundaries at the top and the bottom of the strip. Thus the boundary conditions
are specified as follows (with time t)

u; =0, up, =0, I'*=0 along X;=0, 71
u(t) = HT't, up =0, T®=0 along Xo=H (7.1)
The ,micro-clamped” boundary conditions for the plastic deformations invoke an inho-
mogeneous plastic deformation state with corresponding strain gradients, see figure 7.1
c¢). This model problem is believed to be representative of the conditions found at the
grain boundaries in polycrystals, the surface of a thin film or the interfaces in a com-
posite material. In accordance with the literature, the strip consists of a homogeneous
single crystalline material. Thereby the following investigations are restricted to Asaro’s
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Table 7.1: Material parameters of copper adopted in constrained shear test.

Bulk modulus K
Shear modulus 1
Burgers vector length b
Reference plastic strain rate Yo
Rate sensitivity exponent m
Strength parameter c
Initial SSD density pos
Saturated SSD density P
Saturation slip strain st

= 141176.0 MPa
= 54135.0 MPa
= 0.256 nm
= 0.001 st
= 0.12 -

= 0.3 -

= 5.0 x 10'? [m*Q]
= 1.0 x 101 m’Q]
= 1.0 -

planar double slip model (ASARO [9]) where two

in-plane slip systems with a relative

orientation of 60° are considered. The size-effects for this arrangement are much more
evident than for a single slip system which has as well been investigated in the present
context but is not reported on in the sequel. As visualized in figure 7.1 a) the two slip
systems are oriented initially at a; = 60° and as = 120°, respectively. Furthermore the
material is considered to be elastically isotropic with the material parameters specified in
table 7.1 and representative of single crystalline copper. Thereby, in accordance with the
literature, only self hardening is considered, i.e. G = §%%. The height H of the strip is
varied between 20pm and 1000um where the response for H = 1000um turns out to be
almost identical with the purely local one (i.e. no consideration of plastic slip gradients).
For each height of the strip H finite element discretizations of 1 x 20,1 x 50,1 x 80 and
1 x 100 4-noded quadratic elements are investigated (quadrilateral isoparametric elements
with bilinear shape functions for the displacements and the plastic slips and an enhanced
formulation for the displacement part, see section 6.1.4 and section D in the Appendix
for details). Unless stated otherwise the results presented in the following correspond to
the discretization with 1 x 50 elements. However, for the loading conditions, the mate-
rial parameters and the dicretizations investigated in the present context, no mesh size
dependence is observed, see also below.

To start the discussion of the results consider first the normalized shear profiles Fiy/ r

Constant shea;
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Figure 7.2: Boundary layer in constraint simple shear. a) Normalized shear profile for
various heights H at a constant shear of I' = 0.01, b) Evolution of the shear profile with
increasing shear deformation I' for a constant strip height of H = 25um.
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Constant shear T' = 0.01

80 F — —H =25pum
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Figure 7.3: Absolute boundary layer thickness ¢, at an applied shear of T' = 0.01.

along the relative strip height X,/H in figure 7.2. Clearly in the case of a homogeneous
deformation without any gradient influence the shear deformation gradient Fs is constant
and equivalent to the overall applied macroscopic shear I' throughout the strip height, i.e.
Fi5/T = 1.0, see figure 7.2 a). This is the case for a purely local theory or equivalently
a strip of infinite height, H — oo. Now, if strips of decreasing height H are considered
the deformation inhomogeneity increases due to the growing influence of the boundary
conditions for the plastic deformation at X = 0 and Xy = H. Consequently Fj, is a
function of X5 and pronounced boundary layers with reduced shear deformation develop.
This is visualized in figure 7.2 a) where the same normalized shear profile F5/T is plotted
for various heights H and an applied macroscopic shear of I' = 0.01. With decreasing
height the boundary layer develops over an increasing fraction of the strip height. Thereby
the absolute boundary layer thickness tz; is the same for all strip heights H and obtains
a value of approximately t,, ~ 10um at an overall deformation level of I' = 0.01. This is
obvious from the enlarged part of the diagram in figure 7.3 where the normalized shear
profile is plotted with respect to the absolute strip height H at an applied macroscopic
shear I = 0.01. Consequently, for a strip height below 20m the boundary layer extends
over the entire strip height.

Now if the deformation level is increased, the absolute boundary layer thickness increases
as well until it extends over the full (more precisely 1/2 the) strip height. This is visualized

SSD density at T' = 0.03

1.0 1.0 ey T T
| 0.8fF | osf i
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0.6 [ 0.6 - i
S 5 —-+= H =35 um
2 - ---H =50 um
0 0.4 R 04 i
a & -- H =90 um
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[<5) 0.2 =00 |
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Figure 7.4: Distribution of the SSD density pssp along the dimensionless strip height.
Thick lines indicate the density plg, on system 1 and thin lines the densit‘yipgSD on system
2, respectively. a) pgsp profile at a constant applied shear I' = 0.01 and b) T' = 0.03.
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GND density at T' = 0.03

rel. position 32[—]
rel. position 22 [—]

1.2

x1013 b) péND [#} x1013

Figure 7.5: Distribution of the GND density pyp of system 1 along the dimensionless
strip height. The GND density distribution of system 2 is essentially identical and thus not
visualized. a) p&yp profile at a constant applied shear of ' = 0.01 and b) at T' = 0.03.

in figure 7.2 b) for a constant strip height of H = 25um and an increase of the deformation
level up to I' = 0.03. A plot in analogy to figure 7.1 at the final deformation level of
[’ = 0.03 reveals an absolute boundary layer thickness of approximately ¢, = 14pm at this
deformation level. Such a thickening of the boundary layer with increasing deformation is
also consistent with the findings of SHU ET AL. [136], SVENDSEN & REESE [146] and
EVERS ET AL. [38] but is not observed in an analysis which employs the nonlocal strain

gradient crystal plasticity formulation of SHU & FLECK [135].

Turning next to the dislocation densities, consider first the distribution of the statistically
stored dislocation density pgsp along the dimensionless strip height X,/H in figure 7.4.
Clearly the SSD density in any material point is directly related to the shear deformation
in this point which is also revealed by comparing the pgs, profile in figure 7.4 a) with
the shear profile in figure 7.2 a). Since the plastic slip is constrained at the horizontal
boundaries at X5 = 0 and Xy, = H, the SSD density remains constant and equal to the
initial density p, = pes at these boundaries throughout the deformation process. With
increasing deformation the SSD density grows as well towards the middle of the strip (see
figure 7.4 b)) which results in work hardening in the overall stress response, see below.

SSD + GND density at T' = 0.01

P s B Lo
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0.8
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Figure 7.6: Combined SSD and GND density distributions. Thick lines indicate the density
distributions on system 1 and thin lines on system 2, respectively. a) pgsp + pGyp for an
applied macroscopic shear of I' = 0.01 and b) T' = 0.03.
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As explained in detail in the preceeding chapters deformation inhomogeneities, or equi-
valently the resulting slip gradients, induce the storage of geometrically necessary disloca-
tions. Thus according to the previous observations a significant storage of such dislocations
is to be expected in connection with the strongly inhomogeneous plastic deformations oc-
curring in the present model problem. The visualization of the GND density profiles in
figures 7.5 a) and b) reveals the storage of a significant GND density within the boun-
dary layers. Thereby the density increases with the slip gradients towards the horizontal
boundaries of the strip. This is in agreement with the findings of the discrete dislocation
simulations in SHU ET AL. [136]. For sufficiently small strip heights with strong defor-
mation inhomogeneities the maximum GND density exceeds the SSD density and thus
induces additional hardening. In contrast to the SSD density, the GND density concen-
trates near the horizontal boundaries at X5 = 0 and Xy = H and vanishes towards the
middle of the strip where the deformations are (almost) homogeneous.

The combined profiles of the SSD and GND densities are visualized in figures 7.6 a) and
b) again for the applied shear levels I' = 0.01 and I' = 0.03. Obviously the maximum
values of the GND densities significantly exceed the corresponding maxima of the SSD
densities and thus govern the shape of the combined SSD+GND density profiles. This is
in contrast to the results of EVERS ET AL. [38] where the SSD density exceeds the GND
density by one order of magnitude and thus the SSD density governs the overall dislocation
density profile. However, the results of the present analysis are for the respective strip sizes
qualitatively as well as quantitatively in good agreement with the theoretical observations
of AsHBY [12] and FLECK ET AL [42] documented in figure 5.3. The present relation
between the SSD densities and the GND densities clearly explains the size effect which is
observed in the overall stress response and is discussed below. The specimens of smaller
size induce stronger deformation inhomogeneities and thus higher GND densities which
result in increased hardening and thus a size effect.

Finally, the size dependence of the overall stress response will be discussed in detail. The
macroscopic shear stress 71 is plotted over the applied macroscopic shear I' in figure
7.7 a) for various strip heights H. Since the plastic slip remains zero throughout the
elastic range and no further gradient effects are included in the description of the elastic
material behavior, the response up to the initial yield point is identical for all strip heights
analyzed. With the onset of plastic deformation a significant size effect is observable
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Figure 7.7: Size dependence of the macroscopic stress response. a) Shear stress T3 vs.
applied shear I' for various heights . b) Flow (= shear) stress vs. Hall-Petch ratio \/1/H in
current simulation (dots) and extended Hall-Petch fit (solid lines) at I = 0.01 and I = 0.03.
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where the smaller strip heights exhibit a stiffer response. As discussed previously, this
size effect is due to the higher GND densities in the smaller specimens which display
stronger deformation inhomogeneities. Thereby the only length scale which enters the
present model besides the specimen dimensions (here the height H) is the Burgers vector
length b which in turn is a material parameter amenable through measurement within the
real material under consideration (e.g. from the literature for copper b = 0.256 nm). The
slightly nonlinear stress response is due to the chosen parameters for the SSD evolution.

As discussed in connection with relation (5.4) a size dependence of the yield strength
is generally described through the so-called Hall-Petch relation. Since the goal of this
work is to describe size effects due to developing plastic deformation inhomogeneities, the
initial yield strength remains unaffected by the present formulation. Consequently the
size effects observed in figure 7.7 a) will now be analyzed in the context of an extended
Hall-Petch relation according to equation (5.5). To this end the 715 components of the
macroscopic stress responses are interpreted as macroscopic deformation dependent flow
stresses. These flow stresses are plotted for each strip height over the corresponding Hall-
Petch ratios 1/+/H as points in figure 7.7 b) for the macroscopic shear levels I' = 0.01 and

I' = 0.03. Recalling the extended Hall-Petch relation (5.5), it reads in the present context

T2 = T120(T) + E(T)H ™" (7.2)

where T120(I") is the macroscopic flow stress of a homogeneously deforming single crystal,
i.e. a strip of infinite height H, at the macroscopic shear level I'. A fit of the extended
Hall-Petch relation (7.2) to the numerically obtained values of the present example is
presented in figure 7.7 b) and gives at the respective shear levels the following relations

[ =0.01: 75 =23889+ S80H 10 [MPd

[ =0.03: 7o =59.40 + 175H"10 [MPq] (7.3)

where H has to be specified in gm. Thus the corresponding Hall-Petch exponentisn = 1.0
and the Hall-Petch slope increases from k(I' = 0.01) = 80 to k(I' = 0.03) = 175 in the
present analysis. Qualitatively similar, slightly nonlinear, Hall-Petch relations have also
been observed for the predictions obtained through the nonlocal theory of SHU & FLECK
[135] in SHU ET AL. [136] and through the dislocation density based gradient plasticity
theory of EVERS ET AL. [38].
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Figure 7.8: Mesh independence of the results for H = 25um. a) Objectivity with respect
to the discretization for combined SSD+GND density evolution of slip system 1, b) mesh
independence of shear stress versus applied shear response.
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Finally the mesh size dependence will be analyzed. In this respect the results for the
combined ply, + payp evolution of slip system 1 obtained for a discretization with 1 x
20,1 x 50,1 x 80 and with 1 x 100 elements are first compared in figure 7.8 a). Obviously
the results obtained for all discretizations are almost identical for all analyzed deformation
levels T'. The same observation is made for the macroscopic stress response in figure 7.8
b). Therein the results for the macroscopic shear stress response 7y5 of a strip of height
H = 25pm are compared again for discretizations with 1 x 20,1 x 50,1 x 80 and 1 x 100
elements. The resulting shear stress versus applied shear curves are identical. This holds
also for the other heights H analyzed in this example. Thus it can be concluded that the
results presented previously are independent of the chosen discretization.

7.2. Numerical Examples for Gradient Crystal Viscoplasticity

After demonstrating the performance of the algorithmic developments for the fully rate
dependent setting in the previous section, the corresponding formulations for the case
of gradient crystal (visco-)plasticity will be tested next. This includes also the fully rate
independent setting.

7.2.1. Comparison of Global and Standard Local Plasticity Formulation. In
order to validate the global formulation of crystal (visco-)plasticity as outlined in section
6.2 and its numerical implementation, a comparison with results obtained by the standard
local formulation will be presented for two tests in the following. Thereby the consider-
ations are first restricted to the purely local setting, i.e. no slip gradients are taken into
account, and to the fully rate independent case. On the theoretical side a comparison
between the global and the standard local crystal plasticity formulations has been given
in section 6.2.6.

7.2.1.1. Comparison for a Homogeneous Simple Shear Test. First both formula-
tions are tested for a homogeneous model problem. Therefore a homogeneous simple shear
test under plane strain conditions is performed for both the global as well as the standard
local formulation. The general setup of this simple problem is visualized in figure 7.9 a).
Thereby considerations in this and the following example are restricted to single slip with
an initial slip system orientation o. Combinations of two or more slip systems will be con-
sidered in the subsequent examples. The material parameters are again chosen according
to table 7.1. However, since no rate dependence is included in the present analysis, the
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Figure 7.9: Homogeneous simple shear. a) test setup, b) evolution of Kirchhoff stress 71s.
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Figure 7.10: Tension test. a) test setup, b) Load displacement curves.

corresponding rate sensitivity parameters 4y and m are not used in the present context.
Within the numerical treatment a discretization of 5 x 5 four-noded elements has been
chosen where again an enhanced formulation for the displacements has been employed
in both the global as well as the standard local formulation. The simple shear test is
performed for varying slip system angles of a = 5°,15°,30° and a = 45° and up to a total
shear deformation of ' = 5[], i.e. u; = 5 H. The resulting macroscopic shear stress 75
versus macroscopic shear I' responses are depicted in figure 7.9 b) for all investigated an-
gles a and both the global as well as the standard local formulation. Obviously the results
for both formulations coincide. As to be expected, the stress as well as the plastic slip

distributions are in both cases absolutely homogeneous throughout the solution domain.

7.2.1.2. Comparison for an Inhomogeneous Tension Test. As a second example,
the results of both formulations are now compared for an inhomogeneous tension test.
The basic test setup is visualized in figure 7.10 a). Again a single slip system with an
initial orientation of v = 45° is considered under plane strain conditions. The specimen
dimensions are chosen to be 16 [mm] x 32 [mm] but are of no further interest since only
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Figure 7.11: Tension test. a) discretization with 30 x 60 elements, b) deformed mesh for
ug = 30 mm. 1o distributions for us = 30 mm, c¢) global and d) standard local formulation.
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a purely local description without any gradient influence is chosen for now. Furthermore
in the present analysis a simple linear hardening response is assumed with a hardening
modulus of A = 1000 [MPa] and an initial slip resistance 7, = 10 [MPal. Bulk and shear
modulus are again given by k = 141176.0 [MPa] and 54135.0 [MPa|. The specimen is
elongated by 30[mm]| in X, direction which results in the load displacement relations
shown in figure 7.10 b). Thereby two discretizations have been investigated. A rather
coarse discretization with 6 x 12 four-noded elements and a finer discretization with 30 x 60
elements as visualized in figure 7.11 a). Again an enhanced strain formulation is employed
in both the global as well as the standard local formulation. As can be seen in figure 7.10
b) the description with both approaches results again in the same macroscopic response
for each chosen discretization. Both formulations display a negligible mesh dependence
where the coarser discretizations result in a slightly stiffer response. Also, the plastic slip
and stress distributions obtained through either formulation are almost identical which is
visualized exemplary for the 7oy stress component in figures 7.11 ¢) and d).

7.2.2. Shear Test for a Composite Material. In the previous two examples the global
formulation of crystal (visco-)plasticity was validated within a purely local context. The
goal in the following examples is to employ this approach in the context of the gradient
crystal (visco-)plasticity formulation developed in section 6.2 in order to describe gradient
or size effectsin plastically inhomogeneously deforming crystals. Thereby the extended local
formulations developed in section 6.3 will also be used in view of an efficient inclusion of
these effects. The extended local approaches are validated by comparison with the global
formulation of gradient crystal (visco-)plasticity.

As a first example, macroscopic shearing of a composite material will be analyzed. This
model problem was introduced in the context of discrete dislocation simulations by CLEV-
ERINGA ET AL. [27]. Thereby a two-dimensional model composite with stiff elastic inclu-
sions in a single crystalline matrix is subjected to macroscopic simple shear under plain
strain conditions. The crystalline material is characterized by a single slip system which
is horizontally aligned and parallel to the overall shear direction, see figure 7.12 for a
visualization. The periodic composite material is modeled by one unit cell of height H
and width W = /3 H which contains in total two particles of size 0.3H x 0.6H, one
particle being located in the center of the cell. According to CLEVERINGA ET AL. [27]
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Figure 7.12: Unit cell of a model composite material investigated with current gradient
plasticity model and by CLEVERINGA ET AL. [27]. Slip direction S, slip plane normal M.
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the vertical displacements are constrained along the horizontal boundaries of the unit cell
which results in the following prescribed boundary conditions

uy(t) = HTt, us(t) =0, along Xo=0and Xo=H (7.4)

where T is the applied macroscopic shear rate. Periodic displacement boundary conditions
are imposed along the vertical boundaries at X; = 0 and X; = v/3H. The geometry and
the boundary conditions represent the ones specified by CLEVERINGA ET AL. [27] for the
so-called morphology (iii) (except that their particle height is 0.588H instead of 0.6H)
which allows for a comparison with their results. Thus a more reasonable implementation
of periodic boundary conditions (instead of uy(¢) = 0) also along the horizontal boundaries
at Xo = 0 and Xy, = H is not adopted here since this induces a significantly softer overall
response. The overall stress strain response is described in terms of the average shear
stress a1o required to sustain the deformation. This stress is computed for example along
the horizontal boundary at X, = H through the discrete analogon to

1 w
Tio = W/ T12( X1, Xo = H) d X, (7.5)
0

evaluated in terms of the nodal reactions. Unless stated otherwise, a finite element dis-
cretization of 102 x 60 quadrilaterals is used where again an enhanced strain formulation is
employed in both the global and the extended local formulations. The unit cell is deformed
up to a maximal shear deformation of I' = 0.01, see figure 7.13 for a visualization. Therein
the displacements are magnified by a factor 10 and additionally the periodic boundary
conditions for the plastic slips are visualized for the global formulation. Note that for a
convenient implementation within the global formulation, two slip parameters v, and ~_
are introduced at each node, one for the positive (+S) and one for the negative (—S) slip
direction.
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Figure 7.13: Finite element discretization of the unit cell using 102 x 60 quadrilaterals,
deformed configuration and periodic BCs (the displacements are magnified by a factor 10).

7.2.2.1. Comparison of Global and Extended Local Formulations. To start, the
results obtained through a simulation employing the global formulation of gradient crystal
plasticity are compared with the ones obtained through the extended local formulations
of gradient crystal plasticity. Thereby the results obtained through the extended local
formulations are almost identical whether the smoothing algorithm is based on a Lo-
projection (see section 6.3.1) or a patch recovery (see section 6.3.2). Consequently, the
following only reports on the results obtained through the global formulation and through
the extended local formulation combined with a patch recovery (denoted as Local+PR in
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Table 7.2: Material parameters for aluminum matrix with elastic inclusions.

Matrix
Bulk modulus ky = 68600.0 MPa
Shear modulus pay = 26300.0 MPa
Burgers vector length b = 0.286 nm
Strength parameter c = 0.3 -
Initial SSD density Py = 5.0x 10" [m™2]
Saturated SSD density p = 1.0 x 10" [m ™2
Saturation slip strain vt = 1.0 -
Inclusions
Bulk modulus K1 = 227300.0 MPa
Shear modulus wr = 192300.0 MPa

the sequel). Besides the periodic boundary conditions visualized in figure 7.13, the plastic
slips are constrained to zero along the particle-matrix interfaces within the global solution
procedure. This is accounted for within the smoothing algorithm of the extended local
formulation as well. Thereby the interpolated slip variables are also enforced to vanish
along these interfaces.

The bulk and shear moduli are adopted from CLEVERINGA ET AL.[27] and BITTEN-
COURT ET AL.[21] and are representative of an aluminum matrix with silicon-carbide
particles. The corresponding Burgers vector for aluminum is b = 0.286 [nm]. Thus the
only parameters which remain to be chosen are the saturation slip strain +*** and the
initial and the saturation SSD densities pl, and pix,. The material parameters adopted
in this preliminary comparative analysis are summarized in table 7.2.

Considering first a unit cell of infinite height H, the comparison of the slip contours
in figure 7.14 shows a reasonable agreement. In both cases the plastic slip concentrates
in bands near the particle-matrix interfaces. However, the plastic slip localizes in sharper
bands within the local formulation especially in the horizontal bands between the particles
(Note that for H — oo slip gradients do not play any role).

0.0  ~ -] 0015

Figure 7.14: Contours of plastic slip v, at macroscopic shear level T' = 0.01 and for H — oo.
Slip contour obtained through a) global formulation and b) extended local formulation.

Turning next to the GND density contours for H = 8um in figure 7.15 shows a good qual-
itative and quantitative agreement. According to the theoretical developments in chapter
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Figure 7.15: Contours of GND density ponp at T = 0.01 and for H = 8um. Contour
obtained through a) global and b) extended local formulation of gradient crystal plasticity.

5, slip gradients perpendicular to the slip plane do not induce a storage of geometrically
necessary dislocations which is also obvious from figure 7.15. Comparing the results of
figure 7.15 with the microstress distributions in BITTENCOURT ET AL.[21] also shows a
good qualitative agreement.

In view of a more precise comparison of the results for the slip and GND density distri-
butions, a horizontal cut at X, = H/2 through the respective contours at a macroscopic
shear level of I' = 0.004 is visualized in figure 7.16. The overall agreement of the results of
both formulations is rather good, especially in regions of smooth gradient distributions.
The localization of the plastic slip is however slightly more pronounced in the extended
local formulation, see figure 7.16 a). This in turn results in higher slip gradients and thus
increased peak values of the GND density, see figure 7.16 b).
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Figure 7.16: Cross sections through the slip and GND density contours at Xo = H /2 and
I' = 0.004 for H = 8um. Comparison of a) slip profiles 74 and b) pgnp profiles obtained
through global and extended local (Local+PR) formulation of gradient crystal plasticity.

The overall response of the composite material in terms of macroscopic shear stress 7o
versus macroscopic shear I' is given in figure 7.17 a). Obviously the responses obtained
through both formulations are in quite good agreement for the local setup, i.e. H — oo,
where the slip gradients are of no influence. As expected, the material response displays
in both cases a significant size effect for decreasing heights H due to the plastically
inhomogeneous deformations and the corresponding storage of geometrically necessary
dislocations. However the size effect is more pronounced in the global formulation which
shows a stiffer response as presented in figure 7.17 for a height of H = 8um. This is due to
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Figure 7.17: Overall shear stress T2 versus shear strain T response for the composite
material. a) Size effect and comparison for the global and the extended local (Local+PR)
formulation, b) mesh sensitivity for discretizations with 68 x 40 and 102 x 60 elements.

the sharper localization in the vicinity of the particles in the extended local formulation
which reduces the overall influence of the incompatibilities. Finally, the mesh sensitivity is
analyzed for both formulations in figure 7.17 b). Obviously for the chosen discretizations
the mesh density has only a minor influence on the overall result.

7.2.2.2. Comparison with Discrete Dislocation Plasticity Predictions. In the fol-
lowing the extended local formulation will be employed in order to prove that the present
formulations are capable of recovering the discrete dislocation plasticity predictions of
CLEVERINGA ET AL.[27] and CLEVERINGA ET AL.[29]. According to the previous inves-
tigations, it is clear that these predictions can then similarly be recovered by the global
formulation as well. Since the hardening relations in the present model are restricted to
isotropic contributions, only monotonic loading processes are considered within this anal-
ysis. However, upon unloading kinematic effects and residual stresses are also present in
the actual treatment due to the structural heterogeneities.

The bulk and shear moduli as well as the Burgers vector remain unchanged, see table
7.2, and are adopted according to the specifications in CLEVERINGA ET AL.[27]| and
BITTENCOURT ET AL.[21]. The only parameters to be fitted to the results of the discrete
dislocation plasticity predictions are the saturation slip strain %', the initial and the
saturation SSD densities pY, and p=x, and the unit cell height H. Thereby the first three
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Figure 7.18: Comparison between discrete dislocation plasticity predictions of CLEV-
ERINGA ET AL.[29] (where the material length L is chosen as L = 1um) and simulation
results obtained with the extended local formulation of gradient crystal plasticity.
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parameters govern the underlying SSD density evolution and thus the local response with
H — oo. A reasonable fit to the discrete dislocation plasticity predictions is found for
vt =5[], pdyp = 4.8 x 10 m~2 and p2,) = 1.0 x 10" m~2. The size effect predicted
by the discrete dislocation plasticity simulations is recovered in the present analysis by
specifying the unit cell height H accordingly. Note that besides the Burgers vector length
b, which is a material constant given by b = 0.286nm for aluminum, no further internal
length scale is included in the present model. According to the representation in figure
7.18, the discrete dislocation plasticity predictions can be recovered by the cell sizes H =
120pm, which is equivalent to the solution for H — oo and thus corresponds to the local

solution, H = 4.8um and H = 1.2um.

The identification obtained in figure 7.18 proves the modeling capabilities of the present
formulation. However, the specific size effect predicted by the present approach differs
from the one obtained through the discrete dislocation plasticity simulations. The size
effect predicted by the latter formulation correlates to the cell sizes H = 4um, H = 2um
and H = 1um which implies the relation 4 : 2 : 1 for the cell heights. In turn, the results of
the present approach induce the relation 100 : 4 : 1 which induces an extended Hall-Petch
relation different from the one predicted by the discrete dislocation plasticity simulations.
In order to pick up the relation predicted by the reference solution, the present model
might be extended by an additional ¢sotropic hardening contribution which induces the
following extension for the slip resistance

= C'“b\/zﬁ G (s + Poro) + PV G - G* (7.6)

in terms of the incompatibility measure G* = FP®.G*- FPT® and an additional internal
length scalel. The length scale is introduced for dimensional reasons and the incompatibil-
ity measure G*M" is obtained through a push forward of the symmetric incompatibility
tensor G*MN = G~ (MN) to the intermediate configuration B. Thereby G*™~ and thus
G*MN s associated with residual stresses related to the incompatibility induced disloca-
tion storage through the Lagrangian analogon to (5.136). Here it is convenient to employ
a definition of the Cartan geometry over the Lagrangian configuration since in this case
the computation of GM¥ bases directly on gradients of F”® and thus the slip gradients in
analogy to the previous considerations. Furthermore, within this preliminary approach,
separate single slip is assumed such that an incompatibility measure G*M¥ is computed
separately for each slip system (in the present context only single slip is considered any-
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Figure 7.19: Comparison of the size effect predicted on basis of the extended hardening
relation (7.6) with the discrete dislocation plasticity predictions of CLEVERINGA ET AL.[29].
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way). As explained in detail for a definition of the Cartan geometry over the Eulerian
configuration in section 5.5.4, equations (5.131)-(5.133), G*M¥ is the second order con-
travariant curvature contribution related to the Riemannian part ggc of the connection
4, = FP=14,FP4. 5. Consequently the extended hardening relation (7.6) bases on
second order gradients of F?“ and thus second order slip gradients Vxx7“. Therefore
quadratic triangles are employed within the numerical implementation. The simulations
are then performed in complete analogy to the previous considerations for a discretiza-
tion with 1492 quadratic triangular elements. A reasonable agreement with the discrete
dislocation plasticity predictions is found for a length scale I = 0.8um, see figure 7.19
for a visualization. Finally, through this extension the relation 4 : 2 : 1 predicted by the
discrete dislocation simulations for the corresponding cell heights is also picked up by the
present formulation. However, the specific form of the proposed extension (7.6) has only a
preliminary character and raises many open questions, such as the physical interpretation
of the additional length scale [ or the inclusion of the incompatibility measure G™¥ in
an isotropic manner or rather as a backstress contribution. Nevertheless, these questions
will not be further investigated in this work.

7.2.3. Bending Test for a Single Crystal. As a second example in the context
of gradient crystal (visco-)plasticity, pure bending of a single crystal under plane strain
conditions will be considered. Thereby a comparison of the simulation results for the global
and the extended local formulations of gradient crystal plasticity will also be given. In view
of a convenient prescription of the bending mode and in order to reduce spurious influences
of the boundary conditions, the bending test is implemented within an inhomogeneous
driver setup.

7.2.3.1. Inhomogeneous Deformation Driver. The following inhomogeneous defor-
mation driveris developed in view of an unified testing method for higher order material
models subjected to inhomogeneous deformation modes. Thereby a deformation mode
is prescribed macroscopically, i.e. uniformly for the entire solution domain. The overall
response of the specimen to this prescribed deformation mode is then obtained by super-

prescr. shear mode FE-solution total deformation
[
+ () =
u u
a) F = const. F F
prescr. bending mode FE-solution total deformation
+ =
U U
F F

b)

Figure 7.20: Inhomogeneous deformation driver. Superposition of prescribed displacements
@ with fluctuations & computed for @ gives total displacements u. Prescribed a) homogeneous
mode for inhomogeneous material, b) inhomogenous mode for homogeneous material.
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position of the prescribed displacement field w and the fluctuation field w which develops
throughout the solution domain as a response to the local stress fields, see figure 7.20 for a
visualization. Thereby various boundary conditions might be specified for the fluctuation
field w depending on the desired overall deformation mode.

Regarding the numerical implementation of such driver tests, the deformation gradient
F is prescribed directly on the element level and remains constant throughout the global
iteration for the actual loading step. Hence, the discrete elementwise deformation gradient
F" is extended as follows

F' = F(X" + Y d @ VxN' (7.7)

I=1

in terms of the nodal values of the fluctuation field d! and the material gradients Vx N’
of the finite element shape functions. Otherwise the standard finite element structure
is completely retained. Thus, throughout the standard global iteration procedure the
fluctuation field @ and thus the corresponding gradient F' is determined for a prescribed
F. Upon global convergence the total displacement field is obtained by superposition, i.e.
u = u + u. Thereafter, the next loading step is simply launched by imposing an advanced
prescribed deformation gradient F' on the element level. The implementation of this driver
is thus very simple since the modifications of the standard structures are restricted to the
prescription of F' and the superposition of the (fluctuation) solution with @. Thereby it
is also possible to prescribe very complex inhomogeneous deformation modes in a unified
and very convenient manner.

7.2.3.2. Bending Test for a Single Crystal in Double Slip. The inhomogeneous
deformation driver will now be employed within a pure bending test of a homogeneous
single crystal in double slip. The basic test setup is visualized in figure 7.21. Thereby a
compatible bending mode (SOKOLNIKOFF [139]) is prescribed as follows

_X1X2 - —XQ —X1 0
w(X)=c/H- | YX?+vX2) |, F(X)=1+c¢/H-| X; vXy 0| (78)
0 0 0 O

in terms of the dimensionless loading parameter c, the specimen height H and Poisson’s
ratio v. This bending mode represents an inhomogeneous compatible (Curl F' = 0) de-
formation mode. In order to obtain pure bending with no resulting normal forces and
to prevent rigid body motions, the following boundary conditions are prescribed for the

H/2 g xerf s
2 —_—
e el
H/2
M, 0 X M, 0
AN\N\\N
L
1

2

L L
! 5/3H ! 5/3H

Figure 7.21: Pure bending of a single crystal. Setup for double slip with boundary condi-
tions for the determination of the fluctuation field within the inhomogeneous driver test.
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Table 7.3: Parameters used in pure bending test of a single crystal.

Bulk modulus K = 68600.0 MPa
Shear modulus I = 26300.0 MPa
Poisson’s ratio v = 0.33 -

Burgers vector length b = 0.286 nm

Strength parameter c = 0.3 -

Initial SSD density Pl = 6.0x108 [m ™2
Saturated SSD density pe = 1.0 x 10" [m ™2
Saturation slip strain st = 0.5 —

fluctuation field u
i (Xy = —=5/3H, X;) = O (X = 5/3H, Xy) = const. (7.9)

Gy(X; = —5/3H, X, =0) = 0,

These boundary conditions are also visualized in figure 7.21. (Explanatory note: through
the prescription of the bending mode (7.8) in combination with the boundary conditions
for the fluctuations (7.9), in total only the end rotations 6 at X; = +5/3h are prescribed.)
Furthermore, note that within the global formulation no boundary conditions are imposed
for the plastic slips in the present example.

The specimen of the dimensions 10/3H x H is characterized by two slip systems with a
relative orientation of 60° representative of Asaro’s planar double slip model (ASARO [9]).
Thereby slip system 1 is oriented at 75° with respect to the X;-axis. The overall response
of the homogeneous single crystal to the prescribed bending mode is described in terms
of the applied rotation angle 6 and the work-conjugate bending moment M. For the given
specimen dimensions the rotation angle follows at a given load level ¢ from (7.8); as

(7.10)

0 = 0(c) = arctan [ 00 ]

36 — 100¢c — 9vc

The bending moment is computed e.g. along the vertical boundary at X; = 5/3H through
the discrete form corresponding to

H/2
M = X2 0'11<X1 = 5/3H, XQ) dX2 (711)

—H/2

Unless stated otherwise, the specimen is discretized by 100 x 30 quadrilaterals and de-
formed in the context of the inhomogeneous driver up to a maximal rotation angle of

Figure 7.22: Finite element discretization of the homogeneous single crystal using 100 x 30
quadrilaterals, deformed configuration at an imposed rotation of § = 6°.
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0 = 6°, see figure 7.22 for a visualization. The material parameters used in the present
analysis are representative of aluminum and are summarized in table 7.3. In the follow-
ing the capabilities of the present approach to predict size effects and the storage of
GNDs under inhomogeneous deformations are again investigated. Therefore the specimen
dimensions are varied between H — oo and H = 6um.

To start, the 017 contour obtained for a chosen specimen height of H = 6um through
the global formulation of gradient crystal plasticity is compared with the corresponding
contour obtained through the extended local formulation of gradient crystal plasticity
in figure 7.23. Thereby an Ly-projection has been employed in the smoothing algorithm
for the determination of the projected nodal slips within the extended local formulation.
This is indicated by the notation Local+Ly in the following. As discussed also in more
detail in the next subsection, the results obtained through the Local+Ly formulation are
almost identical to the ones obtained through an extended local formulation combined
with a patch recovery. Regarding the stress distributions shown in figure 7.23, the results
obtained through the extended local formulation are in a good qualitative as well as
quantitative agreement with the results of the global formulation. A very slight influence
of the boundary conditions is only visible within the results of the global formulation in
figure 7.23 a). Otherwise the stress profiles fully recover a pure bending mode.

—68 Ull[MPa] 68

Figure 7.23: Stress contours at an imposed rotation of § = 4° for H = 6um. 011 profile
obtained through a) global and b) extended local formulation of gradient crystal plasticity.

Turning next to the GND density distributions, the comparison in figure 7.24 also reveals
a good qualitative as well as quantitative agreement of the results of both formulations.
Thereby the effective GND density panp is visualized in figures 7.24 a) and b) where

Panp = Za[PgND]Q (7.12)

with @ = 1,2 for the present double slip case. Note that in the present formulation
the GND densities do not possess any polarity. Obviously a non-vanishing GND density

. N
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Figure 7.24: pgnyp contours at an imposed rotation of 8 = 4° for H = 6um. pgnp profile
obtained through a) global and b) extended local formulation for double slip.
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develops over the full specimen height, specifically also on the neutral axis. In contrast to
the composite material of the preceeding example, the specimen in the present analysis is
absolutely homogeneous. Here the incompatibilities and the corresponding GND storage
are induced directly by the a priori inhomogeneous (but compatible) total deformation
state. For comparison: following NYE [119], see also equation (5.1), the GND density
stored in connection with a corresponding stress free lattice curvature « is given by poxp =
k/b. For an imposed end rotation of § = 4° and the actual parameters H = 6um and
b = 0.286 nm, the resulting GND density is obtained as ponp(0 = 4°, H = 6um) =
47 /(300Hb) = 2.4410F + 13 -%;. This is well within the range specified in figure 7.24 and
thus very close to the average effective GND density for the specimen as a whole obtained
through the present analysis.

Next, the capability of the present model to predict size effects shall be investigated.
Clearly such size effects are expected since the incompatibility induced GND storage in-
duces additional hardening as discussed in detail in chapter 5. In this respect, various
specimen dimensions are again investigated while all remaining parameters are kept con-
stant. The overall response of the specimen to the prescribed bending mode is plotted in
figure 7.25 in terms of the resulting bending moment against the imposed end rotation
0 for the heights H — oo, H = 12um and H = 6um. Obviously a significant size effect
is again captured by the present approach. Thereby the reference moment M, in figure
7.25 corresponds the resulting moment at the onset of plastic slip in the purely local de-
scription, i.e. for H — oo. Furthermore, the comparison of the overall response obtained
through the global formulation with the corresponding results of the extended local for-
mulation reveals a very good agreement, see figure 7.25 for a visualization. Therein both
formulations predict for each height (H — oo, H = 12um and H = 6um) an almost
identical response. Thus it is highly favourable to employ the extended local formulation
within the numerical treatment of gradient crystal plasticity due to its superior efficiency.

0.5 Global ---

Local+Ly ——

0.0 I I I I I
0 1 2 3 4 5 6

end rotation 6 [°)

Figure 7.25: Overall response of the double slip single crystal to bending in terms of the
resulting bending moment M versus the imposed end rotation 6. Size effect and comparison
of the results for the global and the extended local (Local+Ls) formulation

7.2.3.3. Bending Test for a FCC Single Crystal. Finally the same analysis will be
carried out for a full multislip fec single crystal. Thus in the following the same bending
mode and boundary conditions as in the setup for the double slip case will be imposed on
a fcc single crystal. Thereby the parameters of table 7.3 are also adopted in the following.
However, for the multislip case now the full slip system interaction according to section 3.9
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b) e — c)

T [ 11 1]
LOE+13  pewpl-z] 2:9E+13

Figure 7.26: pgnp contours at an imposed rotation of § = 6° for H = 12um. pgxp profile
obtained through a) global, b) Local+Lsy and ¢) Local+PR formulation for a full fcc crystal.

will be considered within the hardening relations. Therefore the full strength interaction
matriz G specified in figure 3.20 b) is employed in the hardening relations. For the
present case of an aluminum single crystal, the strength interaction coefficients are adopted
from ARSENLIS & PARKS [7]. Thus the coefficients characteristic of the interactions
specified in table 3.3 are specified through G; = 0.3, G5 = 0.16, G5 = 0.22, G4 = 0.38 and
G5 = 0.45. Furthermore the initial orientation of the single crystal is specified through
the following Euler angles (0°/0°/0°). In view of an analysis of the predicted size effects,
the specimen height is again varied between H — oo and H = 6um.

As a first result, the effective GND density contours are considered in figure 7.26 for an
imposed end rotation of § = 6° and a specimen height of H = 12um. Therein the results
obtained through all three developed formulations of gradient crystal (visco-)plasticity
are visualized. Comparing the results obtained by the extended local formulations either
based on a Lg-projection (figure 7.26 b)) or a patch recovery (figure 7.26 c¢)) reveals
a good agreement. The global formulation (figure 7.26 a)) also gives qualitatively as
well as quantitatively similar results. Following Nye’s considerations, the resulting GND
density for an imposed end rotation of § = 6° and the actual parameters H = 12um and
b = 0.286 nm is obtained as pewn (0 = 6°, H = 12um) = 7/(50Hb) = 1.8308£+13 ;. This
is again well within the range specified in figure 7.26 and thus very close to the average
effective GND density for the specimen as a whole predicted by the present analysis.

Turning to the overall response in terms of the resulting bending moment plotted against
the imposed end rotation in figure 7.27 a) reveals again a significant size effect. As ex-
pected, the smallest specimen of dimensions 20 X 6 um x pm gives the stiffest response
due to the highest stored GND density. Comparing the responses predicted by the global
formulation with the ones predicted by the extended local formulations in figure 7.27 a)
shows that all three approaches give almost identical results for all investigated specimen
heights H. However, the extended local formulations are of superior efficiency since they
require no additional nodal degrees of freedom and thus greatly reduce the numerical
costs in comparison to the global formulation. Within the latter formulation up to 24
additional nodal degrees of freedom are introduced for a full fcc crystal. In the present
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example this results in a total of 81406 nodal degrees of freedom for the chosen discretiza-
tion with 100 x 30 elements. In turn the extended local formulations require only 6262
nodal degrees of freedom at the additional costs of the smoothing procedure. Thus the
extended local formulations significantly reduce the numerical costs while they are of
sufficient accuracy.

2.0 T T 2.0 T T
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- -
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2 05 Global - E

' Local+PR e Local4Lgy 30 x 100 elem. - - -

Local4+Ly —— Local+Ly 60 x 200 elem. —

0.0 | | | | | 0.0 | | | | |
0 1 2 3 4 5 6 0 1 2 3 4 5 6
end rotation 6 [°] end rotation 6 [°)
a) b)

Figure 7.27: Overall response of the full fcc single crystal to the prescribed bending mode.
a) Size effect and comparison of the global and the extended local (Local+Ljy and Local+PR)
formulations, b) mesh sensitivity for discretizations with 30 x 100 and 60 x 200 elements.

Finally the mesh sensitivity is analyzed in figure 7.27 b). Thereby besides the discretization
with 3000 elements a discretization with 12000 elements is investigated and the consid-
erations are restricted to the extended local formulation combined with a Ls-projection.
Obviously for both heights considered (H — oo and H = 6um) the chosen discretization
is only of minor influence.

7.2.4. Tension Test for an FCC Polycrystal. As a last example the developed for-
mulation of finite strain gradient crystal (visco-)plasticity will be tested for an aluminum
polycrystal subjected to uniaxial tension under plane strain conditions. Here the capabil-
ity of the present approach to predict size effects shall again be investigated. This includes
also a comparison with experimental data taken from HONEYCOMBE [63]. The same test
data has also been used by DAI & PARKS [35] to validate the predictions of their scale
dependent constitutive model for planar double slip. Furthermore EVERS ET AL. [39] also
investigated a polycrystal in tension under plane stress conditions in order to simulate
size dependent material behavior.

Figure 7.28: Tension test of an aluminum polycrystal with 12 arbitrary oriented grains,
boundary conditions and discretization with 472 quadratic triangles.



136 7 Numerical Examples for Gradient Crystal Plasticity

Table 7.4: Initial lattice orientations of the fcc crystal grains.

Grain # Euler angles Grain # Euler angles

1 ( 99.47°/359.85°/ 1.23°) 7  (189.75°/ 0.15°/129.78°
( 0.13°/269.01°/ 90.16°) 8  (209.85°/179.81°/ 91.14°
(179.82°/329.71°/ 1.43°) 9  (279.96°/339.98°/ 79.86°
(224.75°/ 89.34°/ 9.87°) 10  ( 39.97°/ 1.01°/ 9.78°
( 0.21°/209.78°/ 89.21°) 11  (109.82°/ 92.32°/ 9.43°
( 1.86°/ 88.12°/178.65°) 12  ( 2.04°/271.10°/ 10.53°

S O W N
— — N

The test setup for the present analysis is visualized in figure 7.28. The fcc polycrystal of
dimensions W x H, with W = 41/21H, is subjected to uniaxial tension with a prescribed
displacement @ at the right boundary, thus the boundary conditions read

Ul(t,Xl :O,X2> = O, Ug(t,Xl :O,X2 IH) = O, (7 13)
Ul(t,Xlzw,XQ) = ﬂ(t), u2(t,X1:W,X2:H) =0 ’

In view of a description of the overall response of the specimen to the imposed tensile

straining, the resulting nominal stress P;; is computed through the discrete form of

_ 1 H
Py = ﬁ/ P (X1 =W, X,)dX, (7.14)
0

evaluated in terms of the nodal reactions.

The polycrystalline aluminum specimen consists of 12 single crystal grains. The initial
crystallographic orientations of the grains are chosen arbitrarily and are reported upon in
table 7.5. Except for the crystallographic orientations, the remaining material parameters
are chosen to be identical for all 12 grains. In view of a comparison of the results obtained
through the present analysis with the experimental data of HONEYCOMBE [63], the bulk
and shear moduli as well as the Burgers vector are chosen to be representative of alu-
minum. The initial and saturated SSD density and the saturation slip strain specified in

Table 7.5: Parameters used in tension test of an aluminum polycrystal.

Bulk modulus K = 75500.0 MPa
Shear modulus 1 = 25500.0 MPa
Burgers vector length b = 0.286 nm
Strength parameter c = 0.3 -
Initial SSD density pus = 1.0 x 10" [m™2]
Saturated SSD density p = 6.0x 101 [m ™2
Saturation slip strain it = 0.1 -
Interaction coefficient Gy = 0.30 -

-»= Gy = 0.16 —

- Gs = 0.22 -

e Gy, = 038 -

—99 = G5 — 045 -
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Figure 7.29: Stress state in the fcc polycrystal at a total deformation of € = 8%. 011 stress
contours for a) H = 1240 ym and b) H = 84 um.

table 7.5 are obtained through fitting the simulation data to the test data for an average
grain size of d = 500m, see below. The slip system interaction strength is governed by
the strength interaction coefficients GG; which are again adopted from ARSENLIS & PARKS
[7] for aluminum (here a specification of the piercing densities is disregarded).

For the numerical simulation the fcc polycrystal is discretized with 472 quadratic triangles
with 6 nodes per element which results in a total of 1003 nodes. In view of an efficient
treatment of this example problem, the extended local formulation combined with a patch
recovery within the smoothing algorithm for the slip projection is employed throughout
the present investigation. The specimen is deformed up to a total deformation of 8%
which, for the chosen parameters, results in the inhomogeneous stress state visualized in
figure 7.29. In order to already gain an insight into the effect of the specimen dimensions
on the response of the polycrystal, the results for two heights H are compared. According
to figures 7.29 a) and 7.29 b), the oq; stress contours for H = 1240 um and H = 84 um
do not differ significantly.

Also, the comparison of the effective SSD density contours in figures 7.30 a) and 7.30
b) reveals no significant differences. In the smaller specimen the SSD density is slightly
increased and the SSDs accumulate stronger towards the center of the grains. The effective
SSD density pgssp is computed in analogy to (7.12).

Now, the comparison of the effective GND densities in figure 7.31 reveals a significant
difference. On the one hand the GND density stored in the larger specimen is negligible,
especially in comparison to the SSD density, while on the other hand a significant amount

b) ¥
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Figure 7.30: Comparison of the effective SSD density distributions at € = 8%. a) pssp
contours for H = 1240um and b) pssp contours for H = 84um.
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Figure 7.31: Comparison of the effective GND density distributions at € = 8%. a) panp
contours for H = 1240um and b) paxp contours for H = 84um.

of GNDs is stored in the smaller specimen. Clearly the GND storage is induced by the
incompatibility of the plastic deformation of neighbouring grains. Thereby the plastic
slip gradients in the smaller sized specimen are much higher since the inhomogeneities
occur over a smaller distance which in turn results in an increased GND density. For
the specimen of height H = 84 um, the GNDs concentrate at the grain boundaries and
significantly exceed the level of the effective SSD density.

Clearly the increased GND storage for the smaller specimen will also induce a size ef-
fect in the overall response since the GND density supplements to the SSD density and
thus induces additional hardening. The size effect predicted in this manner through the
present formulation shall finally be compared with the experimental observations for pure
aluminum of HONEYCOMBE [63]. Therefore the parameters pgse, pi and 7** are first
fitted only to the experimental test data for the largest specimen with a grain size of
d = 500um. The test data is directly adopted from HONEYCOMBE [63], p. 238, see the
bullets in figure 7.32 a) where also the corresponding fit for d = 500um is visualized. The
obtained material parameters are specified in table 7.5. (Also the previously presented
simulation results are based on these values.) In the present example a relation between
the investigated specimen dimensions H x W and the average grain size d can be estab-
lished as follows. The total area occupied by the specimen depicted in figure 7.28 is given
by A=W x H =41/21H x H. Hence the average grain size d can be computed from the
area occupied by one out of 12 grains as

A 41 - 41

Apoin = 5= 252H = d= 252H ~ 0.403H (7.15)
With this relation at hand, the size effect predicted through the present model can
now be compared with the experimental observations. In the experiment grain sizes of
d = 500 um, 240 pm and 88 um down to 34 um have been investigated. In turn, in the
numerical simulation specimen heights of H = 1240 ym, H = 315 um and H = 137 um
down to H = 84 um have been analyzed. These dimensions correspond to the average
grain sizes d = 500 pum, 127 um, 55 ppm and d = 34 ppm. The resulting size effect predicted
through the present model is reported upon in figure 7.32 a) along with the experimen-
tally observed size effect. Obviously the experimental observations can be recovered quite
well by the actual approach, especially for the grain sizes d = 500 um and d = 34 um.
A comparison between the investigated and the measured responses for the intermediate
grain sizes reveals some difference in the observed size effects, i.e. a difference in the cor-
responding Hall-Petch exponents. In this respect, the extended Hall-Petch relations are
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Figure 7.32: Size dependence in the response of a pure aluminum polycrystal under tension.
Comparison between the simulation results and the experimental measurements of HONEY-
COMBE [63]. a) Overall response in terms of normal stress P; versus applied strain €. b)
extended Hall-Petch relations at € = 2%.

plotted at an applied strain level of € = 2% in figure 7.32 b) for both the experiment
and the simulation. The experiment reveals a Hall-Petch exponent of n < 0.5 while the
present approach predicts an exponent of n > 0.5 close to n = 1. Thereby it is worthy
to mention that within the numerical simulations for the smaller specimen dimensions,
no further material parameters than the ones already specified for d = 500 yzm had to be
adopted.

Here it should be noted again that the size effect in the present model results only from
the incompatibility induced GND storage. Thereby the present formulation of strain gra-
dient crystal plasticity requires no additional material parameters, especially no addi-
tional wnternal length scale. The only length scale included in the model is represented
by the Burgers vector which has a clear physical interpretation and is inherent to the
investigated material, i.e. a priori defined and amenable through measurement. Thus the
obtained agreement with the experimental observations is quite remarkable since the size
effect recovered by the present analysis is a direct outcome of the simulation for varying
absolute specimen dimensions which are identical to the real specimen dimensions. This
especially includes also the fact that the predicted size effect is not scalable through an
additional phenomenological length scale. These observations can be directly attributed
to the micromechanical motivation of the present model and its mathematical foundation
on the matter of incompatibility. Possible future extensions should concern a Hall-Petch
like size dependence of the initial flow stress, e.g. through an a priori misorientation in-
duced dislocation storage at the grain boundaries, or a residual stress based kinematic
hardening contribution which accounts for the fact that the GND arrays extend over a
nonzero width.
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8. Incremental Stability of Microheterogeneous Materials

In the following instability phenomena in microheterogeneous standard dissipative solids
and associated size-dependencies of classical micro-to-macro transitions will be investi-
gated. The underlying basis of the subsequent developments is an incremental variational
formulation as briefly outlined for the model problem of finite strain crystal plasticity
in chapter 4. With the incremental description of the response of standard dissipative
materials at hand, existence results of finite strain elasticity can be extended to finite
strain inelasticity. This allows for the development of stability criteria for the analysis of
structural (e.g. buckling) and material (e.g. localization) instability phenomena on the
micro- and macro-scale as well as their interactions. It is shown that in the non-convex
regime induced by structural micro-instabilities, the minimization problem of homoge-
nization needs to be enveloped by an additional minimization with respect to the size
of the representative volume element. Therewith size dependencies of classical micro-to-
macro transitions in the postcritical non-convex regime are eliminated. In contrast to
the length scale dependencies analyzed in the previous chapters, such size dependencies
are nonphysical and result from the specific choice of the representative volume element
size which is, in classical homogenization approaches, unrestricted by possibly occurring
instabilities.

This chapter is organized as follows. After a brief introduction into the homogenization
analysis, its limitations and the resulting motivation for further developments, the incre-
mental variational formulation of homogenization will be discussed in section 8.2. There-
after, in section 8.3, stability criteria will be developed and the effect of the representative
volume element size will be discussed. This leads to the development of a non-convex
homogenization approach for standard dissipative materials. Finally, in section 8.4, the
performance of the presented concepts will be demonstrated for two numerical examples.

8.1. Introduction

Microheterogeneous materials can be described in a very efficient manner through average-
type homogenization procedures. The underlying classical assumption of such approaches
is that the overall macroscopic behavior of a (periodic) composite can be described in terms
of two separate scales as visualized in figure 8.1 (see HILL [58, 60], WILLIS [156], HASHIN
[54], SUQUET [144], NEMAT-NASSER & HORI [117], PONTE CASTANEDA & SUQUET
[127] or MIEHE ET AL. [104] among others for an overview over this methodology). In

lmacro

macro-scale micro-scale

Figure 8.1: Micro-to-macro transition for standard dissipative materials. Attached to each
macroscopic point X € B is a micro-structure B C R3 representative of the microheteroge-
neous standard dissipative material. The macroscopic stress potential W is obtained through
a minimization principle from the microscopic stress potential .
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order to avoid significant influences of boundary layer effects and to justify a neglection
of body and inertial forces with respect to the contact forces on the boundary of a typical
micro-structure the characteristic dimensions of both scales should differ by more than
an order of magnitude, ie. I! =~ << [,... (in the global form of the balance of linear
momentum [, ¢ dA+ [; po(b—@) = 0 the influence of the contact forces scales with I/%_
while the one of the inertial and body forces scales with '3 which is thus negligible for
U oo/ lnacro — 0). The periodicity of the microheterogeneities allows to describe the micro-
structure through a representative volume element (RVE). Based on the RVE macroscopic
quantities are obtained through averaging principles from their microscopic counterparts
and in turn the microscopic deformation state F' is driven by the macroscopic deformation
gradient F' which is constant throughout the micro-structure (see MICHEL ET AL. [93],
MOULINEC & SUQUET [113], MIEHE ET AL. [104, 109, 107], KOUZNETSOVA [74] for
the development of numerical homogenization methods).

In the case of instabilities on the macro- or micro-scale such as e.g. buckling phenom-
ena, classical homogenization procedures hit their limitations. The goal of this chapter
is the development of an extended homogenization formulation for standard dissipative
materials which is also valid within the non-convex postcritical regime. This includes the
development of stability criteria for a loss of structural and material stability on the micro-
and the macro-scale as well as their mutual interaction. As will be seen later, the specific
choice of the RVE induces an undesired size dependency within the non-convex regime
which is eliminated within the presented extension of the homogenization procedure.

The following developments are concerned with the class of so-called standard dissipative
materials, where the response is governed by the energy storage function ¢ = @ZA)(F,.’Z')
and a dissipation function ¢ = gZS(.’Z' ,Z). This class of materials is representative of a wide
range of models in finite elasticity, elastoplasticity, visocoplasticity or damage mechanics.
The development of the homogenization procedure for standard dissipative materials in
general and the subsequent extension to the non-convex regime in particular rely on an
incremental variational formulation of inelasticity (MIEHE [97, 98], MIEHE ET AL. [103],
MiIeEHE & SCHOTTE [101], also ORTiZ & REPETTO [121]). Thereby the incremental
variational formulation bases on the incremental stress potential introduced already in
chapter 4.

8.2. Incremental Homogenization Analysis in Finite Inelasticity

Before starting with the stability analysis of microheterogeneous standard dissipative
materials and the development of an approach to the non-convex homogenization analysis,
the homogenization analysis in finite inelasticity will be briefly reviewed in the following.

8.2.1. Microscopic Incremental Variational Formulation of Inelasticity. As a
starting point the definition of an incremental stress potential function proposed in MIEHE
[97] and MIEHE ET AL. [103] for generalized standard dissipative materials is briefly re-
iterated (see also section 4.2.3). For the actual time increment [t,, t,1], the local (micro-
scopic) material response can be characterized by the incremental stress potential function
W defined through the variational problem

W(Fnﬂ):ji__léfg/tnnﬂ[lb—i-(b]dt with  Z(t,) =T, (8.1)
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which defines an optimal path of the internal variables Z(¢) within the time step under
consideration. As shown in MIEHE ET AL. [103], the variational formulation (8.1) is a
consistent approximation of Biot’s normal dissipative evolution equation

Orp(F.I)+ 0;0(L,T) =0 with Z(0)=1Z, (8.2)

for the internal variables Z. The algorithmic solution of the minimization problem (8.1)
bases on the functional

. il
WP Ton) = WE D+ [ 6, T)dt (8.3
tn
along with the necessary condition W 7 = 0 which implies an integration algorithm

for the internal variables Z. A specification to finite strain crystal plasticity and the
development of the corresponding algorithmic formulation was given in section 4.2. The
function W serves as a potential for the determination of the micro-stresses P, 1 and the
micro-moduli A}, ; at a local point X € B of the heterogeneous micro-structure through
quasi-hyperelastic function evaluation in the sense

P, = aFW(FnJrl) and A, = a%«“FW<Fn+1) (8.4)

8.2.2. Fluctuation Field on Heterogeneous Micro-structures. Within the context
of a deformation driven homogenization approach the internal variables on the micro-scale
are determined for given micro-deformation F' through the minimization problem (8.1).
Subsequently the actual micro-stress state is derived from (8.4). The micro-deformation
itself is assumed to be driven by a prescribed macro-deformation F. Consequently the
deformation map of a heterogeneous micro-structure (X ,t) comprises of a linear part

F(t)X and a superimposed fine-scale fluctuation field w : B x Ry — R?

p(X,t)=F(t)X +w(X,t) (8.5)
which results in the decomposition of the micro-deformation gradient locally at X € B
F(X,t)=F(t)+ Vw(X,t) (8.6)

Following HILL [60], the macro-deformation F is assumed to be governed by surface data
of the microscopic deformation field

F(t) = ﬁ /Bv o(X.1) @ N(X)dA (8.7)

where volume of the micro-structure V = B U H consists of a solid part B and holes
H. IN denotes the outward normal of the micro-structure at X € 9V. Insertion of the
decomposition (8.5) into (8.7) results, after application of the integral theorem, in the
constraint for the fluctuation field w
1 [ wix,heNX)dA=0 (8.8)
VI Jov

which is satisfied for the non-trivial assumption of a periodic superimposed fluctuation
field on OV, i.e.

whH(X)=w (X) with N"=-N~" on 9V (8.9)
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This implies the decomposition of the boundary into two parts 9V = 9V U 0V~ with
the respective outward normals NT = —N~ at two associated points X~ € 9V~ and
X't € OVT, see figure 8.2 for a visualization. Alternatively, the constraint (8.8) can
be satisfied for homogeneous deformations on the boundary 0V with w = 0 on 9V or
homogeneous stresses on the boundary 0V with t(X,t, N) = P(X,t)-N(X) on 9V,
see MIEHE ET AL. [104, 109, 103, 101] for a detailed discussion of these boundary
conditions. However, in the following the considerations will be restricted to periodic
boundary conditions as given by (8.8).

Figure 8.2: Deformation of a micro-structure. The micro-deformation is driven by the local
deformation gradient F' in the corresponding macroscopic point X. On the micro-scale a
superimposed fluctuation field w develops due to heterogeneities or developing instabilities.

8.2.3. Incremental Variational Formulation of Homogenization. For given micro-
deformation F', the stress state on the micro-scale is governed by the microscopic incre-
mental stress potential W through the quasi-hyperelastic function evaluation (8.4). This
analogy to finite elasticity motivates the following incremental variational formulation of
the homogenization problem for standard dissipative materials. The fine-scale fluctuation
field w,, is determined at time t,,; through the principle of minimum average incre-
mental energy proposed in MIEHE [97] as an extension of the so-called average variational
principle of nonlinear elasticity discussed by MULLER [114] and PONTE CASTANEDA &
SUQUET [127]

_ _ 1 _
W(F,,X)= inf v / W(F,s1 + Vw1, X) dV (8.10)
B

Wp41 EWH
where the fluctuations w,; are subject to the boundary conditions (8.9), i.e.
w1 € WP = {w e WP(B) | w" =w ondV} (8.11)

(or in general also either the homogeneous deformation or the homogeneous stress bound-
ary conditions on 9)). The minimization problem (8.10) is considered as the key homoge-
nization condition which provides for the determination of the fine-scale fluctuation field
w, the homogenized incremental stress potential W on the macro-scale and thus in com-
plete analogy to (8.4) through quasi-hyperelastic function evaluation the macro-stresses
P, ., and the macro-moduli A,

Pn+1 = 8FW(Fn+1) and A‘n-{-l = 8%‘FW(FTL+1) (812)

In view of an approximative solution of the minimization problem of homogenization
(8.10) by a finite element method, the fluctuation field and its gradient are discretized by

w!' (X)=N./(X)d,,, and Vw! 6 =B.(X)d,,, in B (8.13)
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Table 8.1: Discretization of incremental variational problem of homogenization.

I. Boundary Conditions: & = w”** on 0By, T =T on 0Bz.

I1. Solve microscopic homogenization problem in each macro-(integration) point X:

1. Given Database {F,d,}. Initialize nodal displacements d,, 1 = d,.
2. Evaluate derivatives of minimization function Wh(FnH, dni1):
\V\ A Zdi Be BT Pn+1 dV, h |v| A Zdi Be BZ"Aﬂ-H'Be dV,
\V\ AZEZT Be P dV, Wh = \V\ AZEZT Be Aﬂ+1 dv,
WfldF - |V| A s Be B A dV.
3. Convergence check: If (|[W}]|< tol) go to 5.
4. Newton update of nodal displacements dy, 41 < dn1 — [Why |7 [Wh], go to 2.
5. Nominal macro-stresses and macro-moduli:
P, (X) = Whp and A, 1(X) = Whpp - [Wflpd][wﬁdd]_l[w?dp]

III. Evaluate derivatives of macroscopic incremental potenial energy I1(d,,;1):

X) = N7, 0] dV = AR o NT2

e=1 aBe e n+1dA

Iy = AL fg [BIPo
My = A g Be-Ania(X)-BodV
|

IV. Convergence check: if (||II'y||< tol) EXIT.
V. Newton update of nodal displacements d <« d — [[I";]*[IT"}], go to II.

within the element domain B° C B in terms of the matrix of shape functions IV, the
associated gradient matrix B, and the nodal fluctuation vector d.. Thus the spatial
discretization of (8.10) defines the function

1 Nele

W Foi1, dpsr) W|A F,i1+ Bed,)dV (8.14)

nele

in terms of the finite element assembly operator A.¢j for n.. elements. Minimization
of the function (8.14) with respect to the nodal ﬂuctuations don = ALY d; ., gives
the discretized form of the variational principle (8.10). The necessary condition of this
minimization problem reads

Wh=0 (8.15)
This defines a nonlinear system of equations for the determination of the nodal fluctuations
d, 1 which can be solved e.g. by a Newton-Raphson method. The resulting algorithm for
the solution of the minimization problem of homogenization (8.10) is included in the

overall algorithm for the computational treatment of the micro-to-macro transition of
table 8.1.
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8.2.4. Macroscopic Incremental Variational Formulation of Inelasticity. Finally
in view of a solution of the boundary value problem on the macro-scale (see figure 8.1
for an illustration), consider the following potential function II defined in terms of the
homogenized incremental stress potential W at the right boundary of a typical time
increment [t,,t,1] through

M1B010) = [ W(Pw)dV = (o) ~ (i) (5.16)
which depends on the actual macroscopic deformation map @,, ;. II.., is the external load
potential due to the body forces b(X,t) in B and the surface tractions ¢(X,t) on 9B
and evaluated by Il..(@) = [3@-bpodV + faBz @-tdA. Crucial for the formulation of
this potential function is the possibility to define the incremental stress potential function
W. If the constitutive description of the material is restricted to one single scale, i.e.
the material response is assumed to be homogeneous over all scales, the stress potential
function W is directly defined through (8.1). If, however, possible microheterogeneities
are resolved through a homogenization analysis, the homogenized stress potential W is
determined by (8.10). Now with the functional IT at hand, the actual deformation map is
determined by a principle of minimum potential energy in the sense

(ey4) = inf Il(e,,) (8.17)
Pn+1€

which minimizes the functional (8.16) for an admissible macro-deformation map ¢, €
W = {@,1 € W (B) | ¢,1 = @ on 0By }. This minimization principle for standard
dissipative materials represents an analogon to the principle of minimum potential energy
in finite elasticity. The solution of (8.17) can be determined in a straightforward manner
through discretization in the context of a displacement-type finite element formulation
with the following discretizations for the displacements and their gradients

d' (X)=N,X)d,,, and Vd.., =B.X)d,, in B (8.18)

Based on these interpolations the discrete necessary conditions of the minimization prob-
lem (8.17) read

=0 (8.19)

This provides a system of nonlinear equations for the determination of the macroscopic
nodal displacements d,11 = AL d, +1- The corresponding macroscopic solution algo-

rithm is summarized in table 8.1 together with its microscopic counterpart.

8.3. Non-Convex Homogenization for Standard Dissipative Materials

After discussing the incremental variational formulation of the homogenization problem
in the preceeding sections, criteria for a stability analysis will now be introduced. These
stability criteria are mainly an extension of the corresponding criteria of finite strain elas-
ticity, as discussed in MIEHE ET AL. [108], to the general case of standard dissipative
materials. This extension crucially relies on the introduced incremental variational set-
ting of inelasticity. Recent developments in the mathematical theory for the existence of
sufficiently stable minimizers in incremental finite strain elastoplasticity can be found in
MIELKE & MULLER [110]. Finally, the development of a homogenization approach for the
postcritical non-convex regime will be presented and the interaction between instabilities
on the micro- and the macro-scale will be discussed.
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8.3.1. Stability Analysis of Inelastic Microheterogeneous Solids. Micro-
instabilities significantly alter the macroscopic material behavior. For example, micro-
buckling of stiff fibers leads to a considerable softening in the macro-response accompa-
nied by localized discontinuities on the macro-scale. In order to gain more insight into
such instability phenomena, material and structural instability criteria will be introduced
on the micro- and macro-scale in the following.

8.3.1.1. Stability Analysis in Macroscopic Finite Inelasticity. To begin with the
instability analysis on the macro-scale, recall the incremental macroscopic boundary value
problem in its direct variational from

fMgp) = _inf T = inf { [ W) dV = [aey) - (e,
(8.20)

<Pn+1€W ¢n+1€w E
A solution @7, of the direct problem exists if the functional II is (i) coerciv and (ii)
sequentially weakly lower semicontinuous, (s.w.l.s.) (TONELLI [150], DACOROGNA [34],
NGUYEN [118]). Thereby coercivity demands

M(@,01) = @ ol 48 with aeR¥,GeR (8.21)

which ensures an infinitely increasing resistance of the material (Il — oo) to excessive
deformations (det[F', 1] — 07 or || F,.1||— o0). Sequential weak lower semicontinuity

of the functional II is expressed by the condition

(@) < Jim { inf @Y} for @ = @ (8.22)
- (Pn+1

which demands that the value of the functional in the solution point ¢, is always less

or equal than the limit value for any series @2 ; weakly convergent to this solution point.

Several (weak) convezity properties of the integrand W represent necessary conditions for
the sequential weak lower semicontinuity of the functional II. These convexity conditions
will be discussed in the following. Thereby the considerations will be restricted to the
internal part IT,,, = fg W (F 1) dV without a loss of generality. Strictly speaking, Ball’s
theory as presented below is not applicable in the case of finite strain elastoplasticity.
As discussed in detail in chapter 5, in this case generally neither the plastic part F* nor
the elastic part F° is compatible and hence a gradient field. Consequently an additional
incorporation of an incompatibility measure, e.g. the dislocation density tensor A, into
the constitutive relations is required. In this sense it has recently been shown by MIELKE
& MULLER [110] that an extension of the stored energy function through an additional
inclusion of a general convexr dependence on the dislocation density tensor is sufficient
to guarantee lower semicontinuity. However, this would, in the present context, require a
higher order homogenization analysis (which in contrast to KOUZNETSOVA ET AL. [75]
bases already on a non-classical formulation of the microscopic problem). Furthermore,
an incorporation of corresponding concepts on the macro-scale would a priori regularize
the development of material instabilities on that scale and thus limit the development
of structural instabilities on the micro-scale. Since a key concern in the following is the
investigation of an intimate connection between structural micro- and material macro-
instabilities, the inclusion of such regularizing terms is not considered here.
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Convexity of the macroscopic stress potential function W is a sufficient but not a neces-
sary condition for sequential weak lower semicontinuity of IL,,,. W is convex if the convexity
condition

W(Fn—f—l + {AF) < W(Fn-i-l) + g[W(Fn-i-l + AF) - W(Fn—f—l)] (8-23)

holds for arbitrary perturbations AF of the actual deformation state F,; and 0 < £ < 1.
Convexity of W guarantees II,,, to be s.w.l.s. but as shown by BALL [13], COLEMAN &
NoLL [30] and HiLL [57] and summarized in MARSDEN & HUGHES [90] this strong
restriction constrains the material behavior in a nonphysical manner and is thus unac-
ceptable. These nonphysical restrictions are briefly reiterated as follows. Since convexity
implies uniqueness, global stability problems like buckling would be a priori excluded in
the case of a convex W. Furthermore, the convexity condition is incompatible with the
principle of material frame invariance and precludes the limit W — oo for det[F] — 0.

Polyconvexity is a less restrictive and, as shown by BALL [13], sufficient condition for
sequential weak lower semicontinuity of IL,,. W is polyconvez if a convex function W,,,
with an extended list of arguments exists such that

W (F 1) = Wy ({Fosr, det[Fr 1| F L, det[Fy ] }7) (8.24)

Thus the polyconvexity condition demands that the function W, is convex with re-
spect to each of its arguments F, 1, det[FnH]F;fl =: cof[F,, ;1] and det[F, ]. Unlike
the convexity condition, the polyconvexity condition does not violate physical principles.
However, since the macroscopic potential function W is obtained as the solution of the
minimization problem (8.10), W is not a priori a constitutive function in the full range
of F. Thus it is not possible to check the polyconvexity condition in the present context.

Quasiconvexity is a weaker convexity condition and was introduced by MORREY [112].
The quasiconvexity condition reads for an arbitrary part 2 of the inelastic solid

|1?| /Q W(Fpp1 + Vo(¥Y))dV > W(F,,) (8.25)

with v(Y) € VVO1 > and Y € Q. Thus it demands that among all deformations with
support on 9 the homogeneous deformation F, , provides an absolute minimizer of
the function W. Consequently quasiconvexity of W rules out internal buckling, the de-
velopment of local fine-scale micro-structures or phase decompositions of a homogeneous
local deformation state characterized by an internal (due to ® = 0 on 99) fluctuation
field v. Quasiconvexity plays a central role within existence theorems in the special case
of finite strain elasticity. In this case it can be shown that, under certain growth condi-
tions, quasiconvexity of the integrand guarantees as a necessary and sufficient condition
(DACOROGNA [34]) s.w.l. semicontinuity of the internal energy functional. For general
standard dissipative materials quasiconvexity of W is a necessary but from the mathe-
matical viewpoint due to the missing proof not yet sufficient condition for the existence of
a minimizer in (8.20). Nevertheless, it can be expected that quasiconvexity represents as
well in the present context the central criterion in the stability analysis of the homogenized
material.

Rank-1-convexity is the weakest of the discussed convexity conditions and reads

W(F, 1 +Eép@N)<W(F, ) +EW(F, 1 +p@N)—W(F,1)] (8.26)
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for 0 < ¢ < 1. Thus it describes local material stability against rank-one perturbations
AF = p ® N with arbitrary directions p and N. For a twice differentiable W (8.26)
implies the infinitesimal rank-1-convezity or Hadarmard condition (HADARMARD [52],
TRUESDELL & NoOLL [153])

PON):A, 1:(pN)>0 with A, = 0%:W(F,1,X) (8.27)

where A,,,; denotes the consistent macroscopic tangent moduli. An alternative represen-
tation of (8.27) reads

P(Q1P) >0 with [Qnialas = [Anaa™"NaNg (8.28)

which demands positive semidefiniteness of the acoustic tensor Q. Positive semidefinite-
ness of the acoustic tensor guarantees that the Euler equations DIV[VV 7 + pob = 0 of
the macroscopic problem (8.17) are strictly elliptic. (Within the wave theory strict ellip-
ticity ensures real wave propagation speeds.) If rank-1-convexity is not a priori known an
accompanying algorithmic control for rank-1-convezity in any macroscopic point X can

be based on the alternative criterion det[Q,,.;(IN)] > 0. Thus if for any direction N a
violation in the sense det[Q,,,;(IN)] < 0 occurs, strict rank-1-convexity of W is lost, i.e.

min {det[Q,.,]}

IN]|=1

L (8.29)

> (0 for strictly infinit. Rank-1-convex W(FPH)
< 0 for not strictly infinit. Rank-1-convex W (F, 1)

A computational treatment of this check is outlined for 2D problems in MIEHE &
SCHRODER [105]. The occurrence of material instabilities in the sense of (8.29) induces
a failure of ellipticity and consequently the development of jump discontinuities of the
macroscopic deformation gradient along a singular surface with normal direction IN. The
Eulerian vector p characterizes the kind of jump discontinuity.

The four convexity conditions (8.23)-(8.26) of the homogenized incremental stress poten-
tial W are related by

convexity = polyconvexity = quasiconvexity =- rank-1-convexity

where the stronger condition always induces the weaker convexity condition. The in-
verse relationships are not generally valid. While convexity implies stability of the actual
energetic state W (F, ) with respect to arbitrary perturbations AF, polyconvexity re-
quires stability for (combined) changes of line-, surface and volume elements through
AF, cof[AF] and det[AF]. Quasiconvexity demands stability with respect to internal
fluctuations AF = Vo with support on the surface (v = 0 on dQ) and rank-1-convexity
demands local material stability against the development of first order laminates charac-
terized by AF = p ® N. As pointed out earlier, quasiconvexity is considered as the key
condition in the analysis of local material stability. A loss of rank-1-convexity implies a
loss of quasiconvexity and thus the existence of a sufficiently regular minimizer for the
direct problem (8.20) is no longer guaranteed.

For materials being initially homogeneous over all scales, a loss of material stability in-
dicates the development of fine-scale deformation inhomogeneities. In turn, for a priori
microheterogeneous solids material instabilities on the superior homogeneous scale are
induced by structural instabilities on the micro-scale. This interaction between structural
and material instabilities on the micro- and macro-scale is considered in section 8.3.3.
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Finally, the criterion for a local structural stability analysis on the macro-scale will be dis-
cussed. Therefore the energy state in the actual equilibrium configuration @), is compared
with the energy state in an arbitrary configuration @y | + ¢ in the infinitesimal neigh-
borhood of ¢}, . Accordingly, structural instabilities of the macro-structure like buckling
occur if the local or infinitesimal structural stability condition

_ _ 1 _ _
[M(@}0) = U@ +00) = 5 [ Vopsde Vipdl >0 (8.30)
B

is violated. Thus the criterion states that any kinematically admissible infinitesimal per-
turbation d¢ of the equilibrium state ¢}, ; results in an increase in energy. The discrete
counterpart to (8.30) reads in the actual solution point d,, 4

0(d 1) — (), +0d) = 0d" [y (D, )]0 (8.31)
which demands positive definiteness of the tangential stiffness matrix l:[flaa(az +1) of the
discretized macro-structure defined in step III in table 8.1. Possible equilibrium path fol-
lowing methods are in complete analogy to the ones discussed in connection with the
structural instability analysis on the micro-scale in the following subsection 8.3.1.2. In
the present macroscopic analysis these methods base on a parametrization of the external
loads in terms of a load parameter A € R for example in the form

A= poby == poAb and Aty 1= M (8.32)

8.3.1.2. Stability Analysis in Microscopic Finite Inelasticity. The direct varia-
tional form of the homogenization problem is given by (8.10). In analogy to the previous
considerations sufficiently regular minimizers w € W# exist if the potential function W
is (i) coerciv and (ii) s.w.l.s..

Convexity of the microscopic stress potential function W demands
W(Fn—H + {AF) < W(Fn-i-l) + g[W(Fn-H + AF) - W(Fn—f—l)] (8-33)

for 0 < & < 1 and arbitrary perturbations AF = Vw of the actual microscopic equi-
librium configuration F, ., = F, ; + Vw,; where v satisfies the essential boundary
conditions (8.11). Convexity of W guarantees W to be s.w.l.s.. However, as pointed out
above convexity of W is a too restrictive condition and hence physically unacceptable.

Polyconvexity of W is a less restrictive and in connection with coercivity sufficient
condition for the existence of minimizers w, ; in (8.10). W is polyconvex if a convex
function W,,, with an extended list of arguments exists such that

oly
W(F 1) = Woay ({Frs1, cof[Fia], det[Frpi]}7) (8.34)

Hence the polyconvexity condition demands that the function W, is convex with respect
to each of its arguments F',, 1, cof[F,, 1] and det[F,,]. However, since the incremental
stress potential function I is obtained as the solution of the minimization problem (8.1),
W is not a priori a constitutive function in the full range of F'. Consequently, it is not
possible to directly check the polyconvexity condition in the present context.

Quasiconvexity of the microscopic stress potential W is, in analogy to the previous
discussion, considered as the key criterion for local material stability of the incremental
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response of standard dissipative solids. For a loss of quasiconvexity of W on the micro-
scale the existence of sufficiently regular minimizers of (8.10) can no longer be guaranteed.
Vice versa, a quasiconvex W ensures from an engineering viewpoint in connection with
certain growth conditions a sufficiently stable solution. The quasiconvexity condition

1

T /Q W(F,1+Vo(Y)dV > W(F,.1) (8.35)

demands stability of the actual micro-deformation state F',,.1 = F',, .1 + Vw,, 11 with re-
spect to fluctuations v(Y) at Y € Q with support on 92 where € is an arbitrarily chosen
part of the standard dissipative solid. Hence (8.35) rules out internal buckling, the devel-
opment of local fine-scale micro-structures on the micro-level and phase decompositions
of an initially homogeneous deformation state.

Rank-1-convexity can be considered as a close approximation of the quasiconvexity
condition and reads in its incremental format

PON)A, 1:(p@ N)>0 with A, :=05zW(Fn1, X) (8.36)

which demands positive semidefiniteness of the microscopic acoustic tensor [Q,i1]w =
[Ani1]a®sPNANp for arbitrary unit vectors IN. A loss of rank-1-convexity implies a loss
of quasiconvexity and thus the existence of sufficiently regular minimizers of the homog-
enization problem is no longer guaranteed. However, in the remainder of this chapter the
local material response on the micro-scale is considered to be sufficiently stable. (Accord-
ing to MIELKE & MULLER [110] and as discussed in section 8.3.1.1, this might a priori
be guaranteed through the inclusion of a convex dependence of the micro-energy storage
function on the dislocation density tensor A as a regularizing contribution.)

Finally, the local structural stability analysis on the micro-scale will be considered. There-
fore the functional W is evaluated for the actual equilibrium fluctuation field w and a
fluctuation field w + dw in the infinitesimal neighborhood of the equilibrium state. The
fluctuation field w is locally stable if the infinitesimal structural stability criterion

_ - 1
W (B 0,00+ 010) = W(Fopr w,00) = 3700 / Vow: A1 :VowdV >0 (3.37)
B

is satisfied. Hence any kinematically admissible infinitesimal perturbation dw of the equi-
librium state results in an increase of the energetic state. The discrete counterpart of
(8.37) reads in the actual solution point d, 1

_ _ _ _ 1 _ _
W F,i1,dpyy +0d) — WHF, 1, dpiy) = 55dT-[W];ld(FnH, d,.1)]-6d>0  (8.38)

which demands positive definiteness of the tangential stiffness matrix VT/f&d of the dis-
cretized micro-structure specified in table 8.1, step 11/2.

The detection of limit and bifurcation points can be based on equilibrium path following
methods as outlined for example in WRIGGERS ET AL. [157]. In the present context such
a method might be based on a parametrization of the loading of the micro-structure in
terms of a loading parameter A € R through A\ — {F,},4+1 := AF,,;. This induces a
dependence of the discrete homogenized stress potential (8.14) on A. Starting from some
initial point, the loading is advanced along the equilibrium path in the space R™*! of the
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discrete fluctuations d, 1, € R™ and the loading parameter A. This path is parametrized
by the arclength s € R

5 { Eds}"“ (8.39)

where the position on the equilibrium path is updated in finite increments As through
s <= s+ As. In each increment, the eigenvalue problem

5dZ[W,I}j,d<{ds}n+17 )\s)]éds = ,usédzéds (840)

induced by the stability criterion (8.38) is solved for the minimum spectrum of eigen-
values ps. The stability of the discrete fluctuation state {ds},+1 at the position s of the
equilibrium path can be characterized by the sign of the eigenvalues g, i.e.

> 0 for a locally stable fluctuation state{d;}, 1

< 0 for a locally unstable fluctuation state{d},1 (8.41)

minfi] {

Based on the buckling mode dds obtained as an eigenvector of (8.40) associated with a
critical eigenvalue, a differentiation of the type of structural instability may be based on

=0 for a simple bifurcation point

# 0 for a limit point (8.42)

STy ({d,} s, M) {

At a bifurcation point, the deformation may switch from the primary equilibrium path
into a secondary equilibrium path. This branch switch may numerically be triggered by a
perturbation {d;},+1 < {ds}ni1 + €dds/||dds|| of the current displacement vector by the
buckling mode dd scaled with a small perturbation parameter e.

8.3.2. Size of the Representative Micro-structure. Structural instabilities on the
micro-scale raise the fundamental problem to specify the relevant size of the micro-
structure which catches the energy minimizing failure mode. This is alternatively ex-
pressed by a loss of ellipticity of the homogenization functional. To this end, consider first
the specification of the micro-structure V' representative of a periodic composite as an
ensemble of n. generic cells C according to

V(ne):=|JC with n, =1,82764 (8.43)
k=1

for three-dimensional and n. = 1,4, 9, 16, ... for two-dimensional problems. A visualization
of (8.43) is given in figure 8.3. If stability problems like buckling modes occur on the micro-
scale of the periodic composite, the representative volume element ¥V must comprise of a
critical number of unit cells n. in order to capture the relevant micro-buckling modes. The
wavelengths of the buckling modes are not a priori known and may completely change
during the deformation process. As a consequence, the critical ensemble size n,. is a priori
unknown as well. Thus n, must be considered as an unknown in the analysis of periodic
composites at finite strains when stability modes on the micro-structure may occur. This
is considered to be a fundamental difficulty of the homogenization theory at large strains.

The determination of the critical ensemble size n. bases on fundamental investigations by
MULLER [114] on non-convex integral functionals employing the notion of I'-convergence.
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Figure 8.3: Assembly of the representative micro-structure from generic cells in a periodic
composite. The combination of n. generic cells B C B, gives the critical micro-structure B,
which catches the energy minimizing failure mode.

As shown by MULLER [114], GEYMONAT ET AL. [47] and MIEHE ET AL. [108] for prob-
lems of finite elasticity, the size V(n.) of the representative micro-structure follows from
a minimization process that envelopes the minimization problem for the determination of
the current fluctuation field. Accordingly the macroscopic incremental stress potential is
determined based on the microscopic incremental stress potential by the expression

o _ 1 _
(P X0 = int { [ Wt Vi, X0V} (s
where the fluctuation field w,, 1 satisfies the periodicity condition (8.11). The minimiza-
tion problem (8.44) represents the key homogenization condition in the postcritical non-
convezx regime. It determines the fluctuation field w,,; and the size n. of the representative
volume. Thus a nonphysical dependence of the homogenized material response in general
or of the possibly developing failure modes in particular upon the size of the representa-
tive micro-structure is excluded through (8.44). Such a size dependence in the material
response is highly undesirable unlike the physically well-founded size effects observed in
connection with plastically inhomogeneous deformations, i.e. incompatibilities of the in-
termediate configuration, as discussed in the preceeding chapters.

8.3.3. Micro-Macro-Interaction of Instability Phenomena. Finally the interaction
between structural instability phenomena on the micro-scale and material instabilities
on the macro-scale shall be investigated. TRIANTAFYLLIDIS & MAKER [151] showed
that a long wave-length micro-instability in a layered composite induces a loss of rank-
one convexity of the homogenized moduli on the macro-scale. A generalization of the
connection between microscopic and macroscopic instability phenomena for all nonlinear
elastic periodic micro—structures is given in GEYMONAT ET AL. [47].

Following essentially the considerations in MIEHE ET AL. [108], the connection between
structural instabilities on the micro-scale and material instabilities on the macro-scale can
be established as follows. Comparing (8.37) and (8.30) for a locally stable macroscopic
material response, one expects

1
2|V‘ B(ne)
with A, 11 = 055 W (Fri1 + Vw,i1) and A,y = 9% W(F,11). A typical assumption

for the macroscopic stability mode OF in the case of a macroscopic localization is the
Maxwell form §F = m ® M. Inserting this ansatz into (8.45), the right-hand side reads

_ _ 1 _
(OF + Vow) : Ayyy 2 (6F + Vow) dV £ 26F : A,y 6F >0 (845)

%51_7‘:.4,1“:5F:%(m®M):An+1:(m®M)>O (8.46)
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which represents the macroscopic condition (8.27) of strict infinitesimal rank-one con-
vexity. In the critical case of a loss of macroscopic rank-one converity this expression
becomes zero. Then for the critical case (8.45) implies the quadratic incremental mini-
mization problem

1 _ _
in —/ (@ M + Vow) : Ay : (m @ M+ Vow) dV =0 (3.47)
SwEW# 2|V| B(n.)

where dw satisfies the periodic boundary conditions (8.11). The associated Euler—
Lagrange equation reads

Div[A,,; : (M ® M + Viw)| = 0. (8.48)

The solution §F + Véw = m ® M + Véw of (8.48) is denoted as shear deformation
modulated by the periodic contribution dw. It represents a bifurcation mode on the micro—
scale that leads to a loss of rank—one convexity of the macroscopic moduli. Hence a loss
of ellipticity for the homogenized material corresponds to an onset of long wavelength
bifurcation modes on the micro-scale. Consequently a microscopic instability problem
associated with (8.48) can be detected by a loss of strict ellipticity associated with the
homogenized moduli A, ;. Note that equations (8.45) and (8.47) hold only for the relevant
micro-structure B(n.) and hence the above mentioned connection between micro— and
macro—instabilities is only valid for the relevant micro-structure of size n..

8.4. Numerical Examples

In order to reduce the complexity in the following numerical examples, the material re-
sponse of the micro-constituents will be restricted to purely phenomenological isotropic
elastoplasticity at finite strains. The constitutive model is developed in terms of a plastic
metric formulation within the framework of a logarithmic strain space. Therein the key
point is the following additive decomposition of the elastic strain measure E°

1 1
E°:=E - E’ with E:= 51n[c;*] = 51n[FT.g-F] (8.49)

in terms of the logarithmic Lagrangian total strains or Hencky strains E and the loga-
rithmic Lagrangian plastic strains EP which can be related to a so-called plastic metric
G" € Sym, (3) through E? := %ln[ép]. The plastic strains together with some additional
hardening variables (here A) constitute the internal variables Z. Based on the decompo-
sition (8.49);, the constitutive model is subsequently formulated solely within the loga-
rithmic strain space. In the following, the material response of the micro-constituents is
governed by the free energy function

1
b= |ElE +ur(4) with [|E°[jg= VE"E:E° (8.50)
where the nonlinear isotropic hardening contribution is given by
1 1
WP = 5hAQ + (Yoo = 90) (A + —exp[-wA]) (8.51)

and by the Von Mises type yield criterion function

6 =||T|lp —/2/3(yo — B) <0 with ||T||p:= vVT:P:T (8.52)
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in terms of the logarithmic stresses T' := E: E°, the internal forces B := —hA — (Yoo —
Y0)(1 — exp[—wA]) and the fourth-order deviatoric projection tensor P :=1— 31 ® 1.
Restricting the considerations to elastic isotropy, the fourth-order elasticity tensor reads

2
E:=(k— gﬂﬂ ® 1 +2ul (8.53)

Here it is important to note that the resulting isotropic Hookean quadratic free energy
function is not polyconvex in the full range of elastic strains. While the compressive
range is not restricted, elastic tensile stretches have to be limited to moderately large
values. A detailed investigation which results in a limitation of the principal stretches for
incompressible materials can be found in BRUHNS ET AL. [23] or is also deducible from the
stress-stretch relations presented in MIEHE & LAMBRECHT [100]. However, the elastic
deformations induced in the following model problems always obey these limitations. For
a detailed discussion of the constitutive and the algorithmic modeling in the logarithmic
strain space refer to MIEHE ET AL. [99].

8.4.1. Buckling Analysis of a Fiber Reinforced Micro-Structure. A key point in
the analysis of instability phenomena on the micro-scale is the determination of the proper
size of the representative micro-structure. According to the previous considerations, the
relevant size of the micro-structure is determined from the criterion (8.44). In other words,
the problem is to find the proper size n. of the representative micro-structure B(n.) which
catches the energy minimizing buckling mode, see figure 8.4 for a visualization. Within the

a)

e—lp—+

Figure 8.4: The problem of finding the relevant size [ of the micro-structure for a fiber-
reinforced material. Micro-structure b) has the relevant size. Micro-structure c) is not able
to catch the energy minimizing buckling mode with periodic boundary conditions.

following example in Section 8.4.1.1 the relevant size of the micro-structure is determined
for a fiber reinforced material consisting of purely elastic constituents. Then in Section
8.4.1.2 the same procedure is employed in order to determine the relevant size of the
micro-structure for an elastic-plastic material.

8.4.1.1. Buckling Analysis of a Purely Elastic Micro-Structure. In the following
a purely elastic periodic heterogeneous material is considered consisting of a soft matrix
material surrounding horizontally aligned stiff fibers. The constituents are assumed to
be governed by the elastic part of the isotropic stored micro-energy function (8.50). The
volume fraction of the fibers is 20 %. Bulk and shear moduli of the soft matrix material
are K, = 164.2 kN/mm? and p,, = 80.2 kN/mm?, respectively. The material parameters
of the stiff fibers are set to ky = 100k, and 1y = 1004,,. The deformation of the micro-
structure is driven by the macroscopic deformation gradient F, ., which takes for the
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Figure 8.5: Determination of the bifurcation point and the respective accumulated en-
ergy, purely elastic case. a) Macroscopic first Piola-Kichhoff stress component Pp1, and b)
accumulated macroscopic energy W** versus A for different lengths [ of the micro-structure.

present case of a horizontal compression the following format

F,. =diag[l—X, 1, 1] with A>0 (8.54)

Here A\ denotes the compression parameter. For this macroscopic deformation mode two
failure modes may occur on the micro-scale. The stiff fibers can either buckle in- or out-
of-phase. As the out-of-phase buckling mode is related to a higher energy level in the
subsequent investigations, only the relevant in-phase mode is considered to determine the
number n., i.e. the size of the micro-structure, which induces an infimum in (8.44) for
this mode. For the periodic structure under consideration the number n. is thoroughly
specified by the length [ of the micro-structure. In view of a determination of the relevant
size of the micro-structure, the stress potential W has to be evaluated at the instability
point for varying lengths [ in a way similar to that outlined in MIEHE ET AL. [108].

In order to perform a finite element simulation of the problem at hand, the micro-
structures of different sizes are discretized with mixed MINI-type triangular elements
as conceptually outlined in CROUZEIX & RAVIART [32]. These mixed triangles provide
in addition to the two degrees of freedom for the displacements at each node an additional

Vi min {det[Q,, ]}
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Figure 8.6: Determination of the relevant size of the micro-structure and macroscopic ma-
terial instability, purely elastic case. a) W** at the bifurcation point versus [, b) determinant
of macroscopic acoustic tensor versus A for different lengths [ of the micro-structure.
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degree of freedom for the pressure. The employment of unstructured meshes a priori in-
duces imperfections within the mesh. In order to keep the influence of this random effect
on the attained buckling mode low, a geometric imperfection is prescribed, i.e. a downward
eccentricity of f = 1/1000, of the stiff fibers at {/2. Six micro-structures with a constant
height of h = 1 and lengths [ = 5,6,7,8,9 and [ = 10 are investigated. Figure 8.5 a)
shows the dependence of the homogenized first Piola-Kirchhoff stress component P;; on
the compression parameter \ for different lengths [. Obviously the homogenized material
response significantly softens at a compression parameter of roughly A = 0.06. This is due
to the buckling of the stiff fibers on the micro-scale. Because of the prescribed imperfec-
tions, no explicit bifurcation point can be detected in the load displacement curve. Hence,
approximate bifurcation points are determined by means of a backward extrapolation as
indicated in figure 8.5 a) for the sizes [ = 6 and [ = 10. Now for each length [ the value
of the accumulated macroscopic energy W' at the approximate bifurcation points ., is
determined from figure 8.5 b) in order to obtain the relevant size [ of the micro-structure.
Note that due to illustrative reasons the accumulated energy W** as defined in (8.55)
below (with A,,1 = 0 for the purely elastic case), is plotted in figures 8.5 b) and 8.6
a). In contrast to the incremental stress potential W (F, ), the accumulated energy is
invariant with respect to the chosen time increment (see also the explanations below).
Next, the values of W** at the instability point are plotted versus the respective length
[ in figure 8.6 a). From there it is obvious that the relevant micro-structure has to be of
sufficient length [ in order to originate an infimum in (8.44) and thus describe the real
material properties with an adequate accuracy.

As outlined in Section 8.3.3, structural instability phenomena on the micro-scale entail
a loss of infinitesimal rank-one convexity on the macro-scale and hence can be encoun-
tered by an analysis of the determinant of the macroscopic acoustic tensor, inducing the
relationship shown in figure 8.6 b). From there one observes that macroscopic material

instabilities occur at a compression parameter of A2 = 0.061. Figure 8.5 a) indicates
that the relevant micro-structure of size [ = 10 exhibits a structural instability on the
micro-scale at the same compression parameter of A\!2 = 0.061. Thus the existence of

a connection between the onset of macroscopic material instabilities and the occurrence
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Figure 8.7: Postcritical microscopic buckling modes for compression parameter A = 0.12
and different micro-structure lengths [ of a) { = 5, b) I = 7 and ¢) [ = 10, purely elastic case.
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of microscopic structural instabilities is verified for the relevant micro-structure B(n.).
Figure 8.7 visualizes postcritical buckling modes for the micro-structures of lengths [ = 5,
[ =7, and | = 10 at a compression parameter of A = 0.12, respectively. Carefully note
again that the micro-structure length [ just specifies the size n. of the micro-structure.
The physical specimen dimensions and the length scale associated with the microhetero-
geneities (e.g. the fiber distance) are kept constant throughout the present investigation.

8.4.1.2. Buckling Analysis of an Elastic-Plastic Micro-Structure. The analysis
of the previous section is now applied for a periodic heterogeneous material consisting of
an elastic-plastic matrix material surrounding purely elastic stiff fibers. The elastic behav-
ior of the constituents is again governed by the elastic part of ¢ in (8.50). The material
response of the elastic-plastic matrix material is governed by the von Mises plasticity-
model with coupled linear-nonlinear hardening as outlined at the beginning of this sec-
tion. The material parameters of the matrix material are: x,, = 164.2 kN/mm?, u,, =
80.2 kN/mm?, flow stress yo = 0.45 kN/mm?, saturation stress yo, = 0.715 kN/mm?,
linear hardening parameter h = 0.129 kN/mm? and saturation parameter w = 16.93 [—].
Bulk and shear moduli of the purely elastic fibers are k¢ = 100x,, and @y = 1004,,, and
their volume fraction is 20 %. The same horizontal compression mode F,,.; as in the
preceeding section is applied and the same discretizations of the six micro-structures are
used. The goal is to determine the number n., i.e. the relevant size of the micro-structure,
for the governing in-phase buckling mode. Figure 8.8 a) depicts the undeformed con-

a)

0.000E+00  Api1[-] 3.502E—01

Figure 8.8: Micro-structure of length [ = 8. a) Initial configuration. b) Deformed mesh and
equivalent plastic strains 4,1 at A = 0.06.

figuration of the micro-structure of length | = 8. Figure 8.8 b) visualizes the deformed
mesh and the distribution of the equivalent plastic strains on the micro-scale for a hori-
zontal compression of 6%. Figure 8.9 a) shows the dependence of the first Piola-Kirchhoff
stress component P;; on the compression parameter A for different lengths {. From this
load displacement curve the respective compression parameters A, at the approximate
bifurcation points are again determined by the above mentioned backward extrapolation.
Then from figure 8.9 b) the values of the accumulated macroscopic energy W' at the
particular instability points are determined. Again note that due to illustrative reasons
in figure 8.9 b) the accumulated energy

- 1
= o / (er + Yo Ansr} dV (8.55)
B

is plotted which, in contrast to the incremental stress potential W (F, ), is invariant
with respect to the chosen time increment. In (8.55) 1,11 denotes the micro-energy (8.50)
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Figure 8.9: Determination of the bifurcation point and the respective accumulated en-
ergy, elastic-plastic case. a) Macroscopic first Piola-Kichhoff stress component Pp1, and b)
accumulated macroscopic energy W** versus A for different lengths [ of the micro-structure.

at the end t,, 1 of the respective time-step and yoA, 1 results from the evaluation of the
dissipation. Clearly the accumulated energy obtains identical values up to the relevant
bifurcation point for all sizes of the micro-structure. Within the postcritical regime the
incremental stress potential and consequently also the accumulated energy are both over-
estimated in an identical manner for micro-structures which do not posses the correct
dimensions in the sense of (8.44). Thus an analysis of Wt or W results in identical obser-
vations. Finally the values of the accumulated energy at the instability point are plotted
versus the respective length [ giving the relationship shown in figure 8.10 a). From there
one observes that the relevant micro-structure has to be of sufficient length [ in order
to originate an infimum in (8.44) and thus describe the real material properties with an
adequate accuracy.

Again the relationship between the onset of macroscopic material instabilities and the
occurrence of microscopic structural instability phenomena can be proven by application
of an acoustic tensor analysis inducing the relationship shown in figure 8.10 b). The
loss of infinitesimal rank-one convexity on the macro-scale is characterized by a zero-

crossing of min{det[Q,,,]}. Thus from figure 8.10 b) one observes that the onset of

Wi min {det[Q,, 1]}
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Figure 8.10: Determination of the relevant size of the micro-structure and macroscopic ma-
terial instability, elastic-plastic case. a) W' at the bifurcation point versus [, b) determinant
of macroscopic acoustic tensor versus A for different lengths [ of the micro-structure.
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Figure 8.11: Initial configurations of discretized micro-structures. Micro-structure consist-
ing of a) n, = 4 and b) n. =9 generic cells C.

macroscopic material instabilities for the relevant micro-structure of size [ = 10 occurs at
the same compression parameter of A% = 0.016 as the microscopic structural instability
characterized by the bifurcation point in figure 8.9 a).

8.4.2. Buckling Analysis of a Cellular Micro-Structure. Within the following
example the procedure outlined in section 8.4.1 is now employed in order to determine the
relevant size n. of the micro-structure for a cellular material consisting of a stiff elastic
matrix and soft inclusions as depicted in figure 8.11. First, in section 8.4.2.1 a purely
elastic material is considered, subsequently in section 8.4.2.2 a material consisting of a
purely elastic matrix and elastic-plastic inclusions is analyzed. In order to determine the
relevant size of the micro-structure again, the number n, of generic cells C building up the
micro-structure B(n.) is varied and the respective value of the accumulated energy W'
is evaluated at the instability points. Here the generic cell C consists of a single inclusion
surrounded by stiff matrix material. The micro-structure which induces the least value of
the accumulated energy W**' at the instability point then indicates the relevant micro-
structural size n. and hence is to be used within an analysis employing micro-to-macro
transitions for the heterogeneous material at hand subject to the present loading.

8.4.2.1. Buckling Analysis of a Purely Elastic Micro-Structure. In the following
the focus is put on a purely elastic periodic heterogeneous material consisting of a stiff
matrix material surrounding soft inclusions. The constituents are again governed by the
elastic part of the isotropic stored micro-energy function (8.50). The volume fraction of
the soft inclusions is 70 %, their bulk and shear moduli are k; = 164.2 kN/mm? and
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Figure 8.12: Postcritical microscopic higher order buckling modes for a compression pa-
rameter of A = 0.15 and sizes a) n, = 4 and b) n. = 9.
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Figure 8.13: Determination of the bifurcation point and the respective accumulated en-
ergy, purely elastic case. a) Macroscopic first Piola-Kichhoff stress component Pp1, and b)
accumulated macroscopic energy Wt* versus \ for different sizes n. of the micro-structure.

wi = 80.2 kN/mm?, respectively. The material parameters of the stiff matrix material
are set to k,, = 100k; and p,, = 100u;. The macroscopic deformation mode is a vertical
compression driving the deformation of the micro-structure. The macroscopic deformation
gradient F,,, takes the following format

F,, =diag[l, 1-X, 1] with A>0 (8.56)

Here M\ denotes the compression parameter. In order to determine the relevant micro-
structural size corresponding to this deformation mode, the number of generic cells which
are used to build up the micro-structure needs to be varied. Here, a generic cell consists of
a quadrilateral domain with dimensions 1x1 containing one single inclusion. In the follow-
ing investigations 6 quadratic micro-structures B(n.) consisting of n. = 1,4,9,16,25 or
n. = 36 generic cells are considered. In order to perform a finite element simulation of the
problem at hand, the micro-structures of different sizes are discretized again with mixed
linear triangles. The micro-buckling modes are triggered by prescribing a small geometric
imperfection, i.e. a horizontal eccentricity of either the central inclusion (n. = 1,9,25)
or the central cross-over point of the matrix (n. = 4,16,36). Due to the macroscopic
deformation mode (8.56), various buckling modes might occur on the micro-scale. The
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Figure 8.14: Determination of the relevant size of the micro-structure and macroscopic
material instability, purely elastic case. a) W'™" at the bifurcation point versus n., b) deter-
minant of macroscopic acoustic tensor versus A for different sizes n. of the micro-structure.
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1st-order buckling modes for the current purely elastic case are similar to the ones de-
picted in figures 8.17 and 8.18. Figure 8.12 shows higher order buckling modes (h.o.b.m.)
for the micro-structures of size n, = 4 and n, = 9, respectively (note that these buckling
modes where triggered by different imperfections). Figure 8.13 a) shows the dependence of
the homogenized first Piola-Kirchhoff stress component P;; on the compression parameter
A for different sizes n.. From there the respective instability points A, are determined
by means of the indicated backward extrapolation. Obviously the higher order buckling
modes occur at higher values of the compression parameter A than the corresponding
Ist-order buckling modes. On the other hand, it is apparent from figure 8.13 b) that the
higher order buckling modes are related to a higher energy level. Thus in the subsequent
investigations only the relevant 1lst-order buckling modes are considered. Now, in order
to specify the relevant size of the micro-structure n.., the value of the accumulated macro-
scopic energy W' at the approximate bifurcation points )., is determined for each size
from figure 8.13 b) as indicated for the size n, = 9. The values of W** are then plotted
versus the respective size n. giving the relationship shown in figure 8.14 a). From there
it is obvious that the relevant micro-structure has to be of sufficient size n. in order to
originate an infimum in (8.44) and thus describe the real material properties with an
adequate accuracy.

Finally, in order to show the relationship between structural instability phenomena on
the micro-scale and the onset of material instabilities on the macro-scale, an analysis of
the macroscopic acoustic tensor is performed, inducing the relationship shown in figure
8.14 b). From there one observes that the relevant micro-structure of size n. = 36 exhibits
an onset of macroscopic material instabilities at a compression parameter of A6, = 0.098
which coincides with the instability point indicated in figure 8.13 a). Thus the existence
of the above mentioned connection is verified for the relevant micro-structure B(n.).

8.4.2.2. Buckling Analysis of an Elastic-Plastic Micro-Structure. The analysis
of the previous section is now employed for a periodic heterogeneous material consist-
ing of a purely elastic matrix material surrounding elastic-plastic soft inclusions. The
elastic behavior of the constituents is governed again by the corresponding part of the
storage function (8.50). The material behavior of the elastic-plastic inclusions is gov-
erned by the von Mises plasticity-model with coupled linear-nonlinear hardening as out-
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Figure 8.15: Determination of the bifurcation point and the respective accumulated en-
ergy, elastic-plastic case. a) Macroscopic first Piola-Kichhoff stress component P, and b)
accumulated macroscopic energy Wt versus A for different sizes n. of the micro-structure.
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Figure 8.16: Determination of the relevant size of the micro-structure and macroscopic
material instability, elastic-plastic case. a) W** at the bifurcation point versus n., b) deter-
minant of macroscopic acoustic tensor versus A for different sizes n. of the micro-structure.

lined at the beginning of this section. The material parameters of the soft inclusions are:
ki = 164.2 kN/mm?, u; = 80.2 kN/mm?, flow stress yo = 0.45 kN/mm?, saturation
stress Yoo = 0.715 kN/mm?, linear hardening parameter h = 0.129 kN/mm? and sat-
uration parameter w = 16.93 [—]. Bulk and shear moduli of the purely elastic matrix
material are k,, = 100x; and p,, = 100u;. The volume fraction of the inclusions is 70
%. Again a vertical compression mode F,,; as described by (8.56) is applied and the six
micro-structures are discretized by mixed triangles. Figure 8.15 a) shows the dependence
of the first Piola-Kirchhoff stress component P;; on the compression parameter \ for dif-
ferent sizes n.. From this load displacement curve the respective compression parameters
Ao at the approximate bifurcation points are again determined by means of the above
mentioned backward extrapolation. In a next step from figure 8.15 b), the values of the
accumulated macroscopic energy W at the particular instability points are determined
and subsequently plotted versus the respective size n. in figure 8.16 a). From there one
observes that the relevant micro-structure has to be of sufficient size n. > 36.

Again the relationship between the onset of macroscopic material instabilities and the
occurrence of microscopic structural instability phenomena can be proven by application
of an acoustic tensor analysis inducing the relationship shown in figure 8.16 b). The
loss of infinitesimal rank-one convexity on the macro-scale is characterized by a zero-

crossing of min{det[Q,,]}. Thus from figure 8.16 b) one observes that the onset of
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Figure 8.18: Postcritical microscopic 1st-order buckling mode and distribution of the equiv-
alent plastic strains A, for a micro-structure composed of n. = 16 generic cells, A = 0.15.

macroscopic material instabilities for the relevant micro-structure of size n. = 36 occurs
at the same compression parameter of A6, = 0.081 as the microscopic structural instability
characterized by the bifurcation point in figure 8.15 a). Figures 8.17 and 8.18 visualize
some postcritical 1st-order buckling modes and the corresponding distributions of the
equivalent plastic strains of the elastic-plastic micro-structures.
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9. Conclusion

The general outline of this thesis is an investigation of size effects in nonhomogeneously
deforming crystals and a non-convex homogenization analysis of instable microheteroge-
neous standard materials. The major focal points and achievements of this work are:

A detailed incompatibility analysis of continuously dislocated metal crystals. In a first
more direct manner, the matter of incompatibility is approached with tools from calculus,
i.e. the integrability conditions which demand path independence of line integrals on
simply connected domains. Specified to multiplicative plasticity, this already allows for
the definition of the dislocation density tensor as an incompatibility measure. Secondly
the incompatibility analysis is approached from a differential geometric point of view. This
defines the Cartan torsion and the Riemann-Christoffel curvature tensor as incompatibility
measures of an affine and metric geometry. Based on these measures, the setting of finite
strain crystal plasticity is interpreted as a Cartan geometry. The torsion measures the
incompatibility and the vanishing curvature tensor provides the continuity equations for
the dislocation density tensor and relates the dislocation storage to residual stresses.

An extensive discussion of the dislocation density tensor. The interpretation of the dis-
location density tensor as a mapping provides a unified framework which includes various
dislocation density tensors proposed in literature. Thereby the formal coincidence between
the stress measures and the dislocation density tensors is also emphasized. Furthermore,
a detailed crystallographic interpretation of the dislocation density tensor in terms of a
slip gradient induced net dislocation storage is given. With these considerations, the in-
compatibility analysis and the given review of the formal distinction between SSDs and
GNDs, a selfcontained picture of the underlying physics of nonhomogeneous deformations
in metal crystals is developed in this work.

The development of a dislocation density based strain gradient crystal plasticity model
for finite strains in the rate dependent as well as the rate independent setting. The model
is equipped with a sound mathematical foundation on the matter of incompatibility and
a strong micromechanical basis in terms of the storage of geometrically necessary disloca-
tions. The model directly incorporates the dislocation density tensor and solely contains
the Burgers vector length as an internal length scale with a precise physical significance
for the isotropic hardening relation considered. Possible future extensions of the model
might concern a residual stress based kinematic hardening contribution or a Hall-Petch
like size dependence of the initial flow stress, e.g. through an a priori misorientation in-
duced dislocation storage at the grain boundaries.

The elaboration of two alternative algorithmic formulations for the numerical treatment
of finite strain gradient crystal plasticity. Both formulations are developed for the rate
dependent as well as the rate independent case. The first (global) solution strategy bases
on a mixed finite element formulation which directly provides the plastic slip distribution
throughout the solution domain required for the gradient computation. This necessitates
a non-standard nodal active set search for the rate independent case. Alternatively, in
view of an efficient treatment, an extended local formulation is developed on basis of an
operator split where the slip distribution is obtained through a smoothing algorithm.

A broad validation of the developed model of gradient plasticity and the algorithmic
formulations. This includes the qualitative (and quantitative) comparison with discrete
dislocation predictions, classical analytical predictions and other continuum models of
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gradient crystal plasticity as well as the numerical replication of experimental observa-
tions. In addition, the alternative algorithmic formulations are compared with one another
which also demonstrates the superior efficiency of the extended local formulation. These
investigations reveal the modeling capabilities of the developed formulations. This covers
the prediction of the expected size effects in the case of inhomogeneous elastic or plastic
deformations and an associated GND density which exceeds the corresponding SSD den-
sity. The obtained Hall-Petch (like) exponents are at the upper limit of the experimental
observations and are thus very well within the overall range of computational predictions.

The incremental non-convex homogenization analysis of microheterogeneous unstable
inelastic solids at finite strains. To this end, incremental stability criteria for an analysis
of structural and material instabilities on the micro- and the macroscale are developed.
This relies on an extension of existence results for finite strain elasticity to finite strain
inelasticity based on an incremental variational formulation for standard dissipative mate-
rials. In order to eliminate an undesired dependency of the homogenized material response
upon the size of the representative microstructure in the non-convex postcritical regime,
an extended homogenization principle is proposed. The underlying basis is the I'-limit
of heterogeneous micro-structures which states that the micro-structure is composed of
an a priori unknown number of generic cells. The relevant micro-structure size catches
the energy-minimizing buckling mode. The course of the homogenization procedure in
the postcritical regime is demonstrated for some representative examples. These exam-
ples outline the complexity of the non-convex homogenization analysis. Thus it is highly
desirable to avoid instability phenomena in the context of a homogenization analysis.
However, if instabilities can not a priori be precluded, a tractable approach might, from
an engineering viewpoint, as well be to directly employ a sufficiently large micro-structure.
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A. A Model Problem of Single Crystal Viscoplasticity

A.1l. Constitutive Functions

The model problem of single crystal plasticity considered throughout the main parts of
this work bases on an isotropic elastic response governed by the lattice storage function

~ 1 ~ N N

P© :/i(Je—ane—l)+§,u(be 19 —3) =V, + 7, (A.1)
in terms of the Eulerian elastic Finger tensor b =F.G " Fe,Tthe Jacobian J¢ := det[F*]
and the unimodular part F© := J ¢=1/3F¢ of the elastic deformation map and the metric
G of the intermediate and g of the current configuration. Furthermore, x and p are the
bulk and shear modulus, respectively.

As a second constitutive function, the yield criterion function ®¢ is specified as follows

QY =7 — 717 — 1 (A.2)

Assuming a Schmid type crystal behavior, the Schmid stresses 7¢ = —@/A)’eﬁ/a are derived on
basis of (A.1) as

7 =dev[Z]: 8 ® M = ,LLdeV[FETﬁ'G] :SY® M* = s*m* (A.3)

with s := F°S® and m® := F*M®. Furthermore, in (A.2) 7% denotes the viscous over-
stresses, see e.g. (4.24). Finally, in view of a micromechanically based hardening response,
the slip resistance 7 is assumed to be governed by the relations (3.24) and (3.26)

0,8 B
¥ = cubyn® with n® = Z GPpP and pf = p™ [1— (1_,0 )exp(— 7 )] (A.4)

sat sat

in terms of the initial and saturated dislocation densities p®# and p***, the saturation slip
strain v**, a constant ¢, the Burgers vector length b and the interaction matrix G**

A.2. Algorithmic Expressions of the Standard Formulation

As pointed out in (4.34) within the standard formulation, the determination of the plastic
slips bases on the yield criterion function as a residual expression and its sensitivity with
respect to the plastic slips defines the corresponding iteration matrix

r® = —0" and H:=—[0% s =[-7" s+ [0+ []» V (a8 €A (AD)
The sensitivity of the Schmid stresses (A.3) with respect to the plastic slip is obtained as
0,0[r°] = n{(F 5-8%)-(F-M*") + (F"-8%)-(F_5-M")} (A.6)

in terms of the algorithmic sensitivities of the unimodular part of the elastic deformation
map F;g. The sensitivity of the slip resistance follows with (A.4) as

cpib)? 1
0,0172] = L S oo L — gy exp( ) 647 (A7)

sat
" weAd v

And finally, the sensitivity of the viscous overstresses with respect to v” reads

AN %
(7] = ( ) 520 (A8)

0
6"}/0 At "}/0 At

fyﬁ
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A.3. Stresses and Consistent Tangent Moduli

According to (A.1), the Eulerian Kirchhoff stresses of the model under consideration can
be split into a volumetric and an isochoric part

T = 21/;789 =pg '+ pudevp] =7 + T with p=r(J°—1) (A.9)

where the standard result dq.J¢ = %J °g~! has been used and the deviator of a tensor is
defined as dev[(e)] := (o) —ztr[(e)] g~ with tr[(e)] := g : (¢). Analogously, the consistent
Eulerian elastic-plastic tangent moduli can be represented in terms of volumetric and
isochoric elastic contributions and a purely volumetric plastic softening part

o = o, 4, — o, (A.10)
where
¢, = 204[pg] = kJg'®g ' —2pl
¢, = 20Tl = 2pul] I~ g ©g) -2 @ Tt T B9
Cho = =D pea OoTio @ 2097 (A.11)
with 94(g™'] = —I4-1. The sensitivity of the isochoric part of the Kirchhoff stresses re-

quired in (A.11)s follows directly from (A.9) in terms of the algorithmic sensitivities F ;a

e

OyaTio = [ deV[FfVa-FeT +F Fefa] (A.12)

Secondly, the sensitivity of the plastic slips with respect to the Eulerian metric is derived
via the implicit function theorem, see (4.67)y, as

207 = S HP 120,78
! oeA ! (A.13)
with 29,77 = pdev[s® ® m® +m® ® s

Thus the complete algorithmic elastic-plastic tangent moduli for the model problem under
consideration reads

¢? = kJg gt —2pl + g,utr[i)e] (g —39 '®g™")
- %{g_1® Tiso+Tiso®g_1}

~e ~eT ~e ~eT
+ Yaearpea H 'pdev[F - F " + F -F 5] ® pdev[s® @ m* + m® ® s°]

(A.14)

B. The Curl Operator

B.1. Definition of the Contravariant Lagrangian and Eulerian Curl Operators

This work employs the following definition of the contravariant Lagrangian Curl operator
applied to a mixed variant second order Tensor T

3
Curl’T := —-VxT : E (B.15)
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in terms of the third order Lagrangian fundamental tensor é é is defined with the
standard permutation symbol ¢/’% and the volume v/G of the parallelepiped spanned
by the general Lagrangian base system G as (recall the definition of the Lagrangian
covariant metric tensor G = G, G @ G’ = G;-G; G @ G7)

3 1
E = ﬁEIJKG](X)GJ@GK with G := det|GU| (B16)

Analogously, the following definition of the contravariant Eulerian curl operator is used
cwl™T = —V, T : é (B.17)

Thereby the corresponding third order Eulerian fundamental tensor é is defined in terms of
the standard permutation symbol €7* = ¢//%X and the parallelepiped volume /9 spanned
by the Eulerian base system g, (recall g = g;;9' ® ¢’ = g,-9;9' ® ¢)

e:=—¢cfg.®g, ®g, with g:=det|g; B.18
= g, 94 (B.15)

This induces the following component representation with respect to a Cartesian coordi-
nate system (v/G = 1) for the material Curl of the deformation gradient F

[Curl F]9® = [Curl” F]"C = —F®, petBC (B.19)

and similarly the component representation with respect to a Cartesian coordinate system
(/g = 1) for the spatial curl of the inverse deformation gradient F~! reads

[curl F1* = [curl’ F1]Ae = — 14, et (B.20)

The component representations with respect to a general coordinate system follow directly
by replacing e8¢ by eABC = e4BC/\/G in (B.19) and e by €%¢ = ¢/, /g in (B.20).
Note that for some authors the Curl of T is the transpose of the definition for the Curl
operator employed in this work.

B.2. Relation Between Eulerian and Lagrangian Curl Operator

In order to find a relation between the spatial curl of F~! and the material Curl of F,

3

the fundamental tensors e and E are related as follows

3 1, 1 . 1 3

e=5F AFp {ﬁ e”KGj‘G?G%}F ce,DeRe. = j[F ®F]:E-F' (B.21)
This follows e.g. in convective coordinates by insertion of g, = FGy, (2.17), into (B.18)
and with the definition of the Jacobian J (section 2.1.2). Here, the symbol ® indicates a
dyadic product in the sense of [F © F|%; = [F|%[F]%. Furthermore, the relation between
the spatial gradient of F~* and the material gradient of F' follows from

Vxe(FU F ' 4) = FOy o F MY 4 FO P4, Fee =0 (B.22)
which implies in direct notation

~VxF=F -V,F':[FOF] (B.23)

3
Now contraction of (B.23) with the material fundamental tensor E gives with (B.21) and
(B.17) the relation between the spatial curl of F~* and the material Curl of F

Cuwl’F = —JF -cul" F~' . F~7 (B.24)
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B.3. The Curl Operator in the Intermediate Configuration

Based on the anholonomic derivative, see also section 5.5.2; equation (5.61),
V(e)=Vx(e) - FP71 =V (o) F° (B.25)

the contravariant Curl operator of the intermediate configuration applied to a mixed
variant second order tensor T is introduced in analogy to (B.15)

. _ 3
Cul T:=-VT:E (B.26)

3 3
with the third order fundamental tensor E of the intermediate configuration. E is related

to the Lagrangian and Eulerian fundamental tensors in analogy to (B.21) as follows

3 1 3
E=-—[F"0F): B FPT = J[Fe o FeY: é-Fe T (B.27)

With these relations at hand, the material Curl of F? can be related to the Curl of FP~*
in the intermediate configuration in analogy to (B.24) as follows

Cwl”F? = —J?F? . Cul FP~'. 77 (B.28)
and the intermediate Curl of F*¢ can be expressed in terms of the spatial curl of F¢~! by

Cul F¢ = —J°F° . curl"Fe~' . Fo T (B.29)

C. Algorithmic Sensitivities

In the following, the algorithmic sensitivities required especially within the algorithmic
linearizations in chapter 6 will be derived.

C.1. Sensitivities with respect to the Total Deformation Field

Linear increment A,[V,0¢]: This linear increment might first be rewritten as follows
A [Vudp] = A,V (50)- F ] = Vi (50)- D[] = Vi(5ip)-F-A [F ] (C.30)

where A,[F~'] follows from A[F-F~'| = 0, i.e.

AG[F7'] =—F LA F]F ' = -F " A [Vxe| F! (©31)
= —F '"VxApF' = - F "V Ap |
Insertion of (C.31) into (C.30) gives

Linear increment A, [7]: With (C.31), an objective stress increment of the Kirchhoff
stresses can be computed in the sense of a Lie-derivative as follows

Lag=FAy S| F' = F-AJF "7 F " F' = Ayt — VApT — 7V, Ap (C.33)
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which denotes the Oldroyd-type incremental stress rate. Lo, might on the other hand
be derived from the constitutive equations, see e.g. equation (A.14), which defines the
elastic-plastic tangent moduli

1
Lag = 2897':(§£A¢g) = cP:sym[V,Ap] with ¢® :=20,7 (C.34)
Consequently A, [7] can be computed as follows
A1) = ¢P:sym[V Al + VAT + 7V Ag (C.35)
Linear increment A, [7%]: With (A.3) the increment A,[7*] reads
ALt = Ay[devX:8% @ M“]
= pu (FP 1AL FT)F-F~' + FP-T.FT.A[F|-F'~'):8% @ M*
Therein A, [FT] follows with A,[J] = J(1:V,Ap) and AF = V,Ap-F as
AL FT) = Ay(JVPFT) = —1/3 (1:VA@)-FT + FT-.V! A (C.37)
Finally insertion of (C.37) into (C.36) gives

(C.36)

eT

Al = 1 [-2/3(1:VA9)1 + VI Ap + Vi Ap . F*-S* @ M- F
= u [-2/3(1:VAp) 1+ VI Ap + VAp]: 5% © m®
= 1 [-2/31®1):s*@m*+m* s+ m* ® s*:V,Ap
= pdev[s®* @ m* + s* @ m®|:V;Ap

(C.38)

C.2. Sensitivities with respect to the Plastic Slip

Linear increment A s[7]: This sensitivity is derived in analogy to (A.12) in terms of
the algorithmic sensitivity F ;5 (note: A sp = 0)

Asslr] = pdev[F* 5 F" 4 FF 5 A7 (C.39)

Linear increment A s[7°]: This sensitivity follows from (A.3) in analogy to (A.6)
Al = p{(F 5-8%)-(F" M)+ (F"-8*)-(F 5-M")} Ay* (C.40)

Linear increment A_s[7%]: For the specific form (5.166) of the slip resistance 7, this
sensitivity is determined as follows

Doplre] =3 > G (Aplptin] + Ageys (o) (C41)
with the definition
¢ = (eub)®/(272) (C.42)
and the sensitivities
A slpsn] = s (P = pP) exp(—y /) 37 AP =: B7 Ay’
Ay [Pxn) = g —{(Vx7*-8%) 8% + (Vx - M) M }5“/Nx Ay =i B Nix Ay’
(C.43)

Thus by insertion of (C.43) into (C.41) the sensitivity A s[7] can be written as

Asri] = ¢ Z:; G*(B“P A’ + E*P-Vx AP (C.44)

o
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D. The Enhanced Strain Formulation

The global as well as the extended local formulations of gradient crystal plasticity con-
sidered in chapter 6 have been implemented within the context of an enhanced strain
formulation. This was not explained in detail in chapters 6 in view of a compact nota-
tion. A brief outline of the corresponding implications will thus be given in this chapter.
For more details see SIMO & ARMERO [138]. The central idea of such an enhanced for-
mulation is to split the deformation gradient F' into the standard deformation gradient
F - = Vx¢ and an enhanced displacement gradient H g

F.=Fc+Hr in B (D.45)

associated with the actual (or compatible) deformation map ¢ and an enhanced displace-
ment field ug in the sense

p:=ps+up in B (D.46)

The relation exploited in order to determine the enhanced displacement field is obtained
as follows. Consider a three-field formulation of the Hu-Washizu type in terms of the
deformation map, the deformation gradient and the stresses. Reparametrization in terms
of (D.45) and variation renders three contributions to the weak form: the equilibrium
equations which will be weakly satisfied, the stress identification being strongly satisfied,
and the so-called Ls-orthogonality

/ SP:HpydV =0 (D.47)
B

Thus the corresponding Euler-Lagrange equation demands that for the continuum prob-
lem the enhanced displacement gradient H g vanishes in B. If 7 is the admissible space
for 6P and H contains all Hpg, then all admissible stresses P are as well in 7 and
H ; analogously contains all admissible  H . Consequently, (D.47) may be rewritten as
/ s O0Hp: P dV = 0. Within the finite element formulation, interelement continuity is only
required for . In view of a spatial, formulation the Lo-orthogonality is written as

Gug (P, up, dug) = / Vedup:TdV =0 (D.48)
B

This equation will be included as a third relation into the weak form besides the equi-
librium condition Gy (¢, 7", g, d¢) and the slip evolution equations/KKT condi-
tions G.a (o, 7, up, 0y*). This system of nonlinear equations will be solved within a
Newton-Raphson scheme in line with the considerations in chapter 6. The correspond-
ing developments will be outlined for G, and Gy, in the following. The derivations
for the corresponding G« are in complete analogy to the previous considerations and
are consequently not considered here again. Lin@¢c(cpc,7°‘,uE,5cpC,AgoC,AuE) and
LinGuE(goc,va,uE,éuE, Ape, Aug) read

LiIlGLPC = / (VmchoC:@ep;VwAgoC+Vm5goczcep:vauE
B
+ Vedpo: [VelApoT] + VwégaC:[VmAuE-‘r]) av

+ /T:Vwégac dv + / AV R (ng1 A,Y,B[T]) av — GA(Peczt((;SOC) =0
B B =
(D.49)
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LinG,,, = / (VméuE:q:ep:VmAcpC+Vm5uE:¢ep:VmAuE
B

+ Vedup: VAo 1| + VwéuE:[VwAuE-‘r]) av (D.50)

+ /T:VwéuEdVJr/VwéuE:(Zm Ayﬁ[T]) dV =0
B B p=1

Within the finite element formulation, the virtual and incremental deformations are dis-
cretized in terms of the discrete compatible deformations and enhanced displacements

Q" =it u, 0" =@l + oy, Ap" = Ap + Aug, (D.51)

where the compatible parts are identical with the standard displacement interpolations,
see chapter 6. The additional enhanced parts are in turn not required to be interelement
continuous and can thus be considered as internal element degrees discretized as follows

ul, = ZH Mfaf, Suly = Zf:1 M'sal, Aul, = ZH M/Aa’  (D.52)

where {a’, da’, Aa’} denote actual, virtual and incremental internal element degrees as-
sociated with a fictive node e. MY = M/ (&) are the corresponding enhanced interpolation
modes (e.g. for a quadrilateral in 2D M/ (¢) = 1(&2-1), f =1,2). The material gradients
of these enhanced shapes are defined through Vx M/ := Jy/J(VeM7)-J;'. Jo denotes the
Jacobian of the isoparametric map x := & — X evaluated at £ = 0 and J :=det[J (§)]
and Jy :=det[J ] denote the Jacobian determinants evaluated at & and the element center
& = 0. The spatial gradients of the shape functions are finally computed in terms of the
enhanced discrete deformation gradient F" as follows

Ve N! = (VxN')-F'=' . nen s mo ;

with F" =1 + leld ® VXNJ—i—\Zf:la ® Vx M

J

Vo M! = (VxMT).-F'!

compatible enhanced

(D.53)

Thereby F" now consists of a compatible and an enhanced part. (Note that within the
strain gradient crystal plasticity formulation of chapter 6, only material gradients of the
plastic slips and thus the corresponding shapes are required.)

In the following, the full system of all three residual expressions of the enhanced global
formulation of strain gradient crystal plasticity will be considered. Insertion of the dis-
cretizations into (D.49), (D.50) and the respective enhanced forms of the residual ex-
pressions G’;a of chapter 6 results in the coupled system of linearized discrete element
equations

Ki ki ki || Ad —fi
kg kP kS || Ay | = —foo (D.54)
ki ki ki, | [ Aa —fa

The element parameters a are defined on the element domain. Thus their increments Aa
in (D.54) can be eliminated on the element level by static condensation based on the
elimination equation

) (D.55)

Ad

Aa = [K,]"! <—f2‘”—[ w K|
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Insertion of (D.55) into (D.54) then results in the condensed elementwise equations

e

K Ad AMAT=F (D.56)

in terms of the condensed element tangent K “ and residual F* which are given by

= ]—[ X ][kzzarwkzd ki)

| kS kS Ko
i (D.57)
e _ inte_'_fexte kea ‘
and F = ! ‘ ] + [ ja ] ko) [ Fa"]
L _fvm kva

These condensed element tangent and residual arrays are assembled within each global
Newton-Raphson iteration step. The consecutive global update then gives the improved
displacement and slip increments. Finally, the update of the element parameters a is
performed elementwise through (D.55).
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